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The outbreak of existing public health distress is threatening the entire world with emergence and rapid spread of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The novel coronavirus disease 2019 (COVID-19)
is mild in most people. However, in some elderly people with co-morbid conditions, it may progress to pneu-
monia, acute respiratory distress syndrome (ARDS) and multi organ dysfunction leading to death. COVID-19 has
caused global panic in the healthcare sector and has become one of the biggest threats to the global economy.
Drug discovery researchers are expected to contribute rapidly than ever before. The complete genome sequence of
coronavirus had been reported barely a month after the identification of first patient. Potential drug targets to
combat and treat the coronavirus infection have also been explored. The iterative structure-based drug design
(SBDD) approach could significantly contribute towards the discovery of new drug like molecules for the treat-
ment of COVID-19. The existing antivirals and experiences gained from SARS and MERS outbreaks may pave way
for identification of potential drug molecules using the approach. SBDD has gained momentum as the essential
tool for faster and costeffective lead discovery of antivirals in the past. The discovery of FDA approved human
immunodeficiency virus type 1 (HIV-1) inhibitors represent the foremost success of SBDD. This systematic review
provides an overview of the novel coronavirus, its pathology of replication, role of structure based drug design,
available drug targets and recent advances in in-silico drug discovery for the prevention of COVID-19. SARSCoV-
2 main protease, RNA dependent RNA polymerase (RdRp) and spike (S) protein are the potential targets, which
are currently explored for the drug development.

been 131,309,792 confirmed cases of infections and 2,854,276 deaths
reported and these numbers keep increasing every day. The global sci-

1. Introduction

In early December 2019, an outbreak of novel coronavirus disease
2019 (COVID-19) occurred in Wuhan City, China caused by a novel se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Ever since
its emergence in China, the infectious disease has progressed into a
serious threat, wreaking havoc around the world. On March 11, 2020, the
World Health Organization (WHO) declared COVID-19 outbreak a global
pandemic. It has now reached almost every country in the world, closing
borders, shutting down institutions, work places, ceasing economic ac-
tivity and forcing entire continents to act on emergency response pro-
tocols. The most rapid spread of the virus is now in United states of
America, India and Brazil (Tuttle, 2020; Cevik et al., 2020; Sohrabi et al.,
2020). As per WHO COVID-19 dashboard, on April 6th, 2021, there had
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entific community is in action and researchers have learned a lot about
the virus. Still, there are many questions that need answering viz. Why do
people respond so differently to the same infection? people show strik-
ingly different responses, some remain asymptomatic whereas, other
seemingly healthy people develop severe and at times, fatal pneumonias
(McCoy et al., 2020). Multiple teams of researchers are also investigating
the possibility of a genetic component (Murray et al., 2020). A
genome-wide study in Spain and Italy, involving 1980 COVID-19 pa-
tients, identified two genetic variants locus on chromosomes found at
9q34 and 3p21.31 (McCoy et al., 2020; Ovsyannikova et al., 2020). The
later one i.e. 3p21.31 has been repeatedly associated with patients in
hospitalization (GenOMICC Investigators [ICOVID-19 Human Genetics

1 Current address: Division of Medicinal Chemistry and Pharmacognosy, College of Pharmacy, 425 Parks Hall, 500 W 12th Ave, Columbus, OH 43210.

https://doi.org/10.1016/j.crphar.2021.100026

Received 8 February 2021; Received in revised form 12 April 2021; Accepted 13 April 2021
2590-2571/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nend/4.0/).


mailto:sksingh.phe@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crphar.2021.100026&domain=pdf
www.sciencedirect.com/science/journal/25902571
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
https://doi.org/10.1016/j.crphar.2021.100026
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.crphar.2021.100026

N.G. Bajad et al.

Initiative23andMe InvestigatorsBRACOVID InvestigatorsGen-COVID In-
vestigators %J Nature, 2020). Further, new genome-wide associations on
chromosomes may also help in the identification of mechanistic targets
for the development of therapeutics. Several genetic variants were found
recently, including loss-of-function variants in TLR7 with impairment in
type I and II IFN responses (Fallerini et al., 2021; Zhang et al., 2020a).
Studies have also showed striking variations between social and ethnic
groups. These disparities are likely linked to lower socio-economic
equality as well as access to treatment (McCoy et al., 2020; Ovsyanni-
kova et al., 2020). The vaccinations have already been started on war
footings. Immunologists are working efficiently to determine the devel-
opment of immunity, its impact and duration of protection of the vac-
cines. Variations (both genetic and epigenetic) in the ACE2, TMPRSS2
and FURIN genes, pertaining to the cellular entry mechanism of the
SARS-CoV-2, as well as the molecules involved in the modulation of their
expression viz., CALM, ADAM-17, AR and ESR could contribute to the
discrepancies in individual disease-risk score (Ragia and Manolopoulos,
2020). Although, most researchers agree that the SARS-CoV-2 originated
in horseshoe bats, its transmission from bats to humans has not yet been
established and so has the intermediary animal through which it passed
to humans (Helmy et al., 2020; Bai et al., 2020; Latinne et al., 2020). The
discovery of RaTG13 bat coronavirus and molecular and serological ev-
idence of SARS-CoV-2 related coronavirus (SC2r-CoVs) actively circu-
lating in bats in Southern Asia suggested a high probability of its bat
origin (Wacharapluesadee et al., 2021).

The entire human race is waiting for any sign of hope in countering
the COVID-19 pandemic. Immunologists, pharmacologists and drug
discovery researchers around the globe are working continuously to
develop variety of potential COVID-19 treatments (Holmes et al., 2020;
Fauci et al., 2020). Each of the treatment approach is facing challenges in
conducting clinical trials during the COVID-19 health emergency.
Currently, most of the treatment regimens focus on the management of
symptoms, excluding few antiviral medications (Ahmed et al., 2020). The
potential symptoms of COVID-19 infection are enormously close to that
of severe acute respiratory syndrome (SARS) and middle east respiratory
syndrome (MERS) viral infections. The quest for SARS-CoV-2 vaccines
commenced in January 2020 with deciphering of the SARS-CoV-2
genome. Since then, several vaccine candidates have been undergoing
trials in humans, many of which have been approved for usage (Dong
et al., 2020a; Krammer, 2020; Mulligan et al., 2020; Xia et al., 2020;
Wang et al., 2020a; Gao et al., 2020a).

The modern computational drug discovery techniques i.e. virtual
screening and molecular docking will play pivotal role in discovery of
novel bioactive compounds in context to COVID-19 (van Hilten et al.,
2019; Pillaiyar et al., 2020). Recently developed protein crystal struc-
tures from parts of the virus/host and homology models are already being
used as early state approaches. More refined techniques that account for
the electronic description of the biological processes such as molecular
dynamics and quantum mechanics, could also be utilized in the devel-
opment process (Liu et al., 2020; Al-Khafaji et al., 2020; Mittal et al.,
2020).

Structure based drug design (SBDD) is a highly validated and essential
design approach in the modern drug discovery process (Anderson, 2012;
Mandal and Mandal, 2009). It directs the discovery of a lead compound
which could show potent target inhibitory activity through a faster and
cost-efficient approach. In order to rapidly achieve new drug compounds
for clinical use, a combination of SBDD, virtual drug screening, and
high-throughput screening approaches could be employed for
anti-COVID-19 drug discovery (Kim et al., 2020; Choudhury, 2020). In
light of the remarkable computational approaches that are being used for
the discovery of novel drug like compounds in the context of COVID-19,
we foresee that potent inhibitor(s) could be discovered through
structure-based drug design in the coming days. The current review
opens up the contributions and significance of SBDD towards discovery
of novel therapeutic approaches for the treatment of COVID-19.
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2. Structure based drug design (SBDD)

SBDD is one of the inherent tools of the principal industrial drug
discovery programs. The tool helps in overcoming the limitations of
conventional drug discovery process by accelerating it. Comparatively,
lower amount of time, cost, and labour is spent in the computational drug
design and can have a huge impact in the discovery of the new drug
molecules. In drug discovery process, the identification of molecules that
show significant interactions with the therapeutic targets is of the para-
mount importance (Batool et al., 2019; Anderson, 2003). An effective
workflow of SBDD is depicted in Fig. 1. In the discovery and optimization
of the lead, SBDD is a more specific, efficient and rapid process. The
knowledge of 3D structures of the biological targets is a prerequisite for
SBDD. Due to the advances in bioinformatics and Human Genome Project
completion, vast number of 3D structures of the target proteins are now
available. SBDD methods analyse the information of 3-dimensional
macromolecular targets, mostly of proteins or RNA, to identify key
sites and interactions that are essential for their respective biological
function. It is mainly used for binding energy analysis, interaction of
ligand-protein and evaluation of the conformational changes during the
process of docking (Bohacek et al., 1996; Wilson and Lill, 2011;
Buchanan, 2002; Singh et al., 2006; KJJocmedicine, 2007). The devel-
opment of protease inhibitor, Saquinavir (Fig. 2 (Tuttle, 2020)) by Roche,
has made HIV-AIDS a manageable and treatable disease. There are other
drugs also (Fig. 2; Indinavir (Cevik et al., 2020), Nelfinavir (Sohrabi
et al., 2020), Amprenavir (McCoy et al., 2020), Fosamprenavir (Murray
et al., 2020), Tipranavir (Ovsyannikova et al., 2020), and Atazanavir
(GenOMICC Investigators IICOVID-19 Human Genetics Ini-
tiative23andMe InvestigatorsBRACOVID InvestigatorsGen-COVID In-
vestigators %J Nature, 2020)) discovered by SBDD from the same class
that are approved by the FDA and are available in the market (Agnello
et al.,, 2019). SBDD is an iterative process, which undergoes multiple
cycles of iteration until optimization of the lead molecule is achieved.
The drug discovery process is composed of different phases including, the
discovery phase, development phase, clinical trial phase, and registry
phase. In the discovery phase, extraction, purification and determination
of target protein structure are achieved (Batool et al., 2019). SBDD tools
can be used to dock the commercially available small molecule databases
into the binding cavities of the specific target. The 3D structure of the
target molecule provides knowledge of electrostatic properties of the
binding sites, including the presence of different cavities, clefts, and
allosteric pockets. The compounds are ranked on the basis of steric and
electrostatic interactions with the binding site of the target. In the next
stage of cycle, the top ranked hits are synthesized, optimized and tested in
vitro for biochemical assays. The selected compounds are evaluated for
their efficacy, affinity and potency experimentally. In the initial phase,
the 3D structure of target protein complexed with the potential lead is
obtained. The 3D structure provides the details of intermolecular features
that help in the molecular recognition process and ligand binding. The
structure of ligand-protein complex helps in the analysis of different
binding confirmations, binding pocket identification and interaction of
ligand-protein. It also helps in the elucidation of conformational changes
due to binding of ligand and mechanistic studies (Kalyaanamoorthy and
Chen, 2011; Ferreira et al., 2015; Fang, 2012). De novo drug design offers
an attractive opportunity to produce novel molecular structures from
scratch with desired pharmacological properties. When the 3D structure
of the biomolecule of interest is available, a structure-based de novo drug
discovery approach can be used as a valuable starting point (Fischer
et al., 2019; Bung et al., 2021).

3. Tools used for SBDD

SBDD approach includes important stages of drug discovery such as
‘hit identification’ and ‘hit-to-lead’ optimization. The initial phase com-
prises the identification of a number of chemical molecules, known as
‘hits’, that ideally exhibit some range of potential effect along with
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Fig. 1. Workflow of structure-based drug design (SBDD) in the drug discovery process.

specificity against the particular biological target (Kalyaanamoorthy and
Chen, 2011). Whereas, the latter phase consists of evaluation of the early
identified hits to identify the potential lead molecules before entering
into a large-scale lead optimization. In the course of the past decades,
there has been a sharp escalation in the innovative software packages
(Table 1), which contribute immensely in carrying out the different
iterative phases of SBDD effectively. Even though these software re-
sources have much to offer, it has eventually become an exacting to pick
successful strategies and tools for effective discovery of lead compound
(Halperin et al., 2002; Salemme et al., 1997). The iterative process of
SBDD is depicted in Fig. 1. The initial phase of SBDD is the selection of
potential target, followed by the ligand identification. The target may be
a macromolecular protein or enzyme involved in the biosynthetic path-
ways. After selection of the target, extraction, purification and determi-
nation of the structure of the protein are the crucial processes. The 3D
structure of the protein is developed by using sophisticated techniques
viz. X-ray crystallography (XRD), nuclear magnetic resonance (NMR)
spectroscopy and cryo-electron microscopy (cryo-EM) etc. Once the
structure of the target is identified, it is necessary to investigate the
electrostatic properties of the binding site such as presence of cavities,
clefts, amino acid sequences and allosteric pockets (R Laurie et al., 2006;
Grinter and Zou, 2014; Koutsoukas et al., 2011). By using the various
available computer algorithms, drug like molecules from the large da-
tabases of small molecules or some of the fragments of compounds into
the binding cavities of the target protein can be identified (Table 1)
(Wishart et al., 2006). Furthermore, the top scoring molecules with high
affinity towards target protein are synthesized and tested in in-vitro
biochemical assays. The ligands with desired therapeutic activities are
further evaluated for efficacy, affinity and potency studies. Simulta-
neously, the availability of the 3D structure of the target protein in
complexation with the promising ligand is identified, which offers
detailed evidence of intermolecular features aiding in the molecular

identification process and binding pattern of the ligand. Structural in-
sights into the complex of ligand-protein assist the analysis of variety of
binding conformations and interactions of ligand-protein (Kapetanovic,
2008; Wallace et al., 1995; Leach et al., 2006; Gohlke et al., 2000).
Various essential computational tools and databases which help experi-
mental biologists with predictive insights, accelerate the ongoing
research efforts to find therapeutics against the COVID-19 Infection
(Kangabam et al., 2020). For the immediate use by the scientific com-
munity, more than 800 SARS-CoV-2 proteins structures have been
deposited with the Protein Data Bank. Most of the structures deposited
are the two proteases of virus and spike glycoprotein (Papageorgiou and
Mohsin, 2020). The available databases with structural features of
SARS-CoV-2 provide insights into the viral transmission and reveal novel
therapeutic targets. The molecular docking and molecular dynamics
simulation approach have been employed for potential protein targets of
SARS-CoV-2 (Table 2) with various compounds to identify potential
drugs for SARS-CoV-2.

4. Computational drug repurposing

Drug repurposing (also called repositioning, reprofiling, redirecting,
or rediscovering) is a strategy for identifying new uses and indications for
existing or failed drugs. The scope of drug repurposing has increased in
recent years as pharmaceutical companies seek potential inexpensive
alternatives to compensate for the high costs along with the disap-
pointing rate of success associated with the drug discovery pipeline
(Baker et al., 2018). This strategy offers various advantages over the
conventional drug development path such as, lower risk of failure,
reduction in the time frame of drug development, and lower investment
(Pushpakom et al., 2019). A plethora of computational methodologies
have offered an avenue to repurpose drugs on small as well as large scales
with the availability of high throughput data (Sadeghi and Keyvanpour,



N.G. Bajad et al.

Sequinavir (1)

G v

; : oo
N N

H OH H
OH H
Nelfinavir (3)

H,oN

O=P HN (0]
|
HO o \[o]/ p

3\

\S:N @ .
o L . F
S

Current Research in Pharmacology and Drug Discovery 2 (2021) 100026

Indinavir (2)

NH,

O=SI=O OH H
)\/N N\n/op
(0]

O

Amprenavir (4)

Tipranavir (6)

o) OH 0
o N N. N J
B S “NT o7
H JoH

Atazanavir (7)

Fig. 2. Drugs developed through structure-based drug design.

2019). Computational drug repurposing approaches applied to COVID19
can be classified as network-based models, structure-based approaches
and machine/deep learning approaches (Dotolo et al., 2020). Multiple
drugs could be interrogated against particular targets involved in disease
using structure-based drug design strategies. In the context of COVID19,
significant efforts have been put into the computational studies for the
repurposing of previous FDA-approved drugs (Wang and Guan, 2020).

5. SARS-CoV-2 genomics

SARS-CoV-2, a positive-stranded RNA virus belonging to

orthocoronavirinae subfamily of coronaviridae family, is classified into
five sub-genera including Alphacoronavirus, Betacoronavirus, Deltacor-
onavirus, and Gammacoronavirus (Cascella et al., 2020). Human CoV
infections are mainly caused by the alpha- and beta-CoVs. The members
of B-coronaviruses are SARS coronavirus (SARS-CoV) and MERS coro-
navirus (MERS-CoV), which can cause severe and potentially fatal res-
piratory tract infections (Jin et al., 2020a; Guo et al., 2020). The newly
identified SARS-CoV-2 was found to share a genome sequence identity of
79.5% and 50% with SARS-CoV and MERS-CoV, respectively (Jin et al.,
2020a). SARS-CoV-2 genome is approximately 30,000 nucleotides long.
Constant mutations are making some of the single-nucleotide variations



N.G. Bajad et al.

Table 1
Drug discovery software tools and packages.
Sl Molecular Description Source
No. Docking
software

1. Autodock Flexible ligand and protein http://autodock.scr
side chain. It predicts binding ipps.edu/
of small molecules to the
receptor of known 3D
structure.

2. DOCK Flexible ligand. DOCK http://dock.compbio.
algorithm performed rigid ucsf.edu/
body docking with geometric
matching algorithm.

3. GOLD Flexible ligand and partial https://www.cede
flexible of protein. Docking .cam.ac.uk/
program based on Genetic
algorithm

4. Glide Docking Program based on https://www.sch
Exhaustive search. It exists in rodinger.com/glide/
Standard precision, extra
precision and virtual high
throughput screening models.

5. GlamDock GlamDock work on the basisof ~ http://www.chi
Monte-Carlo with 12.de/Glamdock.html
minimization (basin hopping)
search in a hybrid interaction
matching/internal coordinate
search space.

6. FRED Fast Exhaustive docking https://www.eyesope
performs a systematic and n.com/oedocking
non-stochastic examination of
all possible poses of protein-
ligand complex.

7. GEMDOCK It is a program for computing http://gemdock.lif
ligand confirmation and e.nctu.edu.tw/dock/
orientation. It's a Generic
Evolutionary method for
molecular docking.

8. HomDock It is similarity-based docking http://www.ch
program. It is a combination of =~ il2.de/HomDock.html
two different tool such as GMA
molecular alignment and
GlamDock

9. iGEMDOCK It is a Graphical Environment http://gemdock.life.nct
for the reorganization of u.edu.tw/dock/igem
pharmacological interactions dock.php
as well as virtual screening.

10. ICM Ligand and protein flexible. It http://www.molsoft.co
useful for ligand-protein m/docking.html
docking, protein-protein
docking and peptide-protein
docking.

11. FlexX, Flex- Flexible ligand in FlexX, https://www.biosolveit

Ensemble flexible protein and flexible .de/flexx/index.html?ct
(FlexE) ligand in FlexE. It is an =1

Incremental build-based

docking program

12. vLifeDock It provides three methods, https://www.vlifescien
Grid based docking, GA ces.com/products/VLif
docking and GRIP docking. eMDS/VLifeDock.php

13. FITTED Flexibility Induced Through http://fitted.ca/
Targeted Evolutionary
Description. Flexible ligand
and protein. high accuracy
programs with unique,
customizable features

14. DAIM-SEED- It allows Decomposition and http://www.biochem-c

FFLD Identification of Molecules, aflisch.uzh.ch/
Solvation Energy for download/
Exhaustive Docking,
Fragment-based Flexible
Ligand Docking
15. Molegro Handle all aspects of docking https://molegrovirtual

Virtual Docker

process from molecule
preparation to binding site
determination.

docker.weebly.com/
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Table 1 (continued)

Sl Molecular Description Source
No. Docking
software

16. Autodock Vina  Flexible ligand and protein
side chain. It improves the
accuracy of the binding mode
prediction as compared to
Autodock

It is open-source
parallelization of Autodock
vina. It reduces time of virtual
screening.

Flexible ligand and protein. It
uses two FlexTree data
structures to show complex of
protein-ligand.

http://vina.scr
ipps.edu/

17. VinaMPI https://github.com/mo

karrom/mpi-vina

18. FlipDock http://flipdock.scripps

.edu/what-is-flipdock

19. POSIT Ligand guided pose prediction  https://www.eyesope
(POSIT) uses the information n.com/oedocking
from bound ligand for the
improvement of pose
prediction.

20. idock It's a tool of multithreaded https://github.c
virtual screening for docking om/HongjianLi/idock

of flexible ligand.

Included with de novo design,
ligand docking, enzyme design
and prediction of biological
macromolecule structure.

It is one of the fast and
versatile open-source docking
program. Suitable for
campaigns of High throughput
virtual screening and Binding
mode prediction

It introduces about 3 scoring
functions in virtual screening
experiment

Flexible ligand. Best suited
solution for rational molecular
design in case of unknown 3D
structure of the target protein.
It is intended to ease and
automate the job of Auto Dock
for the high throughput
screening.

21. Rosetta Ligand https://www.rosettac

ommons.org/software

22. rDock http://rdock.sourcefo

rge.net/

23. Lead Finder http://moltech.ru/

24. ADAM http://www.immd.co.j

p/en/product_2.html

25. DockoMatic https://sourcefo
rge.net/projects/docko

matic/

(SNVs) more resilient to the environment, with increased transmission
efficiency. Apart from the 5 leading and 3’ terminal sequences, the
genome includes 11 coding regions for encoding spike glycoprotein (S),
envelop protein (E), transmembrane glycoprotein (M), nucleocapsid
protein (N), along with numerous open reading frames (ORFs) (ORF1lab,
ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10) of different lengths
wherein, ORFlab includes ORFla (containing nonstructural proteins
genes nspl to nspll) and ORF1b (containing nspl2 to nspl6) (Lung
et al., 2020).

6. SARS-CoV-2 pathogenesis and molecular mechanism studies

The virus undergoes various crucial steps after coming in contact with
the host (Fig. 3): i) Attachment to the host cells (ii) Penetration into host
the cells through endocytosis (iii) Biosynthesis of viral protein by using
viral mRNA and (iv) Maturation and release of viral particles (Yuki et al.,
2020). The functional and viral structure of the protein is mainly regu-
lated by the four important structural proteins including the membrane
protein(M), the envelope protein (E), the spike protein (S) and the
nucleo-capsid protein(N) (Vellingiri et al., 2020). The entry of virus into
the host cell is mediated through virion S-glycoprotein present on the
surface of coronavirus, which can attach to ACE2 receptor in the lower
respiratory tract in humans (Guo et al., 2020). The cell surface-associated
transmembrane protease serine 2 (TMPRSS2) facilitates cell entry of the
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Table 2

Structure and function of potential SARS-CoV-2 proteins.
Sr. Name of the Protein Structure model Function Experimental Structure
No.

Host translation
inhibitor nspl

It inhibits host translation by interacting with host 40 S subunitin ~ PDB: 7k3n,
ribosomal complexes, including the 43 S pre-initiation complex 7k7p

GenBank: and the non-translating 80 S ribosome.
QHD43415_1

1. Non-structural May play an important role in the modulation of host cell survival ~ Only remote homologues were
protein 2 (nsp2) signaling pathway by interacting with host PHB and PHB2. identified, no models have been built.
GenBank:
QHDA43415_2

2. Papain-like Responsible for the cleavages located at the N-terminus of the PDB: 7KAG(range:1-111);
proteinase (PLpro) replicase polyprotein. 6W6Y (range:207-379);
GenBank: 6W9C(range:748-1060);
QHDA43415_3

3. Non-structural It Participates in the assembly of virally-induced cytoplasmic NA (range:NA)
protein 4 (nsp4) double-membrane vesicles necessary for viral replication.
GenBank:
QHDA43415_4

Main proteinase It cleaves the C-terminus of replicase polyprotein at 11 sites. It PDB:
3CL-PRO recognizes substrates containing the core sequence. 6LU7(range:1-306)
GenBank:
QHD43415_5

4. RNA-directed RNA It Responsible for replication and transcription of the viral RNA PDB:
polymerase (RdRp) genome. 6M71(range:1-932);
GenBank:

QHD43415_11

(continued on next page)


https://www.ncbi.nlm.nih.gov/protein/QHD43415_1
https://swissmodel.expasy.org/repository/uniprot/P0DTD1?template=7k3n
https://swissmodel.expasy.org/repository/uniprot/P0DTD1?template=7k7p
https://www.ncbi.nlm.nih.gov/protein/QHD43415_2
https://www.ncbi.nlm.nih.gov/protein/QHD43415_3
https://www.rcsb.org/structure/7KAG
https://www.rcsb.org/structure/6W6Y
https://www.rcsb.org/structure/6W9C
https://www.ncbi.nlm.nih.gov/protein/QHD43415_4
https://www.rcsb.org/structure/NA
https://www.ncbi.nlm.nih.gov/protein/QHD43415_5
https://www.rcsb.org/structure/6LU7
https://www.ncbi.nlm.nih.gov/protein/QHD43415_11
https://www.rcsb.org/structure/6M71
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Sr. Name of the Protein Function Experimental Structure
No.
5. Helicase (Hel). It's a Multi-functional protein with a zinc-binding domain in N- PDB:
GenBank: terminus displaying RNA and DNA duplex-unwinding activities 5RL9(range:1-601);
QHD43415_12 with 5 to 3’ polarity.
6. Surface glycoprotein S1 (13-685): attaches the virion to the cell membrane by PDB:
(Spike) interacting with host receptor, initiating the infection. S2 6VYB (open state) (range:1-1273);
GenBank: (686-1273): mediates fusion of the virion and cellular membranes ~ 6VXX (closed state) (range:1-1273);
QHD43416 by acting as a class I viral fusion protein. 6LXT(range:912-988,1164-1202);
7. Envelope Small It Plays a central role in virus morphogenesis and assembly. It also ~ PDB:
Membrane Protein plays a role in the induction of apoptosis 7K3G(range:8-39)
GenBank:
QHD43418
8. Membrane It's a component of the viral envelope that plays a central role in NA(range:NA)
Glycoprotein virus morphogenesis and assembly via its interactions with other
GenBank: viral proteins.
QHD43419
9. ORF7a protein It Plays a role as antagonist of host tetherin (BST2), disrupting its ~ PDB: 6w37, 7ci3
(ORF7a) antiviral effect.
GenBank:
QHD43421

virus through the S-protein (Sanders et al., 2020). Once it enters the cells,
the viral genome RNA is released into the cytoplasm of the cell. The
uncoated RNA translates into two different polyproteins (ppla and
pplab), which encodes for non-structural protein and then synthesizes
structural proteins after that viral genome starts to replicate (Guo et al.,
2020; Li et al., 2020a). The newly formed envelope glycoproteins,
genomic RNA, and nucleocapsid get assembled and form buds of the viral
particle, mediated by endoplasmic reticulum (Guo et al., 2020). Finally,
particle of virus containing vesicles fuses with the plasma membrane and
the virus is released (Li et al., 2020a).

As the scientific research is progressing in COVID19, the molecular
mechanism studies and structural informations are coming into the

picture. Along with pathogenesis, other key biological processes involved
in SARS-Cov-2 infection include the effect of disharmonic inflammatory
signature (Parackova et al, 2020), the hallmark of -circulating
platelet-derived extracellular vesicles (Cappellano et al., 2021), and
alteration of infectivity of the virus in the presence of osteopontin and
furin (Adu-Agyeiwaah et al., 2020). Structural information at the atomic
level can further improve understanding of the interactions between
SARS-CoV-2 and its variants with infection susceptible cells. It will also
help to identify robust target regions for antibody neutralization. The
assistance of structure-based drug design may be vital in the fight against
COVID 19. Several studies have shown that proteins of different coro-
naviruses including SARS-CoV-2, SARS-CoV and MERS-CoV display


https://www.ncbi.nlm.nih.gov/protein/QHD43415_12
https://www.rcsb.org/structure/5RL9
https://www.ncbi.nlm.nih.gov/protein/QHD43416
https://www.rcsb.org/structure/6VYB
https://www.rcsb.org/structure/6VXX
https://www.rcsb.org/structure/6LXT
https://www.ncbi.nlm.nih.gov/protein/QHD43418
https://www.rcsb.org/structure/7K3G
https://www.ncbi.nlm.nih.gov/protein/QHD43419
https://www.rcsb.org/structure/NA
https://www.ncbi.nlm.nih.gov/protein/QHD43421
https://swissmodel.expasy.org/repository/uniprot/P0DTC7?template=6w37
https://swissmodel.expasy.org/repository/uniprot/P0DTC7?template=7ci3
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variations in the sequence, resulting in differences in the
three-dimensional (3D) structures and thus also in the shape of their
binding contacts (Hatmal et al., 2020). The SARS-CoV-2 entry into the
host cells is an essential determinant of viral infectivity and pathogenesis
and is also an essential target for host immune surveillance and human
intervention strategies (Shang et al., 2020). The S glycoprotein, a major
structural protein of the virus responsible for its entry by binding to the
Angiotensin-Converting Enzyme 2 (ACE2) on the human host cells,
attracted significant attention as target for the drug and vaccine devel-
opment against SARS-CoV-2. The development of neutralizing anti-
bodies, small molecules, and mini proteins aims to disrupt ACE2 binding
to the receptor-binding-domain (RBD) (Papageorgiou and Mohsin,
2020). Another well-known SARS-CoV-2's main protease (Mpro) is
mainly responsible for viral maturation and is the most attractive anti-
viral drug target. Mpro responsible for the cleavage, is necessary for the
maturation of 12 nonstructural proteins (Nsp4-Nsp16) and critical pro-
teins i.e., RNA-dependent RNA polymerase (RdRp, Nsp12) and helicase.
The inhibition of Mpro is reported to prevent viral replication in multiple
studies and is now the important target in drug discovery (Huynh et al.,
2020). The understanding of various functional proteins of SARS-CoV-2
involved in the viral RNA replication machinery has also significantly
improved our ability to design therapeutics (Romano et al., 2020).

7. Potential targets/proteins of COVID-19 for development of
therapeutic agents

The drugs or therapies acting on coronavirus can be categorized on
the basis of i) Specific pathways including inhibition of functional pro-
teins involved in RNA synthesis ii) Blockage of the structural protein(s)
Responsible for binding to human cell receptors iii) Alteration of factors
that restore host innate immunity and acts on host's receptor or enzyme
to prevent entry of virus into the cell (Wu et al., 2020). The novel
coronavirus encodes both structural and non-structural proteins. The
structural proteins include spike (S) protein, membrane protein(M), en-
velope protein(E), and the nucleocapsid protein(N) (Ahmed et al., 2020).
Several protein targets are included in the database, encoded by both
virus and human genomes. Identifying potential drug targets and pro-
teins (both viral and human) to reduce the false-negative and enhance
the success rate are the major challenges for the search of potential drug
molecule (Shi et al., 2020). The potential and promising targets for
COVID-19 are included in the following sections.

7.1. SARS-CoV-2 main protease

SARS-CoV-2 is related to the other beta coronaviruses, including
SARS-CoV. Further, 96.08% of identity has been observed between Mpro
of SARS-CoV-2 and SARS CoV on sequence comparisons (Kandeel and
Al-Nazawi, 2020). The main protease (Mpro) target received significant
attention as compared to the other corona viral targets studied in the
past, particularly in the first SARS-CoV (Ullrich et al., 2020). The main
protease (Mpro) is one of the conserved and attractive drug targets for the
discovery of an anti-coronavirus drug, due to its important role in
post-translational processing of polyproteins (Zhang et al., 2020b; Hav-
ranek and Islam, 2020; Kumar et al., 2020). The replicase gene encodes
with two overlapping polyproteins i.e. ppla and pplab, that are essential
for the transcription and viral replication (Jin et al., 2020b). Mpro breaks
the polyproteins by proteolytic processing and releases the functional
polypeptide essential for replicating new viruses (Havranek and Islam,
2020; Jin et al., 2020b). Polyprotein 1 ab (pplab) and Mpro affect at least
11 cleavage sites and viral replication can be prevented by inhibiting the
enzyme (Zhang et al., 2020b). Further, the inhibitors are unlikely to be
toxic due to the non-homologous sequence of 2019-nCOV Mpro to
human host-pathogen (Naik et al., 2020). Different crystal structures of
the main protease (Mpro) of novel COVID-19 are deposited in the Protein
data bank PDB (Berman et al., 2000) to identify potential compounds.
The crystal structure of main protease with PDB ID's 6LU7 was

Current Research in Pharmacology and Drug Discovery 2 (2021) 100026

consistently used in the in silico virtual screening for identification of
potential inhibitors. Further, the crystal structure of SARS-CoV-2 Mpro
complexed with N3 is determined in resolution of 2.1 A. It contains about
1-306 residues and each protomer is composed of three different do-
mains. The inhibitor, N3 forms multiple hydrogen bondings with the
main chain of the residues present in the substrate-binding pocket to lock
the inhibitor (Jin et al., 2020c) (Fig. 5). The hydrogen bond and van der
waals interactions between the inhibitor and residue in the
substrate-binding pockets of MP™ in the crystallographic electron density
maps of N3, is suitable to guide the designing of improved compounds
(Arafet et al., 2021).

7.2. SARS-CoV-2 RNA dependent RNA polymerase (RdRp)

The enzyme, RNA-dependent RNA polymerase (RdRp), also named as
nspl2, plays an important role in replicating and transcribing the life
cycle of the COVID 19 virus by catalyzing the synthesis of viral RNA with
the help of co-factors, nsp7 and nsp8 (Gao et al., 2020b). The nspl2
polymerase was predicted to contain about 932 amino acids located in
the polyprotein (Mirza and Froeyen, 2020). On comparison, the amino
acid sequences of RdRp in both severe acute respiratory syndrome
coronavirus (SARS-CoV) and SARS-CoV-2 were found to be remarkably
similar (Lung et al., 2020). It has a deep groove as an active site for RNA
polymerization and variations in the residue are distal to the active site
(Lung et al., 2020). In the process of replicating RNA, nspl2subunit is
required to bind with NSP7 and NSP8 co-factors to improve its capability
(Ruan et al., 2020). The compounds that disrupt the binding of nsp7 or
nsp8 to nspl2 could inhibit the activity of RdRpnspl2 (Ruan et al.,
2020). Therefore, nsp12 is considered as the primary target to identify
potential compounds for the treatment of COVID-19 viral infection (Gao
et al., 2020b).

The cryo-EM structure of PDB ID 6NUR showed the nsp12 polymerase
bound with the co-factor NSP7-NSP8 with a second subunit of NSP8
(Kirchdoerfer and Ward, 2019) (Fig. 6). The crystal structure contained
two metal binding sites, to which zinc atoms were assigned (Farag et al.,
2020).

7.3. SARS-CoV-2 spike (S) protein

The entry mechanism of SARS-CoV-2 into human cells begins with the
binding of SARS-CoV-2 spike (S) protein to the human angiotensin-
converting enzyme 2 (ACE2) receptor through the receptor-binding
domain (Senathilake et al., 2020). S protein is trimeric, cleaved into S1
and S2 subunits and mediates receptor recognition and membrane fusion
function. S1 subunit contains the receptor-binding domain (RBD), which
binds to the peptide domain of the ACE2 and S2 is responsible for
membrane fusion (Yan et al., 2020). The receptor-binding domain is the
key functional component of S1 subunit and is required for binding of
SARS-SoV-2 to ACE2 (Shi, Wang, Zhang, Wang). The variation in
attachment and the entry receptor observed among different coronavi-
ruses are due to the use of distinct domains within the S1 subunit (Walls
et al., 2020). It was reported that S protein mediates activation of host
immune response against the virus (Narkhede et al., 2020). S protein, an
important target of neutralizing antibodies upon infection, can be used
for designing therapeutics and vaccines (Walls et al., 2020).

7.4. Miscellaneous proteins

The other target proteins of SARS-Co-2 include E protein, TMPRSSS2,
ORF7a, ACE2, helicase, C-terminal RNA binding domain (CRBD), N-
terminal RNA binding domain (NRBD), Nsp3 (Nsp3b, Nsp3c, PLpro, and
Nsp3e), Nspl, Nsp7_Nsp8 complex, Nsp9-Nsp10, and Nsp14-Nspl6 and
have also been considered for the virtual screening (Wu et al., 2020).
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Fig. 3. Life cycle of severe acute respiratory syndrome coronavirus (SARS-Covid-19) and its potential targets.

8. Clinically available drugs for COVID-19 evaluated through
SBDD

8.1. Remdesivir

Remdesivir (Fig. 4 (Fallerini et al., 2021)) was emerged from the joint
collaborative efforts of Gilead Sciences, U.S. Centers for Disease Control
and Prevention (CDC) and the U.S. Army Medical Research Institute of
Infectious Diseases (USAMRIID). The journey of the discovery of
Remdesivir started with the compilation of nucleoside analogues library
based on the prior knowledge of effective nucleoside based antiviral
compounds (Eastman et al., 2020). It is a prodrug, which gets converted
into an active metabolite of C-adenosine nucleoside triphosphate analog
(Sanders et al., 2020). Remdesivir shows broad-spectrum antiviral ac-
tivity against RNA viruses viz. filoviruses, paramyxoviruses, and coro-
naviruses (Rosa and Santos, 2020). The drug has been found to be potent,
in in vitro, against SARS-CoV-2 with ECsg and ECyg of 0.77 pM and 1.76
uM, respectively (Sanders et al., 2020). One of the clinical trials
(NCT04292899, NCT04292730, NCT04257656, NCT04252664,
NCT04280705) of Remdesivir, on the patients with COVID 19, produced
faster clinical improvement than that of placebo (Wang et al., 2020b).
Although, questions did arise with respect to the efficacy of the drug. A
more recent double-blind, randomized, placebo-controlled ACTT-1 trial
in hospitalized patients with COVID-19 established a shortened recovery
time compared to placebo and fewer cases of progression to more severe

respiratory disease (Beigel et al., 2020). The molecular docking studies of
the drug was carried out by using different protein structures of
SARS-CoV-2. The active metabolite of Remdesivir (RemTP) has a rela-
tively substantial binding free energy of —8.28 + 0.65 kcal/mol, against
SARS-CoV-2 nspl2 RNA-dependent RNA polymerase (RdRp), as
compared to the natural substrate ATP (- 4.14 + 0.89 kcal/mol), which is
essential for the polymerization (Zhang and Zhou, 2020). Remdesivir has
good binding affinity for 2019-nCoV Mpro with N3 peptide (PDB ID:
6LU7) with docking score of —8.2 kcal/mol and it forms a strong
hydrogen bond with Mpro residues such as Cys145, and His164 (Naik
et al., 2020).

8.2. Chloroquine/hydroxychloroquine

Chloroquine (Fig. 4 (Zhang et al., 2020a)) is the first natural anti-
malarial agent derived from the bark of the cinchona tree and the syn-
thetic route of its analogues originated from the works of Paul Ehrlich's
group. The study of its structural variations led to the discovery of the
Hydroxychloroquine with 3 folds less toxicity (Al-Bari, 2015). Both the
drugs, Chloroquine and Hydroxychloroquine (Fig. 4 (9 and 10)) are
widely used for the prevention and treatment of malaria. Hydroxy-
chloroquine is already under clinical trials for the treatment of acquired
immune deficiency syndrome (AIDS) (Rosa and Santos, 2020). It is re-
ported to have antiviral as well as immune-modulating properties (Vel-
lingiri et al,, 2020). The antiviral activity of Chloroquine and
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Fig. 4. Drugs being repurposed for COVID-19.

Hydroxychloroquine's is considered to be by blocking the viral entry into
cells due to inhibition of glycosylation of host receptors, proteolytic
processing, and endosomal acidification (Sanders et al., 2020).
Hydroxychloroquine (ECso = 0.72 uM) was found to be more potent
than chloroquine (ECsyp = 5.47 pM) in in vitro evaluation, when tested
using SARS-CoV-2 infected Vero cells. (Yao et al., 2020). However, the
combinatorial therapy involving Chloroquine/Hydroxychloroquine with
Azithromycin showed a prolongation of the corrected QTc interval as an
important adverse effect. Most of the observational studies involving
hospitalized COVID-19 patients, Hydroxychloroquine did not show
greatly lowered or an increased risk of death/intubation (Geleris et al.,
20205 Li et al., 2020b). It was followed by randomized, double-blind,
placebo-controlled trials involving non-hospitalized adults with
COVID-19, which showed a lack of difference in the symptom severity
score over 14 days for the drug versus placebo (Skipper et al., 2020).
Hydroxychloroquine showed considerable binding efficacy and inhibited
various drug targets of SARS-CoV-2 including Spike glycoprotein, RNA
dependent RNA polymerase, Chimeric RBD, Main protease,
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Non-structural Protein 3, Non-structural Protein 9, and ADP-ribose-1
monophosphatase. The Structural and molecular modeling studies of
Chloroquine and Hydroxychloroquine against SARS-CoV-2 protein
revealed that chloroquine (or active derivative, hydroxychloroquine)
binds to sialic acids and gangliosides of the host cell with high affinity,
which ultimately cease binding of viral S protein to gangliosides (Fantini
et al., 2020).

8.3. Favipiravir

Favipiravir (T-705) (Fig. 4 (Helmy et al., 2020) was discovered and
synthesized by Toyoma Chemical Co., Ltd. through phenotypic screening
against influenza virus (Furuta et al., 2013). Favipiravir (11), a prodrug
of purine nucleotide, is converted into an active phosphoribosylated form
of Favipiravir ribofuranosyl-5'-triphosphate in the cells, that inhibits
RNA polymerase activity (Sanders et al.,, 2020). It mainly shows
anti-influenza virus activity but also has been demonstrated to block the
replication of flavi-, filo-, alpha-, bunya-, noro-, arena-, and other RNA



N.G. Bajad et al.

Current Research in Pharmacology and Drug Discovery 2 (2021) 100026

Compound N3

Fig. 5. Molecular interactions of compound N3 with SARS-CoV-2 Mpro (Protein Data Bank ID: 6LU7).
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ID: 6NUR).

viruses (Dong et al., 2020b). Favipiravir inhibited SARS-CoV-2 in vitro
with the ECsg of 61.88 pM/L in Vero E6 cells (Sanders et al., 2020). The
clinical trials for the treatment of COVID 19 were initiated by the Clinical
Medical Research Center of the National Infectious Diseases and the
Third People's Hospital of Shenzhen. Preliminary results showed potent
antiviral action (Dong et al., 2020b). The in silico, activity of Favipiravir,
against COVID 19, were evaluated with both protease (6LU7) and poly-
merase (6NUR) macromolecules. The molecular docking simulation re-
sults showed interaction of different tautomers of Favipiravir with targets
(Harismah and Mirzaei, 2020).The structural analysis of Favipiravir
bound to the replicating polymerase complex of SARSCoV-2 in the
pre-catalytic state revealed that, it inhibited viral replication mainly by
inducing mutations in progeny RNAs which impaired the elongation of
RNA products (Harismah and Mirzaei, 2020).

8.4. Ribavirin

Ribavirin (Fig. 4 (12)) was first synthesized in 1972 by Sidewell and
colleagues as a broad-spectrum antiviral acting against various virus
families, mainly the negative RNA strand virus and respiratory syncytial
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virus (Brillanti et al., 2011). It is a guanine analog with broad-spectrum
antiviral activity, inhibiting viral RNA-dependent RNA polymerase
(Sanders et al., 2020). This drug is generally used for the treatment of
hepatitis C as a combination with interferon o (IFN) (Vellingiri et al.,
2020). Ribavirin has shown in vitro activity towards WIV04 strain of
2019-nCoV and is undergoing clinical trials (NCT04276688,
NCT04306497) for the treatment of COVID-19 (Khalili et al., 2020).
Further, promising results were obtained in molecular docking studies of
ribavirin performed against both the protein structure, SARS-CoV-2
RdRp and COVID-19 main protease in complexation with an inhibitor
N3(PDB ID 6LU7). The results with main protease produced a binding
affinity of —5.6 (kcal/mol) in the pocket of chain A, owing to the for-
mation of four hydrogen bonds (Narkhede et al., 2020).However, dock-
ing of Ribavirin against SARS-CoV-2 RdRp (PDB ID: 6NUR, chain A)
revealed interactions established by 13H-bonds with W508, Y510, K512,
C513, D514, N582, D651 (Sohrabi et al., 2020), A653 (Sohrabi et al.,
2020), and W691 of the SARS-CoV-2 RdRp with the binding energy of
—7.8 kcal/mol (Elfiky, 2020).
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8.5. Lopinavir-ritonavir

The ritonavir (ABT-538) (Fig. 4 (Wacharapluesadee et al., 2021), a
symmetry-based HIV protease inhibitor was identified with the lower
rate of metabolism and high oral bioavailability (Kempf et al., 1998). The
combination of Lopinavir (Fig. 4 (13)) and Ritonavir (Fig. 4 (14)) were
approved by the USFDA for the treatment of HIV (Sanders et al., 2020).
Both the drugs act through inhibition of HIV protease (Rosa and Santos,
2020). Ritonavir also inhibits another enzymes, cytochrome P450 3A4,
responsible for the metabolism of Lopinavir, that indirectly prolongs
bioavailability of Lopinavir (Choy et al., 2020). The combination of
Lopinavir/Ritonavir was first recommended by the National Health
Commission (NHC) of the People's Republic of China for the experi-
mental treatment of COVID-19 (Dong et al., 2020b). Lopinavir and ri-
tonavir showed in vitro antiviral activity against SARS-CoV-2 in Vero E6
cells with an ECsg of 26.1 pM.16 and ECsp of >100 puM respectively
(Maciorowski et al., 2020).

The antiviral agents reported, numbering 61, were docked against
COVID-19 main protease co-crystallized structure (PDB IDs: 5R7Y, 5R7Z,
5R80, 5R81, 5R82). Among all the agents, only Lopinavir showed
binding with all the protein structures with docking scores of less than
—6.5 kcal/mol. Further, Lopinavir and Ritonavir were effective in in sil-
ico, in vitro and animal models but were less effective in the clinical
studies (Shah et al., 2020).

8.6. Darunavir

Darunavir (Fig. 4 (15)) was design based on the ‘Backbone binding
concept’ which has emerged as a useful approach to combat drug resis-
tance. It is a multi-drug resistant HIV-1 virus inhibitor and received US
FDA approval in 2006 for the treatment of patients harboring highly
drug-resistant viruses, further approval was extended to all HIV/AIDS
patients in 2008 (Ghosh and Chapsal, 2013). The structure based drug
design strategies targeting HIV-1 protease backbone resulted Darunavir,
as one of the exceedingly potent nonpeptidyl Inhibitors (Ghosh et al.,
2007). It was found to show in vitro inhibition of SARS-CoV-2 infection
and potential efficacy in the treatment of COVID-19 (Dong et al., 2020b).
Cell based experiments indicated that Darunavir significantly inhibited
viral replication at a concentration of 300 pM in in vitro and its inhibition
efficiency was 280-folds in comparison to the untreated group (Dong
et al., 2020b). Darunavir in combination with cobicistat is undergoing
clinical trials in patients with COVID 19 and is approved by the US FDA
for the treatment of AIDS (Rosa and Santos, 2020). The model,
papain-like viral protease (PLVP) of orflab polyprotein of SARS-CoV-2
has been developed and docking of drugs is being carried out. The
inhibitory effect of Darunavir on SARS-CoV-2 observed in the study may
be due to its inhibitory effect on PLVP (Lin et al., 2020). The binding free
energy of —11.96 + 1.99 kcal/mol by Darunavir suggested that it may
potentially inhibit SARS-CoV-2 Mpro with high affinities (Ngo et al,,
2020).

8.7. Baricitinib

Baricitinib (Fig. 4 (16)) was approved by FDA in 2017 for the treat-
ment of rheumatoid arthritis (RA) (Mullard, 2018). It is a Janus kinase
(JAK) inhibitor mainly used in the management of rheumatoid arthritis
(Santos et al., 2020). The inhibition of JAK interrupts the signaling of
multiple cytokines pathways, that are likely to be effective in patients
with COVID-19 (Stebbing et al., 2020). In a study by machine learning
tool (BenevolentAl), it was evident that Baricitinib reduced the ability of
virus to infect the lung cells (Richardson et al., 2020). It is reported to
bind with the adaptor-associated kinase-1 (AAK1), that plays an impor-
tant role in the clathrin-mediated viral endocytosis (Santos et al., 2020).
The drug may have antiviral activity due to its high affinity towards
AAK1-binding, which disrupts the viral entry and intracellular assembly
of virus particles (Richardson et al., 2020). The docking simulations
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studies between Baricitinib and SARS-CoV-2 main protease (PDB ID:
6LU7) were also performed. The receptor-ligand complex showed ten
interaction sites with the amino acid residues of domain III of receptor
and binding energy of —6.5 (kcal/mol) (Marinho et al., 2020).

9. Conclusions

SBDD is a faster, highly cost effective and efficient tool for the lead
drug discovery in comparison to the traditional approaches. It has rapidly
gained the acceptance of researchers to design and optimize ligands and
can greatly influence the discovery of new drug molecules for the treat-
ment of COVID-19. Over past two decades, technological advancements
in experimental approaches including computational, X-ray crystallog-
raphy and NMR etc. have facilitated SBDD approach to its vital position
in drug discovery. Owing to the substantial increase in the availability of
huge number of 3D structure of targets and the rapid progression in
computational chemistry, SBDD is now a fundamental strategy for both
lead generation and optimization. Multiple drugs can be interrogated
with the help of SBDD strategies against particular target(s) involved in
the disease process. Remdesivir (Fig. 4 (Fallerini et al., 2021)), analyzed
using SBDD approach, is a potential ‘molecule of hope’ for the treatment
of SARS-CoV-2. It is used in restricted emergency to patients with mod-
erate to severe COVID-19 infection. This triphosphate nucleotide analog
inhibits the viral RNA synthesis by a specific mechanism of delayed chain
termination in SARS-CoV-2. The key interactions of Remdesivir with
crucial MP™ residues, Cys145, and His164 also suggest that the drug
molecules are breakthrough analogs for the treatment of COVID-19.
SBDD approach has been widely realized and accepted as a crucial part
of COVID-19 drug research and it serves the drug discovery researchers
in making an effort to expedite and an added level of confidence.

10. Future perspectives

The approaches and methodologies used in the designing of drugs
have undergone transformation over a period of time. At present, drug
design approaches accomplish and drive new technological advances to
solve the varied, new, difficult setbacks, which occur along the path to
drug discovery. As the advances in structural genomics, bioinformatics,
and computational power continue to expand, further successes in
structure-based drug design are likely to follow. The global population is
going to face radical health emergencies in the future, which could be
overcome with the help of technological and knowledge-based ad-
vancements. SBDD would be more beneficial not just for the discovery of
lead compounds but also in the entire process of optimization and
development. Allosteric drug design is one of the novel approaches in
drug discovery, where the identification of allosteric sites and allosteric
modulation of protein function are mainly carried out. The functional
activity of protein can be regulated through alteration of its confirmation
intrinsically on the binding of a ligand at an allosteric site, that is topo-
graphically distinct from the orthosteric site (Lu et al., 2014). The SBDD
methods can be used to discover and optimize allosteric modulator
properties, which are responsible for the alteration of ligand binding,
signaling, function of the protein and represent a massive opportunity for
the development of novel therapeutics (Congreve et al., 2017). The
investigation of the allosteric nature of the S-ACE2 complex will help to
identify and quantify the extent to which the S protein binds to ACE2. It
also allows the design and test of allosteric drugs with enhanced bioac-
tivity (Di Paola et al., 2020). The Gaussian accelerated molecular dy-
namics are also used to elucidate cryptic and allosteric pockets present
within the SARS-CoV-2 protease (Sztain et al., 2020). The allosteric drug
discovery approach is developing rapidly and may play a crucial role in
identifying therapeutics for SARS-CoV-2 (Di Paola et al., 2020). Every
year, new targets are being identified and the structures of targets are
being determined at an astonishing rate. Our capability to capture a
quantitative picture of the interactions between macromolecules and li-
gands is also advancing. The progresses made in SBDD technology holds
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an important role in the identification of new ‘lead’ compounds to treat
future, unexpected pandemics.
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