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The unforeseen emergence of coronavirus disease 2019 (COVID-19), a severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) at the Wuhan province of China in December 2019, subsequently its abrupt
spread across the world has severely affected human life. In a short span of time, COVID-19 has sacked
more than one million human lives and marked as a severe global pandemic, which is drastically
accountable for the adverse effect directly to the human society, particularly the health care system and
the economy. The unavailability of approved and effective drugs or vaccines against COVID-19 further
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created conditions more adverse and terrifying. To win the war against this pandemic within time there
is a desperate need for the most adequate therapeutic treatment, which can be achieved by the
collaborative research work among scientists worldwide. In continuation of our efforts to support the
scientific community, a review has been presented which discusses the structure and the activity of
numerous molecules exhibiting promising SARS-CoV-2 and other CoVs inhibition activities. Furthermore,
this review offers an overview of the structure, a plausible mechanism of action of SARS-CoV-2, and
crucial structural features substantial to inhibit the primary virus-based and host-based targets involved
in SARS-CoV-2 treatment. We anticipate optimistically that this perspective will provide the reader and
researcher’s better understanding regarding COVID-19 and pave the path in the direction of COVID-19
drug discovery and development paradigm.

© 2021 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The COVID-19 pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) is continuously spreading
its giant wings across the world, and as of Oct 20, 2020, more than
40 million confirmed cases were reported in more than 215 coun-
tries and territories and with 1,123,180 confirmed deaths. The top
three countries reporting the maximum confirmed cases to date are
the United States of America, India, and Brazil, with 8,456,653,
7,597,063, and 5,251,127 cases, respectively [1]. The most common
symptoms of COVID-19 in humans are fever, dry cough, and tired-
ness, whereas severe symptoms include difficulty breathing or
shortness of breath, chest pain, high blood pressure, and loss of
speech or movement because of central nervous system conditions
leading to multiple organ failure [2,3]. In severe instances, it has
been observed that SARS-CoV-2 infection generates bilateral
pneumonia, acute respiratory distress syndrome, kidney failure,
and eventually, death [4—6]. Furthermore, the current data reveal
the SARS-CoV-2 mortality rate between 3% and 5, which is much
lower than other Coronaviridae family member’s mortality rate,
such as SARS-CoV (9—15%) and MERS-CoV (34—37%) [7,8]. However,
tragically, SARS-CoV-2 is considerably transmissible and causes
more severe health effect on the elderly people or with comor-
bidities, which is the existence of more than one chronic disease
such as diabetes, obesity, and cardiovascular at the same time, that
weaken the immune system of the human body [9]. The risk for
severe illness from SARS-CoV-2 increases with age; older adults
above 65 years of age are at higher risk (23-fold) and account for
80% of hospitalizations [10]. In the middle of the crisis, the COVID-
19 spreading rate and scale are much higher and more alarming
than previous coronaviral epidemics. In many countries, the num-
ber of SARS-CoV-2 cases is rising continuously at an alarming rate,
whereas the countries that succeeded in slowing their initial
outbreak are now experiencing a second wave with the rise in
COVID-19 cases [11]. Heretofore, scientists have been unsuccessful
in identifying specific countermeasures, such as drugs, vaccines,
and personal protection equipment (PPE), for the effective control
or elimination of the SARS-CoV-2; therefore, to control the trans-
mission of the virus, we have only basic protective measures rec-
ommended by the World Health Organization (WHO),
“Infection prevention and control guidance-Covid 19” [12].

The COVID-19 outbreak not only has caused high infection and

fatality rates but also responsible for the detrimental effect globally
on the society, economy, and geopolitics. As this pandemic is
encompassing the world, it is instigating a high level of concern
within the society and particularly among the elderly people,
health care providers, and people with underlying health condi-
tions. With the introduction of forced quarantine and nationwide
lockdown as measures to control virus transmission, it is expected
that this kind of measures, in the long run, could have severe effects
on humans, including acute panic, obsessive behaviors, hoarding,
paranoia, depression, alcohol and drug use, self-harm or suicidal
behavior, and post-traumatic stress disorder (PTSD) among people
[13]. Considering the severity of the COVID-19 pandemic and the
unavailability of any approved drugs or vaccines for its treatment
and prevention has forced the researchers globally to emphasize
the discovery and development of therapeutics targeting SARS-
CoV-2. Both industry and academia are working together to
appropriately characterize the virus and test in animals [14—19].
The successful isolation and sequencing of SARS-CoV-2 genes have
possibly revealed that this virus is a member of the Beta corona-
virus genus and has positive-sense single-stranded RNA. The SARS-
CoV-2 is closely comparable to other members of the genus, for
example, acute respiratory syndrome CoV (SARS-CoV) and Middle
East Respiratory Syndrome Cov (MERS-CoV). The SARS-CoV-2 ex-
hibits a 79.5% similarity with SARS-CoV with a 94.6% resemblance
in the amino acid sequence of seven conserved nonstructural
proteins. Consequently, the developed understanding and relevant
information obtained from the clinical data against SARS and MARS
can increase the chance of success in the design and synthesis of
efficacious therapeutic agents to treat COVID-19 infection.

The human civilization has grappled with the health and hu-
manitarian crisis unleashed by the global coronavirus pandemic;
there is a massive challenge and a great opportunity for the sci-
entific community to centralize the efforts in the development of an
effective drug/vaccine against contagious coronavirus. One of the
relevant approaches to control the COVID-19 pandemic is to
develop an effective vaccine targeting SARS-CoV-2 and in past
vaccines showed a significant effect in controlling the preceding
epidemics. The earnest efforts by scientists are in progress in this
direction, and the results are encouraging. However, many vaccines
are only partially effective or work better only for some age groups
than others, and the immunity a vaccine provides can decrease
with time. Even if one of the COVID-19 vaccines is proven safe and
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effective, its large-scale manufacture and global distribution in a
short span of time is itself a big challenge, and it is obvious that it
will remain unavailable to many people, particularly living in the
developing countries. Therefore, the discovery of a vaccine will not
be the absolute solution; we need treatment to fight COVID-19.
Treatment will also be helpful to manage illness resulting from
imperfections in vaccine effectiveness and uptake. In the case of
COVID-19, an early-stage treatment involving a combination of
antiviral compounds/drugs can be one of the effective treatments
of COVID-19. People with severe COVID-19 are treated in the hos-
pital with the repurposing drugs with debatable results; however,
there is no treatment available for people with early signs or mild
symptoms of COVID-19 or laboratory-confirmed infected persons
with high risk. The discovery and development of COVID-19 drugs
could protect patients from getting sicker and dying; moreover, it
will support in slowing down the virus spread and help people to
live longer. It can also be used as a prophylactic treatment.

Drug discovery and development is a complicated and time-
consuming process that involves several stages to produce a safe
and efficacious drug. The process broadly can be divided into the
following stages: a) Drug discovery that includes target selection,
lead finding, lead optimization, and pharmacological profiling; b)
Preclinical research involve pharmacokinetics, pharmacodynamics,
and short-term toxicology studies in in vitro and in vivo settings as
well as formulation and synthesis scale-up. c) Clinical research
encompasses testing of the drug in humans to check its safety and
effectiveness. Clinical research is mainly divided into four phases:
Phase 1, Phase II, Phase III, and Phase IV that involve the study of the
drug in the respective areas of human pharmacology: safety, ther-
apeutic exploration, dose-ranging, therapeutic confirmation or
comparison, and post-marketing surveillance. d) The Food and
Drug Administration (FDA) review stage includes a thorough re-
view of submitted drug-related data by FDA review teams and
deciding to approve or disapprove the drug. e) FDA post-market-
safety monitoring process involve monitoring of marketed drug
safety in public by the FDA. For a newly discovered drug to com-
plete all mandatory clinical phases and regulatory approval to be
available in the market takes at least 10 years and involves multi-
disciplinary (chemistry, biochemistry, physiology, microbiology,
and pharmacology), multi-sector cooperation, and regulations of
the FDA. The success of the drug discovery and development pro-
cess not only depends on the industrial and academic collaboration
between the specialists from the medicinal, chemistry, and biology
disciplines, but also on the collaboration of pharmaceutical R and D
specialist and clinical research teams, composed of doctors, phar-
macists, nurses, chemists, and other health specialists. To win this
war against COVID-19, we urgently require an effective and safe
drug in the immediate future, and this could be achieved only by
research collaboration across the globe. Researchers keeping their
individual academic progress aside must rapidly coordinate na-
tionally and internationally. Moreover, the countries on urgent
priority must create an effective global scientific partnership,
particularly for COVID-19 research, which will allow the univer-
sities and researchers to engage across borders and facilitate in-
ternational collaboration. Appreciatively, the publishers, funders,
and scientific societies around the globe started sharing research
findings and making available the COVID-19 related data free of
charge, that is helping the scientist across disciplines and world-
wide to establish a more rapid connection. This sharing of data in
the public domain must continue while maintaining the publica-
tions, grants, intellectual property rights, and patents. We are
optimistic that collaborative research work among scientists
worldwide can lead the world into a COVID-19 safe future.

We have compiled this review under the research objective
focused on the discovery and development of a therapeutic drug to
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reduce the severity of COVID-19. Theoretically, all the enzymes and
proteins responsible for viral replication and managing host
cellular machinery are significant targets in the development of a
potential agent for COVID-19 treatment [20,21]. This review briefly
summarized small molecules reported in the literature with
promising activity against various SARS-CoV-2 targets, including
primary virus-based and host-based targets. This perspective is
within the context of our ongoing drug design and discovery
research work [22—29], and here we deliver to the reader summary
of the SARS-CoV-2 medicinal chemistry research outcomes, and we
anticipate that it will update readers with the current progress in
SARS-CoV-2 drug discovery. Being a medicinal chemist and keeping
in mind our responsibility towards society and the scientific com-
munity, we mark this review as our small contribution towards the
global war against COVID-19.

2. Structure and mechanism of action of SARS-CoV-2

The coronavirus genome encompasses 30000 nucleotides and
made up of Spike (S) glycoprotein, Envelop (E) protein, Membrane
(M) protein, Nucleocapsid (N) protein, Hemagglutenin esterase
dimer (HE) and several non-structural proteins (nsp) (Fig. 1)
[20,21,30,31].

The N-protein is located inside the capsid, protects the viral RNA
genome by coating it into a ribonucleoprotein complex, and per-
forms multiple functions, which include viral RNA replication and
transcription. It contains an N-terminal RNA binding domain, an S-
terminal dimerization domain, and a central Ser/Arg-rich linker for
primary phosphorylation. The process of viral replication and
transcription begins with the binding of the N-terminal of the N
protein to the RNA genome; therefore, the development of mole-
cules as inhibitors of RNA binding to the N terminal domain of N
protein of coronavirus can stop the viral RNA replication and
transcription and thus can be an interesting pharmacological
target. The Spike (S) glycoprotein is a structural transmembrane
protein present on the outer envelope of the virion, and it facilitates
virus entry by contacting specific receptors located on the surface of
the host cell. In functional form, it exists as a homotrimer, and each
monomer is made up of approximately 1200—1400 amino acid
residues and comprises a single peptide (1—13 amino acids) at the
N-terminus, the S1 and S2 subunit bearing 14—685 and 686—1273
residues, respectively. The S1 subunit consists of the N - terminal
domain (NTD, 14—305 residues) and the C-terminal domain (CTD),
also known as the receptor-binding domain (RBD, 319—541 resi-
dues). It assists in the host-guest interaction and encourages virus
entry by recognizing protein receptors of the host cells. Besides, the
S2 subunit consists of the fusion peptide (FP) (788—806 residues),
heptapeptide repeat sequence 1 (HR1) (912—984 residues), HR2
(1163—1213 residues), TM domain (1213—1237 residues), and a
cytoplasmic domain (1237—1273 residues), and is responsible for
fusion of viral and cellular membranes. The S protein homotrimers
resemble the crown-like corona around the virus; furthermore, the
bulbous head and stalk region in S protein monomers are shaped by
S1 and S2 subunits. The E-protein is the smallest membrane pro-
tein, consisting of 76—109 amino acids, and is in charge of assembly
and morphogenesis of virions and pathogenesis. The M-protein is
ample on the viral surface and because of its membrane-bending
properties responsible for virus fusion, assembly, and budding
function. Hemagglutinin-esterase dimer (HE) is placed on the sur-
face of the virus and is essential for host cell infection through virus
entry but is expendable for replication. The non-structural proteins
(nsps) of SARS-CoV-2 include highly conserved 16 nsps, responsible
for different functions, encompassing the generation of replication-
transcription complex (RTC). The nsps are an interesting druggable
target; however, the success rate increases with the understanding
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Fig. 1. Schematic representation of SARS-CoV-2 and its structural proteins.

of its role in viral infection as well as the availability of crystal and
ligand structure. In the discovery of anti-SARS-CoV-2 therapies,
some of the nsps are necessary for the virus, such as chymotrypsin-
like protease (3CLpro, nsp 5), papain-like protease (PLpro, nsp 3),
RNA-dependent RNA polymerase (RdRp, nsp12) in complex with
cofactors nsp7, and nsp8 and helicase (nsp 13), and are considered
as promising targets for the treatment of SARS-CoV-2.

The mechanism of action of SARS-CoV-2 of a human cell
comprising viral entry, replication, and RNA packing are drawn in
Fig. 2 [21,30—33]. The spike (S) protein of coronavirus binds to
angiotensin-converting enzyme 2 (ACE2) receptors positioned on
the surface of several human cells, particularly in lung cells for viral

entry. The membrane fusion is one of the significant phases in a
virus infection cycle, and the spike (S) protein and different cellular
proteases play a crucial role in this phase. The membrane fusion is
mostly achieved through two pathways: the endosomal/clathrin-
dependent and nonendosomal/clathrin-independent paths. Inside
the endosomal/clathrin-dependent route, the internalized viral
particles fuse with the host target membrane through the S2 sub-
unit of S-protein at low pH, followed by the S-protein cleavage by
the host protease cathepsin L. In the nonendosomal/clathrin-
independent path, the fusion with cellular membrane leads to the
host protease cleavage of the S protein via cell membrane-
associated proteases, for example, TMPRSS2. The membrane
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Fig. 2. The schematic diagram showing the SARS-CoV-2 entry mechanism, viral replication and viral RNA packing in the human cell.
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fusion results in the discharge of viral genetic material into the
cytoplasm, followed by replication/transcription complex (RTC)-
mediated replication and transcription processes. The viral RNA
attaches to the host ribosome and produces two polyproteins (ppla
and pp1lab) encoding 16 nsps, which is very vital in the making of
new mature virions. These two significant polyproteins undergo
proteolytic cleavage by the coronavirus main proteinase (3CLpro)
and the papain-like protease (PLpro). Additionally, RNA-dependent
RNA polymerase (RdRp) is responsible for replicating the RNA
genome. The structural viral proteins comprising E, M, and S pro-
teins are synthesized in the cytoplasm of the host cell and then
implanted into the endoplasmic reticulum (ER) and transported to
the endoplasmic reticulum-Golgi intermediate compartment
(ERGIC). In addition, the encapsidation of replicated genomes by N
protein in the cytoplasm leads to the formation of nucleocapsid,
which is further merged within the ERGIC membrane. This enables
the self-assembly and formation of new virions that are finally
exported from infected cells. The new virions enclosed by smooth-
walled vesicles are transported to the cell membrane and subse-
quently exported out of the infected cell via the exocytosis process
to infect new cells. In the meantime, during viral production, the
endoplasmic reticulum of the host cell experiences the accumula-
tion of pressure and stress that accelerate its death. However, it is
worth mentioning that the novel COVID-19 complete mechanism of
action has been as yet unavailable.

3. Potential therapeutic agents for COVID-19 treatment

In the last few months, the race to discover novel treatments for
COVID -19 has immensely accelerated, and numerous peptides and
small molecules have been recognized as encouraging therapeutic
agents against SARS-CoV-2 [34—45]. Recently, the constrained
peptides have received much attention in the area of drug devel-
opment; however, a certain inherent admonition limits its use as a
drug [46—48]. This perspective encompasses the relevant infor-
mation specifically associated with the structure and the activity of
the small molecules and peptidomimetics that belong to the cate-
gory of potential candidates acting against the SARS-CoV-2. All the
molecules are categorized in different groups depending upon their
action against various therapeutic targets. The basic information
provided in this section may lead to the novel drug design and
discovery against COVID-19.

3.1. Angiotensin-converting enzyme-2 (ACE-2) inhibitors

ACE-2 is a homolog of ACE and encompasses a single zinc-
binding catalytic domain, which exhibits a 42% resemblance to
the human ACE active region [49]. SARS-CoV entry into the cell
works through the interaction of the viral spike protein with
different host receptors present in the cell surface, and in this
respect, ACE-2 has emerged as a primary virus receptor. The recent
research findings have recognized that SARS-CoV-2 also involves
ACE-2 for infection, and therefore significant attention has been
given to understand its mechanism to facilitate the development of
potent ACE-2 inhibitors for the treatment of the virus [50—53].

3.1.1. Chloroquine (1) and hydroxychloroquine (2)

Chloroquine (1) (Fig. 3) is a potent drug exclusively used in the
treatment of malaria and amoebiasis. Chloroquine (1), under cell
culture conditions, is effective in blocking the interaction of RBD of
SARS-CoV to ACE-2 with an EDsg of 4.4 uM [54,55]. In 2020, M. Wang
et al. discovered that 1 effectively inhibits the SARS-CoV-2 infection
with an ECsg of 1.13 uM, CCsp > 100 pM, and SI > 88.50 in Vero E6
cells. Additionally, chloroquine (1) was also found to increase its
antiviral effect with immune-modulating activity in vivo [56].
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Hydroxychloroquine (2) (Fig. 3), an analog of chloroquine (1), and a
well-recognized antimalarial and anti-autoimmune agent recently
discovered as a potent agent for SARS-CoV-2 treatment. In 2020, X.
Yao et al. demonstrated that in in vitro anti-SARS-CoV-2 activities,
hydroxychloroquine (2) is more effective (ECsg = 0.72 uM) than
chloroquine (1) (ECs9 = 5.47 uM) [57]. These molecules possibly
block virus infection by increasing the endosomal pH needed for
membrane fusion between virus and host cell and also interferes
with the glycosylation of cellular receptor ACE-2, therefore specif-
ically inhibiting the SARS-CoV/SARSCoV-2. Interestingly, during
in vitro testing, hydroxychloroquine (2) effectively reduced the viral
copy number of SARS-CoV-2 [58]. The clinical trials conducted with a
combination of the hydroxychloroquine (2) and azithromycin in 20
patients (EUCTR2020-000890-25) in France and with hydroxy-
chloroquine (2) in 30 patients (15 each for the hydroxychloroquine
and the control group) in China demonstrated a significant reduction
in viral load and promising prospects in the hydroxychloroquine
group, respectively; however, both the trials expressed the require-
ment for a larger sample size for further validating the results
[59,60]. Next, to examine the efficacy of hydroxychloroquine (2) in
COVID-19 treatment, another study was conducted on 62 patients in
China. Hydroxychloroquine (2) treatment displayed promising re-
sults and significantly reduced the patients’ clinical recovery time,
and encouraged the resolution of pneumonia (ChiCTR2000029559)
[61]. Further, two clinical trials conducted with large-scale COVID-19
patients (368 and 1376) in the USA revealed the negative results
associated with the efficacy and safety of hydroxychloroquine (2). In
368 COVID-19 patients, hydroxychloroquine (2) alone or in combi-
nation with azithromycin was ineffective in reducing the risk of
death or mechanical ventilation over supportive care. Additionally,
an increase in mortality rate with hydroxychloroquine (2) treatment
alone was observed [62]. The clinical study conducted with 1376
patients, including moderate to severe COVID-19 infection, revealed
the inefficiency of hydroxychloroquine (2) in COVID-19 treatment.
Both hydroxychloroquine (2) receiving patients (811) and patients
with no given drug (placebo group) showed a comparable risk from
intubation or death [63]. Additionally, hydroxychloroquine (2) and
chloroquine (1) are known to cause several side effects, including
ventricular arrhythmias, QT prolongation, retinopathy, and other
cardiac-related toxicity in patients [64—66]. In June 2020, the FDA
revoked the emergency authorization for hydroxychloroquine (2)
and chloroquine (1) as a treatment for COVID-19, and the WHO
decided to suspend the SOLIDARITY trial of hydroxychloroquine (2)
[67,68].

3.1.2. NAAE [N-(2-aminoethyl)-1 aziridine-ethanamine] (3)

M. J. Huentelman et al. applied the structure-based approach to
recognize novel human ACE-2 inhibitors and, in addition, with the
ability to block SARS coronavirus spike protein-mediated cell fusion
[69]. Approximately 14,0000 compounds with known 3D struc-
tures were screened through in silico molecular docking studies,
and the molecules with the highest predicted binding scores were
recognized. Subsequently, selected molecules were assayed for
ACE2 enzymatic inhibitory activity as well as for SARS coronavirus
spike protein-mediated cell fusion inhibition activity. This
approach results in the identification of NAAE (3) (Fig. 3) as a novel
ACE2 inhibitor and with an ability to block the SARS coronavirus
spike protein-mediated cell fusion effectively. The NAAE exhibited
very promising results in inhibiting a SARS-CoV pseudotyped virus
with an ICsg value of 57 + 7 pmol/L and a Ki of 459 pumol/L in a dose-
dependent inhibition of ACE2 catalytic activity. The NAAE (3) ability
to control ACE2 activity and inhibit SARS spike protein-mediated
cell fusion is quite promising, and therefore, we endorse its appli-
cation as a lead compound for further optimization in SARS-CoV-2
infection treatment.
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3.1.3. GW280264X (4), TAPI-0 (5) and TAPI-2 (6)

D. W. Lambert et al. discovered that during viral admittance, the
SARS-CoV receptor, ACE2, undergoes proteolytic shedding and
furthermore identified a disintegrin and metalloproteinase
(ADAM17) and TACE (TNF-c. converting enzyme, a member of the
ADAM) responsible for ACE2 shredding [70]. The GW280264X (4)
(Fig. 3) was recognized as an ADAM-specific inhibitor with the
ability to reduce ACE2 shredding at 1 nM against SARS-CoV [71]. In
addition, two compounds, TAPI-0 (5) and TAPI-2 (6) (Fig. 3), were
identified as promising TACE inhibitors. Both TAPI-0 (5) and TAPI-2
(6) effectively reduced ACE2 shredding against SARS-CoV
(IC50 = 100 and 200 nM, respectively) [70].

3.1.4. MLN-4760 (7)

MLN-4760 (7) (Fig. 3) is one of the most potent ACE2 inhibitors
with an ICsg of 440 pM. The results of the crystal structure studies
of the MLN-4760 (7) bound ACE2 complex revealed the key binding
interactions within the active site and provided knowledge about
the residues engaged in catalysis and substrate specificity. The
study discusses the importance of N-terminal and C-terminal
subdomain movement of ACE-2 upon MLN-4760 (7) binding, which

is supposed to be responsible for the positioning of critical residues
in order to stabilize the bound inhibitor [72].

3.1.5. HTCC (8) and HMHTCC (9)

The human coronavirus NL63 (HCoV-NL63) is known as a
common cold pathogen that may cause severe lower respiratory
tract diseases, particularly in children and patients with underlying
disease. It is also responsible for causing croup in children that is
because of swelling inside the trachea due to infection. This con-
dition affects normal breathing and results in a “barking” cough and
hoarse voice symptoms. Considering the significance of the poly-
mer as potent antimicrobial agent, A. Milewska et al. developed a
series of polymer-based compounds with promising anti-
coronaviral activity. Both cationically-modified Chitosan derivative,
N-(2-hydroxypropyl) -3-trimethylammonium Chitosan chloride
(HTCC) (8) (Fig. 3), and hydrophobically modified HTCC (9) (Fig. 3)
exhibited promising coronavirus HCoV-NL63 inhibition activity
[73]. The polymer-based compound 8 showed IC5¢ and CCsq values
of ~50 nM and ~0.8 uM, respectively, and compound 10 displayed
IC59 and CCsg values of ~230 nM and ~1 pM, respectively. Addi-
tionally, the suggestion has been made that the HTCC (8) is capable
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of interfering with the viral admittance process by blocking the
interaction of HCoV-NL63 with its ACE2 receptor [74].

3.1.6. Telmisartan (10)

A considerable degree of angiotensin Il on the lung interstitium
encourages apoptosis and further leads to acute respiratory distress
syndrome (ARDS). The ACE-2 inhibitors or angiotensin blockers can
be used effectively for the COVID-19 treatment; however, scientists
must be cognizant of the fact that the effect of ACE inhibitors on
COVID-19 is debatable [75,76]. Telmisartan (10) (Fig. 3) is a non-
peptide angiotensin II receptor antagonist used for hypertension
treatment and belongs to the benzimidazole class of molecules.
Recently telmisartan is selected as an alternative for COVID-19
treatment in patients prior to the development of ARDS and went
clinical trials (NCT04355936) [77]. The study with telmisartan
included a total of 78 COVID-19 patients; 40 of them received tel-
misartan, and 38 were kept in the control group. At day 5 the C-
reactive protein (CRP) serum levels was 511 + 44.8 mg/L
(mean + SD; n = 28) and 24.2 + 31.4 mg/L (mean + SD; n = 32,
p < 0.05) in the control and telmisartan group, respectively. The
median discharge time for the telmisartan and control group was
observed 9 days and 15 days, respectively. Insignificant adverse
effects related to telmisartan were reported and no major differ-
ences were observed for ICU admissions and death. In the pre-
liminary results, the telmisartan displayed anti-inflammatory effect
and improvement in the hospitalized patients infected with SARS-
CoV-2. In the present preliminary report, despite the small number
of patients studied, telmisartan, a well-known inexpensive, safe
antihypertensive drug administered in high doses, demonstrates
anti-inflammatory effects and improved morbidity improvement in
hospitalized patients infected with SARS-CoV-2 patients [78].

3.1.7. Recombinant human angiotensin-converting enzyme 2
(rhACE2)

The soluble recombinant human Angiotensin-converting
Enzyme 2 (rhACE2) possibly responsible for blocking the SARS-
CoV-2 entry by blocking the interaction of S protein with the
cellular ACE2. In addition, it’s established that rhACE2 could inhibit
SARS-CoV-2 replication in cellular and embryonic stem cell-derived
organoids, and its monitored administration can reduce serum
level of angiotensin II by directing the substrate away from the ACE
[79,80]. A soluble recombinant human ACE2 (rhACE2; APNO1)
developed by Apeiron Biologics already submitted to phase II trial
for ARDS treatment, and China (NCT04287686) is assessing the role
of rhACE2 in COVID-19 pneumonia. APNO1 mimics the human
enzyme ACE2 that is accountable for virus admittance. The virus,
instead of binding to ACE2 present on the cell surface, binds to the
APNO1 and therefore preventing the virus from infecting the cells.
Furthermore, APNO1 also responsible for reducing the harmful in-
flammatory reactions in the lungs and therefore provide protection
against lung injury caused by acute respiratory distress syndrome
(ARDS) [81]. The results of APNO1 testing on a small group of pa-
tients suffering from ARDS are very positive and encouraging;
however, to reach the final decision, further studies are mandatory
in this direction [82,83].

3.2. SARS-CoV-2 3CL protease (Mpro) inhibitors

The 3-chymotrypsin-like cysteine (3CL) protease is the main
protease found in coronaviruses and is responsible for cleavage and
transformation of two large polyproteins (ppla and pp1lab) into
mature nsps [84,85]. Considering the significance of 3CL protease
(3C-like protease or main protease) in processing the polyprotein
that is translated from the viral RNA, it is considered as one of the
key drug targets for coronavirus infection. Reports suggest the 96%
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similarity between the sequencing of 3CL pro in SARS-CoV and
SARSCoV-2 and the very nominal differences on the surface of the
proteins [86]. It is expected that the SARS-CoV 3CLpro inhibitors
can also work as SARS-CoV-2 3CLpro inhibitors. In recent years, a
large number of small molecules, peptides and peptidomimetics
are developed as SARS-CoV 3CLPro inhibitors [87—90]; however,
this section comprises recently reported selected SARS-CoV-2
3CLPro inhibitors for discussion.

3.2.1. Lopinavir (11) and ritonavir (12)

Lopinavir (11) (Fig. 4) and ritonavir (12) (Fig. 4) are a class of
protease inhibitors, manufactured by AbbVie Corporation and used
in combination with other medications to treat human immuno-
deficiency virus (HIV) infection. The molecular interaction of lopi-
navir (11) and ritonavir (12) with 3CLpro of SARS-CoV were
examined through theoretical studies and the results suggest the
proper fitting of these two drugs at the substrate-binding pocket of
SARS-CoV 3CLpro [91]. In addition, the binding interactions of
lopinavir (11) and ritonavir (12) with the SARS-CoV-2 proteinase
were studied using molecular modeling and quantum chemical
methods [92]. The lopinavir (11) and ritonavir (12) in combination
are selected for coronavirus pneumonia treatment; however, its
efficacy and safety are still not clearly established. Reports revealed
the antiviral effect of lopinavir (11) at ECsg value of 26.1 pM but not
ritonavir (12) against SARS-CoV-2 in vitro [93]. The pharmacoki-
netic studies indicated that the metabolism of lopinavir (11) could
be inhibited by ritonavir (12) and therefore these two drugs com-
bination could extend the systemic exposure to 11 and maintain its
concentration in the circulation for a longer time. In clinical trials,
this drug combination was effective in lowering the body temper-
ature and restoring homeostasis however, unable to considerably
accelerate the clinical improvement and reduce mortality in pa-
tients with serious COVID-19 [94]. A clinical study conducted at
China with lopinavir-ritonavir on 199 patients with severe COVID-
19 infection showed no advantageous of lopinavir-ritonavir treat-
ment except the standard care (ChiCTR2000029308) [95]. Another
trail conducted on 127 COVID-19 patients in Hong Kong with triple
combination therapy (lopinavir-ritonavir, ribavirin, and b-inter-
feron) displayed that in comparison to only lopinavir-ritonavir
treatment the triple-drug combination therapy was safer and
effective in reducing the viral shredding duration in mild to mod-
erate symptom patients [96]. Not enough evidence available to
confirm the regular use of lopinavir and ritonavir in the COVID-19
treatment. In July 2020, WHO discontinued the SOLIDARITY trial
of lopinavir-ritonavir treatment for COVID-19 [97].

3.2.2. N3 (13) and other COVID-19 virus Mpro inhibitors (14—20)
H. Yang and coworkers combined the structure-assisted drug
design, virtual drug screening, and high-throughput screening
method to identify the lead compound that targets the main pro-
tease (Mpro) of SARS-CoV-2 [98]. The research group identified the
peptidomimetic N3 (13) (Fig. 4) as a potent irreversible inhibitor of
COVID-19 virus Mpro by using computer-aided drug design and
then determined the crystal structure of Mpro of SARS-CoV-2 in
complex with N3 (13) (Fig. 5A). The N3 inhibitor binds with the
residues of 164—168 in the long strand 155—168 residues and with
residues 189—191 of the loop connecting between the second and
third region. Additionally, N3 forms several hydrogen bonds with
the main chain of the residues in the substrate-binding pocket.
These interactions of N3 and COVID-19 Mpro lock the inhibitor
inside the substrate-binding pocket. Subsequently, by using fluo-
rescence resonance energy transfer assay they screened <10,000
compounds, including approved drugs, clinical-trial drug candi-
dates, and natural products. The seven compounds were identified
as primary hits, including Ebselen (14) (ICso = 0.67 uM), Tideglusib
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Fig. 4. Chemical structure of the SARS-CoV-2 3CL protease (Mpro) inhibitors 11—-26.
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(15) (IC50 = 1.55 uM), Carmofur (16) (ICsp = 1.82 uM), TDZD-8 (17)
(IC50 = 2.5 uM), Disulfiram (18) (ICso = 9.35 puM), Shikonin (19)
(IC50 = 15.75 uM), and PX-12 (20) (IC50 = 21.39 uM) (Fig. 4). Further,
to confirm their inhibition activity in vitro the Ebselen (14) and N3
(13) were evaluated in a cell-based assay. Both Ebselen (14) and N3
(13) displayed promising SARS-CoV-2 inhibition activity with ECsq
values of 4.67 uM and 16.77 pM, respectively.

3.2.3. Compound 21 and 22
W. Dai et al. analyzed the substrate-binding pocket of SARS-

A)

Q)
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CoV-2 Mpro (PDB: 2H2Z) and designed and synthesized two
compounds that is N-((S)-3-cyclohexyl-1-oxo-1-(((S)-1-0x0-3-((S)-
2-oxopyrrolidin-3-yl)propan-2-yl)amino)propan-2-yl)-1H-indole-
2-carboxamide (21) (Fig. 4) and N-((S)-3-(3-fluorophenyl)-1-oxo-
1-(((S)-1-0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)

propan-2-yl)-1H-indole-2-carboxamide (22) (Fig. 4) to target Mpro
[99]. The compounds 21 and 22 effectively inhibited (100% and 86%,
respectively) SARS-CoV-2 Mpro at 1 uM concentration. In addition,
both compounds (21 and 22) exhibited promising ICsq values
(0.053 + 0.005 puM and 0.040 + 0.002 pM, respectively) in

Fig. 5. A) 3-D complex of SARS-CoV-2 M pro (blue color) interacts with N3 (13) inhibitor (orange color) (PDB: 6LU7). B) 3-D complex of SARS-CoV-2 M pro (green color) interacts
with compound 21 (orange color) (PDB: 6LZE). C) 3-D complex of SARS-CoV-2 M pro (purple color) interacts with compound 22 (green color) (PDB: 6MOK). D) 3-D complex of SARS-
CoV-2 M pro (red color) interacts with compound 25 (green color) (PDB: 6Y2F).
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fluorescence resonance energy transfer (FRET)—based cleavage
assay. Next, to understand the mechanism of inhibition of SARS-
CoV-2 by 21 and 22, the group determined the X-ray crystal
structures of SARS-CoV-2 Mpro in complex with 21 and 22 (Fig. 5B
and C). The result revealed that compounds 21 and 22 follow a
similar inhibitory mechanism to occupy the substrate-binding
pocket and block the enzyme activity of SARS-CoV-2 MP™, In
both inhibitors (21 and 22), the C and O atoms of the aldehyde
group form covalent interaction and hydrogen bond, respectively,
with the Cys'® in the S1’ site, and therefore stabilizes the inhibitor
conformations. The (S)-y-lactam ring of 21 fits well into the S1 site
by forming a hydrogen bond with the side chain of His 163 through
its oxygen atom and with the main chain of Phe 140 and the side
chain of Glu166 by NH group. The amide bonds on the chain of 21
form hydrogen bonds with the main chains of His 164 and Glu166
residues. The cyclohexyl group present in the compound 21 fits
well into the S2 site by stacking with the imidazole ring of His*! and
by forming hydrophobic interactions with the side chains of Met*°,
Tyr>*, Met'®, Asp'®’, and Arg'®8. The indole group present on 21
stabilized by forming a hydrogen bond with Glu'®® and interacting
with chains of residues Pro'®® and GIn'® through hydrophobic
interactions. Additionally, the multiple water molecules play a
significant role in binding and stabilizing compound 21 by forming
serval hydrogen bonds. Compound 22 exhibited a similar inhibitor-
binding mode as compound 21; however, the small difference in
binding mode was possibly because of the presence of 3-
fluorophenyl group in 22. The 3-fluorophenyl group experiences a
downward rotation and form hydrophobic interactions with the
side chains of residues His*!, Met?®, Met!®>, val'®®, Asp'®’ and
Arg'®8. The 3-fluorophenyl group of 22 is stabilized through a
hydrogen bond with the side chain of GIn'®%, The compound 21 and
22 showed promising anti—SARS-CoV-2 infection activity in cell
culture via plaque assay, with ECsg 0.53 + 0.01 pM and
0.72 + 0.09 uM respects. Both 21 and 22 compounds showed
encouraging cytotoxicity profiles with CCsq values of >100 uM and
selectivity indices (SI) > 189 for 21 and > 139 for 22. Additionally, 21
and 22 displayed promising in vivo pharmacokinetic properties,
and compound 21 exhibited low toxicity and thus suggesting the
significance of further studies with these compounds.

3.2.4. a-ketoamides (23—26)

L. Zhang et al. reported the X-ray structures of the unliganded
SARS-CoV-2 Mpro and its complex with an a-ketoamide inhibitor
[100,101]. Bearing in mind the similarity between SARS-CoV and
SARS-CoV-2 and antiviral activity of compound 23 (Fig. 4) against
MERS-CoV, the group modified the structure of 23 and synthesized
compounds 24, 25, and 26 (Fig. 4). Compound 23 inhibits the SARS-
CoV-2 Mpro with ICso = 0.18 + 0.02 uM whereas its structural
modification reduces the inhibitory activity (24, ICso = 2.39 + 0.63
and 25, IC5¢p = 0.67 + 0.18 uM. The x-ray crystal structure of the
complex between a-ketoamide 25 and the MP™of SARS-CoV-2 was
determined (Fig. 5D). The result suggests the formation of thio-
hemiketal in a reversible reaction via nucleophilic attack of the
catalytic Cys'# onto the a-keto group of the compound 25 and the
stabilization of oxyanion or hydroxyl group though hydrogen bond
from His*. In compound 25, the amide oxygen accepts a hydrogen
bond from the main-chain amides of Gly'#3, Cys'%®, and partly
Ser'#4 and results in the formation of canonical “oxyanion hole” of
the cysteine protease. The compound 26 bearing NH; in place of the
Boc group showed almost no activity. These compounds were well
tolerated in the mice, and in addition, 24 and 25 showed a tendency
to concentrate more in the lungs; therefore, these compounds
could be directly administered to the lungs.

10

European Journal of Medicinal Chemistry 213 (2021) 113157

3.2.5. N-substituted isatin compounds (27—35)

Taking into consideration the SARS-CoV 3CLpro inhibitory ac-
tivity of a series of N-substituted 5-carboxamide-isatin compounds,
L. H. Lai and his coworkers decided to utilize an isatin scaffold to
design its derivatives compounds (29 compounds) and evaluated
them for SARS-CoV-2 3CLpro inhibition, followed by molecular
docking studies to identify potential bonding modes and estab-
lished structure activity-relationship (SAR) [102,103].

In the enzyme assay, Tideglusib (15) (Fig. 4) was used as a
positive control with a measured ICs value (1.91 uM). The SARS-
CoV-2 3CLpro inhibition activity results revealed that for a high
inhibitory activity, the isatin scaffold must have a hydrophobic
group of the nitrogen atom and the carboxamide group on the
benzene ring. Three compounds, including 27 (Fig. 6)
(IC50 = 0.053 + 0.010 uM), 28 (Fig. 6) (IC59 = 0.045 + 0.007 uM) and
29 (Fig. 6) (IC5¢ = 0.047 + 0.007 uM) discovered as the most potent
compounds with promising SARS-CoV-2 3CLpro inhibition activity.
The substitution of 6-bromo group present on the naphthalene ring
of compound 29 with 6-phenyl group resulted in compound 30
(Fig. 6) with a lower inhibitory effect (ICsg = 24.9 + 4.6 uM). In
addition, the substitution of the amide group in compound 28
(Fig. 6) with acetamide group afforded 31 (Fig. 6) with significantly
reduced inhibition activity (ICso = 39.2 + 10.5 uM). Moreover, the
introduction of 3 or 4 carbon alkyl chain on the nitrogen atom while
sustaining the amide group on the benzene ring or replacing it with
iodine in the isatin scaffold causes a decrease in the SARS-CoV-2
3CLpro inhibition activity (32 (Fig. 6) IC5p = 10.2 = 1.0 uM, 33
(Fig. 5)IC50 = 17.8 + 0.7 uM, and 34 (Fig. 6), IC5o = 41.8 + 8.0 uM). In
the isatin scaffold, the introduction of the benzyl group at nitrogen
and carboxylic acid N-hydroxysuccinimide ester on the benzene
ring exhibited a detrimental effect on the activity (35,
ICs50 = 15.5 = 1.2 pM).

To understand the binding mode of these compounds, the group
utilized an induced-fit docking procedure to build the complex
model of the most potent compound 28 and SARS-CoV-2 3CLpro.
Compound 28 fits easily in the substrate-binding pocket by making
H-bonds with the side-chain carboxyl groups of Asn 142 and
Glu166 and the main-chain amino group of Cys 145 through its
carboxamide at C-5 and oxygens at C-2 and C-3, respectively. The
naphthyl ring of compound 28 fits into the hydrophobic groove
formed by Met 49 and Met 165 and forms -7t stacking interaction
with His 41.

3.3. Spike (S) glycoprotein inhibitors

The Spike (S) glycoprotein of SARS-CoV-2 is extremely
conserved and responsible for receptor recognition, viral attach-
ment, and admittance into host cells. Therefore, it is considered a
crucial target for the development of COVID-19 prevention and
treatment drug and vaccine for the prevention and treatment of
[104—106]. In general, the S protein is present in a metastable,
prefusion conformation, but after interaction with the host, the S
protein experiences extensive structural rearrangements that
facilitate fusion of the virus with the host cell membrane [107,108].
Certainly, the S protein sequence and structure of SARS-CoV and
SARS-CoV-2 protein bear resemblances, but still, several SARS-CoV
antibodies are unsuccessful in binding to the SARS-CoV-2 spike
protein; therefore, it is essential to develop exceptional COVID-19
treatment strategies.

3.3.1. S1 subunit: RBD inhibitors

Both SARS-CoV and SARS-CoV-2 gain admittance into the host
cell through binding of the S1 subunit situated RBD to the cell re-
ceptor ACE2 in the region of amino peptidase N. Approximately
73%—76% similarity is observed in the sequencing of SARS-CoV-2
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35

Fig. 6. Chemical structure of SARS-CoV-2 3CL protease (Mpro) inhibitors 27—35.

and SARS-CoV RBD [109,110]. Recently, X Wang and coworkers
resolved the crystal structure of the receptor-binding domain (RBD)
of the spike protein of SARS-CoV-2 bound to the cell receptor ACE2
(Fig. 7A) [111]. Detailed studies regarding the contact region for
virus and ACE2 suggest different interaction patterns for SARS-CoV
and SARS-CoV-2. In the SARS-CoV-2 case, more residues, i.e., 18 of
the RBD are in direct interaction with 20 residues of the ACE2,
whereas in SARS-CoV RBD, only 16 residues contact 20 residues of
the ACE2. Additionally, substantial surface area is concealed with
SARS-CoV-2 S CTD in complex with ACE2 than with SARS S RBD.
The SARS-CoV-2 exhibit enhanced interaction with ACE2 because of
the mutation of key residues, such as F486 and E484, a substitute of
1472 and P470, respectively, in SARS RBD and responsible for
forming strong 7 — interaction (aromatic groups) with ACE2 Y83
and ionic interactions with K31 [108,112,113]. Because of the
structural understanding of the ACE2 receptor bound to the SARS-
CoV-2 spike receptor-binding domain, the S protein and its RBD are
encouraging targets for the development of antiviral drugs against
SARS-CoV and SARS-CoV-2. In this respect, several peptide analogs,
monoclonal antibodies, and protein chimeras are recognized as
RBD inhibitors; however, in literature, the availability of small

molecules targeting the RBD is minimal.

3.3.1.1. SSAAO9E2 (36). Adedeji et al. screened approximately
14,000 compounds (following Lipinski’s rule of five) using a cell-
based assay to identify SARS-CoV entry inhibitors. The group
discovered the first small molecule, SSAAQ9E2 (36) (Fig. 8), capable
of blocking SARS-CoV by interfering with the ACE2—SARS-S RBD
interaction [114]. The immunoprecipitation and immunoblot assays
were used to examine the inhibition mechanism of SARS-CoV entry,
and results revealed that SSAAO9E2 (36) interferes with the inter-
action of the RBD of SARS-CoV S protein and ACE2 and efficiently
blocks their collaboration (ICsp = 3.1 uM and CCsg = >100 pM).
Further study suggests that the SSAAO9E2 (36) does not tamper
with the surface expression of ACE2 and mostly affects the initial
recognition of the virus by directly interfering with SARS-S
RBD—ACE2 interactions.

3.3.1.2. K22 (37). A. Lundin et al. screened 16,671 compounds
bearing different chemical structures for anti-human coronavirus
229E activity [115]. The small molecule K22 (37) (Fig. 8) was
identified as a potent inhibitor of HCoV-229E with an IC59 = 0.7 uM



Shagufta and 1. Ahmad

European Journal of Medicinal Chemistry 213 (2021) 113157

(B)

Fig. 7. (A) Crystal structure of SARS-CoV-2 spike receptor-binding domain (orange color) bound with ACE2 (green color) (PDB: 6M0]J). (B) 3D structure of SARS-CoV-2 RNA-

dependent RNA polymerase in complex with cofactors (PDB: 6M71).
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Fig. 8. Chemical structure of RBD inhibitors 36—38.

and CCsp = 110 uM. The mechanism of action study of K22 confirms
its significant role during the early steps of the viral life cycle,
possibly by interacting with viral particles and therefore inacti-
vating their binding. Additionally, K22 was found to be able to
inhibit a wide range of coronavirus, including MERS—CoV in pri-
mary human epithelial cultures, which signify the human corona-
virus infection admittance port.

3.3.1.3. Rilapladib (38). A.V.Raviand coworkers performed in silico
analysis of 113 quinoline drugs to identify the plausible anti-SARS-
CoV-2 therapeutics [116]. Among all the screened compounds, a
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hydroquinoline-based small molecule drug Rilapladib (38) (Fig. 8),
developed by GlaxoSmithKline, was found to target the RBD of the
Spike-ACE2 complex. The Rilapladib (38) is mostly used for the
treatment of atherosclerotic plaques and Alzheimer’s disease and
works as lipoprotein-associated phospholipase A2 (Lp-PLA2) in-
hibitor or 1-alkyl-2-acetylglycerophosphocholine esterase inhibi-
tor. The results revealed that the appropriate fitting of Rilapladib
(38) into the interface of the RBD of the Spike-ACE2 complex
with —9.7 kcal/mol binding energy. The Rilapladib (38) showed
many strong binding interactions with the amino acid residues
present at the RBD interface of the Spike-ACE2 complex (His 34, Glu
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35, Glu 37, Asp 38, Leu 39.) and therefore recommend Rilapladib
(38) as inhibitors of ACE2-mediated viral admittance of SARS-CoV-
2.

3.3.2. S2 subunit inhibitors

The S2 subunit particularly responsible for viral fusion and
admittance consists of FP, HR1, HR2, TM domain, and cytoplasmic
domain fusion (CT) [107,117—119]. The fusion peptide (FP) is
composed of 15—20 amino acid residues, mostly hydrophobic, and
during the prehairpin conformation of S protein, it anchors to the
target membrane. HR1 and HR2 contain mainly hydrophobic,
traditionally bulky, polar, hydrophilic, and charged residues and are
situated at the C-terminus of a hydrophobic FP and at the N-ter-
minus of the TM domain, respectively. They are responsible for
forming the six-helical bundle (6-HB), which is significant for the
viral fusion and the admittance function of the S2 subunit. S protein
anchors to the viral membrane through the TM domain and the S2
subunit ends in a CT tail. Both SARS-CoV and SARS-CoV-2 S pro-
teins, particularly in their HR region, share a high degree of con-
servation. Therefore, the development of small molecules
mimicking broadly neutralizing antibodies (bnAbs) targeting the S2
domain of SARS-CoV S protein and with better oral delivery can be
considered a promising approach in SARS-CoV-2 therapeutic
research.

3.3.2.1. TGG (39), luteolin (40) and quercetin (41). X. Xu and co-
workers developed a screening method involving two steps, i.e.,
frontal affinity chromatography-mass spectrometry (FAC/MS) and
pseudotyped virus infection assay to recognize molecules that
inhibit the SARS-CoV entry into the host cell [120]. Through this
approach, two small molecules, TGG (39) (1,2,3,6-Tetragalloyl-beta-
p-glucopyranose) (Fig. 9) and luteolin (40) (Fig. 9), emerged as
potential candidates. The inhibitory effect of TGG (39) and luteolin
(40) against infection by a wild-type SARS-CoV was determined
using an MTT assay, and the results revealed that both of these
compounds significantly inhibit in a dose-dependent fashion
(ICso = 4.5 and 10.6 uM, respectively). Additionally, the group
determined the cytotoxicity of these compounds against the Vero
E6 cells by using MTT assay, and the results displayed CCsq of TGG
(39) and luteolin (40) 1.08 and 0.155 mM, respectively, and with
selective index values 240.0 and 14.62, respectively. Next, the acute
toxicity assessment provided 50% lethal doses of TGG (39) and
luteolin (40) as 456 and 232.2 mg/kg, respectively, indicating the
applicability of these two molecules in mice at relatively high
concentration. Later, bearing in mind the structural similarity of
quercetin (41) (Fig. 9) with luteolin (40), it was also evaluated for
SARS-CoV entry antagonizing effect. Quercetin (41) in assays with
the HIV-luc/SARS pseudotyped virus exhibited antiviral activity
with an ECsp of 834 uM and very low cytotoxicity
(CCsp = 3.32 mM).

3.3.2.2. ADS-J1 (42). ADS-J1 (42) (Fig. 9), is one of the most
promising viral entry inhibitors with IC5y = 3.89 pM. The molecular
docking analysis results revealed that ADS-J1 can fit and bind
properly into the deep pocket of the SARS-CoV S protein HR region
and, therefore, efficiently block the SARS-CoV entry into host cells
[121]. Recent studies with ADS-]1 in a pseudovirus-based inhibition
assay displayed its ability to inhibit MERS-CoV infection with
ICs50 = 0.6 uM, CCs0 = 26.9 uM, and selectivity index = ~45 [122].

3.3.2.3. Arbidol (43). Arbidol (43) (Fig. 9), also known as umife-
novir, is a broad-spectrum drug approved for human use in Russia
and China against influenza A and influenza B viral infections [123].
Abidol is an indole analog containing an amine and hydroxyl group
at the 4 and 5 positions, respectively, as essential moieties for its
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antiviral effect. Arbidol (43) blocks the viruses-cell fusion by
binding to HA protein and significantly inhibit SARS-CoV-2 virus
infection in vitro (ICsg = 4.11 uM, CCs9 = 31.79 uM, and SI = 7.73)
[124]. The protein sequence analysis of Arbidol suggests the simi-
larity of its small region (aa947—aa1027) present in the S2 domain
of SARS-CoV-2 spike glycoprotein with influenza virus H3N2 HA.
Therefore, its mechanism of action is possibly through targeting the
SARS-CoV-2 spike glycoprotein and by blocking its trimerization
and thus inhibiting the host cell adhesion and takeover. Presently,
Arbidol (43) is in phase IV clinical trials against COVID-19
(NCT04350684 and NCT04260594), the existing clinical trial data
are not sufficient to consider this drug as an effective treatment for
COVID-19 infection, and consequently, further study is mandatory
in this direction [125].

3.4. Cathepsin L proteinase inhibitors

One of the key steps in viral infection is the activation of the
SARS-CoV-2 spike protein by cleavage of proteases, and diverse
lysosomal cathepsins are essential for coronavirus admittance in
humans via endocytosis [126,127]. Recent reports suggest that
particularly cathepsin L is involved in SARS-CoV-2 endocytosis
entry, not cathepsin B or calpain [128]. Considering, the significant
role of cathepsin L in the SARS CoV infection cycle and the capa-
bility to prevent the progression of pulmonary fibrosis, it could be
considered as one of the significant therapeutic options for COVID-
19 treatment [129].

3.4.1. CID 23631927 (44) and CID 16725315 (SID26681509) (45)

P. P. Shah et al. examined tetrahydroquinoline oxocarbazate (CID
23631927) (44) and related thiocarbazate (CID 16725315) (45)
(Fig.10) as a human cathepsin L inhibitor and viral entry inhibitor of
the SARS-CoV and Ebola pseudotype virus [130]. In the cathepsin L
inhibition assay, the CID 23631927 (44) displayed an ICsg value of
6.9 nM. Additionally, the CID 23631927 (44) exhibited activity in
blocking both SARS-CoV (ICso = 273 + 49 nM) and Ebola virus
(ICs50 =193 + 39 nM) entry into human embryonic kidney 293T cells
and was nontoxic to human aortic endothelial cells at 100 pM. In
comparison, the CID 16725315 (45) was less potent as a cathepsin L
inhibitor with ICso = 56 nM. The oxocarbazate CID 23631927 (44)
successfully blocked SARS-CoV and Ebola pseudotype virus entry
into human cells and emerged as a slow-binding, reversible in-
hibitor of human cathepsin L with activity in the subnanomolar
range.

X. Ou et al. studied the effect of cathepsin inhibitors on the
SARS-CoV-2 entry [131]. To examine the requirement of cathepsin L
for SARS-CoV-2 entry, HEK 293/hACE2 cells were treated with the
cathepsin L selective inhibitor CID 16725315 (SID26681509) (45).
This cathepsin L inhibition treatment reduced the entry of SARS-
CoV-2 pseudovirus into 293/hACE2 above 76% and therefore
revealing the significant role of cathepsin L for priming of SARS-
CoV-2 S protein in the lysosome for cell entry.

3.4.2. SSAA09E1 (46)

A O. Adedeji et al. used a dose-dependence fluorescence inhi-
bition assay to study the cathepsin L activity of the few compounds
[114]. Among all the compounds, SSAAQ9E1 (46) (Fig. 10) emerged
as a promising cathepsin L inhibitor. SSAAO9E1 (46), a non-
peptidomimetic small molecule, is considered a novel antiviral
agent for SARS-CoV infection, and it inhibits the cathepsin L with
ICsp values of 5.33 + 0.61 uM. In a pseudotype-based assay in 293T
cells, SSAAQ9E1 (46) displayed the EC59 = ~6.4 uM, and no cyto-
toxicity was noticed below 100 pM.
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Fig. 10. Chemical structure of Cathepsin L Proteinase inhibitors 44—48.
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3.4.3. MDL28170 (47)

P. Bates et al. performed the high-throughput screening of a li-
brary of 1000 compounds and identified MDL28170 (47) (Fig. 10) as
an inhibitor of cathepsin L [132]. In an antiviral activity assay, the
MDL28170 (47) efficiently and specifically inhibited the cathepsin
L-mediated substrate cleavage and blocked SARS-CoV viral entry
(ICs0 = 2.5 nM and EC5p = 100 nM). Indeed, MDL28170 (47)
exhibited potent inhibitory activity and is a promising initial
candidate for antiviral inhibitors of SARS-CoV viral admittance; on
the other hand, its cytotoxicity data is unavailable.

3.4.4. K11777 (48)

Y. Zhou et al. used SARS-CoV assay to screen a library of cysteine
protease inhibitors with established activity against human ca-
thepsins, SARS-CoV, and filoviruses, including EBOV [133]. Among
all the compounds, K11777 (48) (Fig. 10) was identified as potent
inhibitors of SARS-CoV and Ebola virus entry. K11777 (48) effi-
ciently inhibited SARS-CoV pseudovirus entry (ICso value of
0.68 + 0.09 nM) and displayed no toxicity (CCsg value > 10 uM). For
inhibition of MERS-CoV and NL63 envelope higher concentration of
K11777 (48) was required (IC59 = 46 nM for MERS-CoV and ICsp =
<7 nM for NL63).

3.5. Transmembrane Serine Protease 2 (TMPRSS2) inhibitors

The SARS-CoV virus admittance into the host cells is facilitated,
either by endosomal cysteine proteases cathepsin L or by the cell
membrane-associated serine protease TMPRSS2 by cleavage of the
viral S protein [52,134]. The research findings in the literature
suggest that, specifically, TMPRSS2 facilitates viral activation and is
therefore considered as one of the essential host factors for SARS-
CoV-2 pathogenicity [135]. The maximum expression of human
TMPRSS2 is found in the epithelia of the gastrointestinal, urogen-
ital, and respiratory tracts [136]. In recent years, TMPRSS2 devel-
oped as a potential drug target for antiviral drug discovery, and
therefore, we can anticipate that promising TMPRSS2 inhibitors can
serve as a potential therapy for COVID 19.

3.5.1. Camostat (49)

S. Matsuyama et al. reported that Camostat (49) (Fig. 11), a
commercially available serine protease inhibitor developed in 1980,
efficiently inhibits the TMPRSS2 activity and consequently blocks
SARS-CoV infection (at 10 uM) [137]. By increasing the concentra-
tion of Camostat (49) to 100 uM, the inhibition efficiency was not
more than 65%, suggesting that 35% of virus entry was through the
endosomal cathepsin pathway. Therefore, the treatment of the cells
was performed with a combination of camostat (49) and EST [(23,
25) trans-epoxysuccinyl- L-leucylamindo-3-methyl butane ethyl
ester], a cathepsin inhibitor, and the results revealed >95% infection
blockage.

This simultaneous treatment successfully prohibited cell entry
and the multistep growth of SARS-CoV in human Calu-3 airway
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Fig. 11. Chemical structure of Transmembrane Serine Protease 2 (TMPRSS2) inhibitor
49.
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epithelial cells, suggesting the dual blockade of viral entry from the
cell surface and through the endosomal pathway. In a recent study
(in vitro), Hoffmann et al. reported that camosatat (49) could block
the SARSCoV-2 entry into primary lung cells and thus revealing its
significance as TMPRSS2 inhibitors in SARS-CoV-2 treatment in the
near future [52].

3.6. Furin cleavage site inhibitors

Remarkably, Furin is a type 1 membrane-bound protease
enzyme expressed in multiple tissues belonging to the subtilisin-
like proprotein convertase family. The unique furin-like cleavage
site present in the spike protein (S) of SARS-CoV-2 but absent in
other SARS-like CoVs, is responsible for high infectivity and trans-
missibility of SARS-CoV-2 [138,139]. The Furin is highly expressed
in the lungs, and in addition, SARS-CoV-2 has multiple furin
cleavage sites, which increases the probability of being cleaved by
furin-like proteases and hence increases the infectivity of SARS-
CoV-2 [140—142]. The potent furin inhibitors may be successfully
utilized in blocking the viral entry process.

3.6.1. Decanoyl-RVKR-chloromethylketone (dec-RVKR-CMK) (50)
and MI-1851 (51)

Decanoyl-Arg-Val-Lys-Arg-chloromethylketone (dec-RVKR-
cmk) (50) (Fig. 12) is a small, synthetic, and clinically suitable furin
inhibitor that is used as a reference inhibitor to examine the effects
of furin and related proprotein convertases [143]. It irreversibly
blocks furin and is significantly responsible for the inhibition of
viral infection. G R Whittaker and coworkers reported that dec-
RVKR-CMK (50) efficiently (ICsg = 75 uM) blocks the MERS-CoV S
protein-mediated entry and viral infection in HEK-293T cells. In
addition, dec-RVKR-CMK (50) in combination with camostat (49)
(cathepsin inhibitor) significantly inhibits MERS-CoV infection
[144]. Recently, Eva Bottcher-Friebertshauser and coworkers re-
ported MI-1851 (51) (Fig. 12), a synthetic and peptidomimetic furin
inhibitor, as a strong inhibitor of SARS-CoV-2 replication. MI-1851
(51) successfully inhibited the proteolytic processing of the S pro-
tein from SARS-CoV-2 by endogenous furin in HEK293 cells. MI-
1851 (51), in combination with different TMPRSS2 inhibitors,
exhibited promising antiviral activity against SARS-CoV-2 than an
equimolar amount of any single serine protease inhibitor [145].
Moreover, dec-RVKR-CMK) (50), being the first inhibitor of furin,
was used for principal studies to introduce cell-target antiviral
compounds; however, currently, dec-RVKR-CMK) (50) has been
replaced by novel inhibitors that possess minimal side effects, such
as MI-1851 (51).

3.7. RNA-dependent RNA polymerase (RdRp) inhibitors

RdRp is an enzyme that plays a significant role in the RNA virus
life cycle, including coronavirus [146—148]. During infection, RARp
facilitates the transcription and replication of RNA. Non-structural
proteins (nsps) accumulated into a multi-subunit polymerase
complex, including nsp12-nsp7-nsp8 subcomplexes, mediate
transcription and replication of the viral genome. Particularly,
nsp12 is the catalytic unit with RdRp activity and conduct poly-
merase reaction effectively in the presence of nsp7 and nsp8 co-
factors. For antiviral drug development, RdRp is a favorable drug
target because it has no human counterpart and, in addition, is
important for the virus life cycle. Recently, the structure of SARS-
CoV-2 RNA-dependent RNA polymerase in complex with co-
factors and is included in PDB database (Fig. 7 B), which will defi-
nitely facilitate the drug design and development process on RdRp
target [149]. The RdRp of SARS-CoV-2 comprises a larger N-termi-
nal extension and polymerase domain. The polymerase domain
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Fig. 12. Chemical structure of Furin cleavage site inhibitors 50—51.

consists of three subdomains: a fingers subdomain (residues L366
to A581 and K621 to G679), a palm subdomain (residues T582 to
P620 and T680 to Q815), and a thumb subdomain (residues H816 to
E920). The active site domain of the SARS-CoV-2 RdRp is formed by
the conserved polymerase motifs A-G in the palm domain and
configured like other RNA polymerases. The SARS-CoV-2 RdRp
homology modeling using SARS-CoV-1 RdRp as a template
expressed 97.08% sequence identity to the template with 100% of
the residues in the allowed regions and 97.5% in the most-favored
regions [150].

3.7.1. Remdesivir (52)

Remdesivir (52) (GS-5734) (Fig. 13), an adenosine analog
developed by Gilead Science, is an established antiviral drug
against a wide range of infections with RNA viruses and is signifi-
cantly effective against various CoVs in cell cultures and in a mouse
model of SARS-CoV infection [151]. Remdesivir (52) is found to be
highly active against MERS-CoV and SARS-CoV  with
ECs0 = 0.074 + 0.023 pM and 0.069 + 0.036 pM, respectively.
Recently, the Remdesivir (52) and other broad-spectrum antivirals
targeting RdRp, such as ribavirin (53), Penciclovir (54), and Favi-
piravir (55) (Fig. 13) are examined against SARS-CoV-2 in Vero E6
cells. The results of this study are quite encouraging for Remdesivir
(52) with EC5¢p = 0.77 uM and selectivity index = 129.87. The half-
maximal effective concentration (ECsp) and half-cytotoxic concen-
tration (CCsp) for Ribavirin (53) and Penciclovir (54) is as follows:
EC50 109.50 |J.M, CC50 > 400 },lM and EC50 95.96 ],lM,
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CCsp > 400 uM, respectively [56]. The mechanism of action of
nucleoside prodrug Remdesivir (53) in CoVs is by inhibiting the
RdRp and evade the action of the exoribonuclease (nsp 14) [153].
Remdesivir (53) underwent several clinical trials (NCT04323761
and NCT04292899) with the intention to examine its therapeutic
potential in patients [154—158]. The results from remdesivir (53)
clinical trials have been dispersed and broadly discussed [159]. In
Nov 2020, the WHO recommended against the use of remdesivir in
hospitalized patients, irrespective of disease severity, because
currently there is no evidence to support that remdesivir improves
survival and other outcomes in COVID-19 infected patients [160].

3.7.2. Favipiravir (55)

Favipiravir (55) (T-705), is developed by Toyama Chemical Co.,
Ltd as RdRp inhibitor for the treatment of influenza viruses in Japan
[161]. Favipiravir is a pyrazine-derived antiviral drug molecule
applied against RNA viruses. The active form of T-705 (55) is host
enzymes converted Favipiravir ribofuranosyl-50-triphosphate
(Favipiravir-RTP) (56) that selectively inhibits the RdRp. Favipir-
avir (55) exhibited activity by assimilating into the nascent viral
RNA and thus terminating the viral replication processes. It has a
wide range of antiviral activities, including inhibition of ZIKV in
Vero cells with EC5¢p = 3.5—3.8 pug/mL and Zaire Ebolavirus in Vero
E6 cells with EC5¢g = 10.5 pg/mL [162]. Recently, Favipiravir (55)
emerged as a promising candidate for the SARS-CoV-2 treatment
with EC5p = 61.88 uM, CCsg > 400 uM, and SI > 6.46 in Vero 6 cells
[56]. At present, Favipiravir (55) is under Phase III clinical trials
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Fig. 13. Chemical structure of RNA-Dependent RNA Polymerase (RdRp) inhibitors 52—56.

(NCT04336904). However, it is important to mention that Favipir-
avir use is associated with risks such as teratogenicity and embryo
toxicity [163].

4. Conclusion and perspectives

The COVID-19 disease, triggered by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), in a short stretch of time
has spread globally and is declared affirmed as a global pandemic
by the World Health Organization (WHO). The human civilization is
severely affected by the unprecedented COVID-19, the situation
around the world remains complicated, and the entire human race
has been gripped with anxiety. A continuous increase in the
number of COVID-19 cases and the lack of an effective treatment is
raising alarm in the scientific community and simultaneously
encouraging scientists to accelerate the efforts in the field of
COVID-19 drug discovery and development process. Remarkably,
the SARS-CoV-2 shares a similar infection mechanism as other
coronaviruses, which opened the window to investigate the
appropriateness of well-known inhibitors against diverse CoVs to
fight the war against SARS-CoV-2. Quite a few primary virus-based
and host-based target inhibitors, including peptides, natural
products, and small molecules, are discovered with anti-
coronavirus activity. However, the lack of in vitro and in vivo re-
sults of the potential molecules and the poor safety, bioavailability,
and pharmacokinetic profiles of the compounds in the preclinical
trials make the situation more challenging. At present, the vaccine,
monoclonal antibodies, convalescent sera from SARS-CoV-2 survi-
vors, repurposing drugs, and small molecules inhibitor are
encouraging approaches to develop effective COVID-19 treatment
[164].

It is our firm belief that the discovery and development of small
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molecules as inhibitors of druggable targets of SARS-CoV-2 can
facilitate the process of identifying the effective drug for the COVID-
19 treatment. The chemical structure and activity of molecules with
promising inhibition activity against the primary virus-based and
host-based targets of SARS-CoV-2 including ACE-2 inhibitors, 3CL
protease (Mpro) inhibitors, RBD inhibitors, S2 subunit inhibitors,
Cathepsin L Proteinase inhibitors, TMPRSS2 inhibitors, Furin
cleavage site inhibitors, and RdRp inhibitors are displayed in
Table 1. As evident from the structure of molecules acting as ACE-2
inhibitors (1-9), the hydrophilic functional groups (hydroxyl,
amino, and carboxyl groups) are most common in peptidomi-
metics, chitosan, and small molecules. The chloroquine (1),
hydroxychloroquine (2), and MLN-4760 (7) with ACE-2 inhibition
activity in the micromolar range have chloro substituents on the
aromatic ring. The peptidomimetics, including a-keto amides such
as 11, 13, 21-25, showed promising SARS-CoV-2 3CL protease
(Mpro) inhibition activity. Aromaic heterocyclic and cycloalkane
rings are common structural features in these peptidomimetics. In
contrast, the small molecule 14 having the Se atom in the ring also
exhibited 3CL protease (Mpro) inhibition activity in the micromolar
range. Based on the structure-activity relationship and docking
analysis of isatin derivatives (27—35), a few significant structural
features are recommended for SARS CoV-2 3CLpro inhibition ac-
tivity. This includes the carboxamide group at C-5 and hydrophobic
aromatic substituents at the N-1 position of the isatin ring. Any
type of modification at C-5, including the introduction of a carbon
atom between a carboxamide group and the isatin ring, as well as
replacement of a carboxamide group with a carboxylic group or
ester group, was incompatible for binding. The introduction of ar-
omatic rings, such as naphthalene and benzothiophene, at the N-1
position of the isatin scaffold increases the rigidity, results in better
fitting of the molecule in the pocket, and exhibits an increase in



Shagufta and 1. Ahmad European Journal of Medicinal Chemistry 213 (2021) 113157

Table 1

Molecules with inhibition activity against various main virus-based and host based coronavirus targets.
Name Structure Targets Virus IC50//ECso Ref.
Chloroquine ( ACE2 SARS-CoV-2 ECs0 - 1.13 M 56

Hydroxychlo H ACE2 SARS-CoV-2 ECsp = 0.72 uM 57

-roquine H

NAAE ACE2 SARS-CoV IC59 = 57 uM 69
J/N\H
o
H
3
GW280264X K\N ACE2 SARS-CoV ICs0 = 1 nM 71
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o=N"H
H
Q /\/\j~ \ \(
N o
© H :LL
H
J—H
‘ o
TAPI-0 H ACE2 SARS-CoV 1C50 = 100 nM 70
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H-pN"
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N../ O
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o
0
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TAPI-2 H H ACE2 SARS-CoV 1C50 = 200 nM 70
N-O
0
o
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0
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H 6
MLN-4760 ° H ACE2 - IC50 = 440 pM 72
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N
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Table 1 (continued )
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Name Structure Targets Virus ICs0//ECso Ref.
HTCC ACE2 HCoV-NL63 IC59 = ~50 nM 73,74
/
+/N* (R=H or COCHjy)
8
HMHTCC O-H I‘-| R H ACE2 HCoV-NL63 IC59 = ~230 nM 73,74
) N
o N-H
H O~y
O-H n
/
+N—
/
(R=Hor COCHj; or Cy5H45)
9
Lopinavir fN,H 3CL protease SARS-CoV-2 ECs0 = 26.1 yM 93
N/&O
o
N3 3CL protease SARS-CoV-2 ECs0 = 16.77 uM 98
Ebselen Q 3CL protease SARS-CoV-2 ECs0 = 4.67 uM 98
o]
& N\
14
compound 21 H 3CL protease SARS-CoV-2 ECs0 = 0.53 uM 99
O N
hw ©
\ NJLN\ S
N : H
woo @
21
compound 22 H 3CL protease SARS-CoV-2 ECs0 = 0.72 uM 929
0N
o]
H
\ N\)L N \0
N : H
hoo D
22
E
compound 23 3CL protease SARS-CoV-2 ICs50 = 0.18 pM 100-101

H
|
N
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Table 1 (continued )
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Name Structure Targets Virus ICs0//ECso Ref.
compound 24 H 3CL protease SARS-CoV-2 ICs50 = 2.39 uM 100-101
oN
o] N o o
\
XO*NQ‘%N NA
H O X_H O H
24
compound 25 H 3CL protease SARS-CoV-2 IC50 = 0.67 uM 100-101
oN
SR I R
R O
H O X_H O H
25
compound 27 o o 3CL protease SARS-CoV-2 IC50 = 0.053 uM 103
N
) o
O
s
27
compound 28 o o 3CL protease SARS-CoV-2 IC59 = 0.045 uM) 103
H.
H N
28
compound 29 o o 3CL protease SARS-CoV-2 IC50 = 0.047 M 103
H.
L
H N
29
compound 30 o o 3CL protease SARS-CoV-2 IC50 = 249 pM 103
H.
L
H N
compound 31 H o 3CL protease SARS-CoV-2 ICs0 = 39.2 uM 103
wN o
o N
31
compound 32 o] o 3CL protease SARS-CoV-2 IC50 = 10.2 pM 103
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Table 1 (continued )
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Name Structure Targets Virus ICs0//ECso Ref.
compound 33 (o) o) 3CL protease SARS-CoV-2 ICs0 = 17.8 uM 103
H.
N
I (0]
H N
33
compound 34 (o) 3CL protease SARS-CoV-2 IC50 = 41.8 uM 103
|
(0]
N
4
compound 35 (o] 3CL protease SARS-CoV-2 IC50 = 15.5 UM 103
o o}
N. 0
(0]
o N
35
SSAAO9E2 | RBD SARS-CoV IC50 = 3.1 uM 114
[ ) j
N
H. ;
N
Mo
\
N-O
36
K22 RBD HCoV-229E ICs0 = 0.7 uM 115
O-H
N

O,

37
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Table 1 (continued )

European Journal of Medicinal Chemistry 213 (2021) 113157

Name Structure Targets Virus ICs0//ECso Ref.
TGG u oM S2 subunit SARS-CoV IC50 = 4.5 UM 120
o
Heo o
H o
09 0 o
.0 .
H 0" "0 0
Heg o0._o o
O\H O\H
Hyg oM
Oy
39
Luteolin Ho o S2 subunit SARS-CoV IC50 = 10.6 M 120
Quercetin H. o o S2 subunit SARS-CoV IC50 = 83.4 UM 120
ADS-J1 o9 S2 subunit SARS-CoV ICs0 = 3.89 uM 121
H oM
w0 Moy
H Do
PNy |
H N._N__N.
o3 T
H \©1N:N N\fN
o %w ON\H
42
Arbidol | S2 subunit SARS-CoV-2 IC50 = 4.11 pM 124
_N_ 0 oﬁ
w©
JJJN 2
\
43
CID 23631927 Cathepsin L Proteinase SARS-CoV IC50 = 6.9 nM 130
< N-H
o W
Nj(\o)kN,N N,HJ<
o H o 0)\ o
44
CID 16725315 Cathepsin L Proteinase SARS-CoV ICs50 = 56 nM 130
N-H
DS
NT()(\ E,N o )N\HJ<
o7 o
45
SSAAO09E1 H H Cathepsin L Proteinase SARS-CoV ICso = 5.33 uM 114
N__N.
"N H
4 T
46
MDL28170 o H Cathepsin L Proteinase inhibitors SARS-CoV IC50 = 2.5 nM 132
|
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Table 1 (continued )

Name Structure Targets Virus ICs0//ECso Ref.
K11777 Cathepsin L Proteinase SARS-CoV IC50 = 0.68 nM 133

NS h o f
48
Camostat o TMPRSS2 SARS-CoV ICsp = 10 uM 137,52
) /@AWO\)]\ -
|
HeoyH /©)‘\o )
H\N)\\N
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dec-RVKR-CMK HoH Furin cleavage site MERS-CoV IC50 = 75 M 144
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PN WL NN
Hoo )
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MI-1851 v oo " Furin cleavage site SARS-CoV-2 - 145
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ALY OL,
“H O\N H O\N/H “H
H N/ N,H H\N/)\N,H
h h
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Remdesivir H\N/H RdRp SARS-CoV-2 ECs0 = 0.77 uM 56
Ribaviri uo H RdRp SARS-CoV-2 ECs0 = 109.50 uM 56
°N
o
N
N
k@,
e,
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Penciclovir 0o RdRp SARS-CoV-2 ECs0 = 95.96 pM 56
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H
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Favipiravir H\N/H RdRp SARS-CoV-2 ECso = 61.88 uM 56
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inhibitory activity. However, there is a limitation to the introduc-
tion of the larger substituent on the naphthalene ring, which
showed an unfavorable effect on inhibition activity. Both molecule
36 and 37 bearing an amide bond, more than one aromatic ring, and
a piperazine or piperadine ring emerged as a promising RBD in-
hibitor with activity in the micromolar range. Among the S2 sub-
unit inhibitors (39—43), the most common functional groups are
the hydroxyl groups. In the p-glucopyranose derivative (39) and 4-
chomenone derivatives 40 and 41, the presence of multiple hy-
droxyl groups reveals the importance of small hydrophilic groups
such as hydroxyl for the S2 subunit inhibition activity. A large
molecule such as 42 with one triazine, two phenyl, and two
naphthyl rings connected to each other through amino and diazine
linkages and with four sulfonic acid groups fits well in the SARS-
CoV S protein HR region and shows inhibition activity in the
micromolar range. Arbidol (43), a small molecule and a derivative
of indole-3-carboxylate, also exhibited S2 inhibition activity in the
micromolar range. Except molecule 46, a thiourea derivative with
thiophene ring, all the molecules included as Cathepsin L Protein-
ase and Furin cleavage site inhibitors are peptidomimetics (44—45,
4748, and 50-51). The diaminomethylideneamino group is
common in both in TMPRSS2 inhibitor 49 and Furin cleavage site
inhibitors 50 and 51. In the structure of RNA-Dependent RNA Po-
lymerase (RdRp) inhibitors, (52—55) monocyclic or bicyclic
nitrogen-containing heterocyclic rings and small hydrophilic
groups such as hydroxyl, amino, and carboxamide are common.

In conclusion, we anticipate that in the near future, inhibitors of
virus- and host-based targets, particularly small molecules, would
lead the way towards the development of FDA-approved drugs for
the treatment of COVID-19. We have reviewed the structures of the
most promising molecules effective against various targets signif-
icant in the SARS-CoV-2 treatment and found that the most com-
mon chemical structures are peptidomimetics and small molecules
containing hydrophilic groups and heterocyclic aromatic/nonaro-
matic rings. Furthermore, to overcome the pharmacokinetic chal-
lenges, we can examine the effectiveness of small molecule
inhibitors conjugated with biomolecules such as steroids, peptides,
and sugars. Bearing in mind the limitations associated with the
repurposing of approved drugs, which include issues related to
therapeutic dosage, safety, physicochemical properties such as
solubility, and permeability, among others, we must follow the
traditional drug discovery process and focus on more rational ap-
proaches using virus-targeted and cell-targeted compounds which
intervene in virus-cell interactions, primarily at the beginning of
the infection. We can win this war against COVID-19 in a timely
manner only through collective efforts from experts of different
branches of chemistry, life sciences, pharmaceuticals sciences, so-
cial sciences, and industries. Prof. Yuval Noah Harari correctly said,
“In this moment of crisis, the crucial struggle takes place within
humanity itself. If this epidemic results in greater disunity and
mistrust among humans, it will be the virus’s greatest victory.
When humans squabble — viruses double. In contrast, if the
epidemic results in closer global cooperation, it will be a victory not
only against the coronavirus, but against all future pathogens”
[165].
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