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A B S T R A C T   

Coronaviruses have led to severe emergencies in the world since the outbreak of SARS CoV in 2002, followed by 
MERS CoV in 2012. SARS CoV-2, the novel pandemic caused by coronaviruses that began in December 2019 in 
China has led to a total of 24,066,076 confirmed cases and a death toll of 823,572 as reported by World Health 
Organisation on 26 August 2020, spreading to 213 countries and territories. However, there are still no vaccines 
or medications available till date against SARS coronaviruses which is an urgent requirement to control the 
current pandemic like situations. Since many decades, heterocyclic scaffolds have been explored exhaustively for 
their anticancer, antimalarial, anti-inflammatory, antitubercular, antimicrobial, antidiabetic, antiviral and many 
more treatment capabilities. Therefore, through this review, we have tried to emphasize on the anticipated role 
of heterocyclic scaffolds in the design and discovery of the much-awaited anti-SARS CoV-2 therapy, by exploring 
the research articles depicting different heterocyclic moieties as targeting SARS, MERS and SARS CoV-2 coro
naviruses. The heterocyclic motifs mentioned in the review can serve as crucial resources for the development of 
SARS coronaviruses treatment strategies.   

1. Introduction 

Heterocyclic scaffolds play a pivotal role in drug discovery and 
development as they constitute the key structural component of a ma
jority of biologically active moieties. Their ability to interact with almost 

every cellular mechanism in living organism has been responsible for 
their versatile nature. Their interaction with different mechanistic 
pathways in viruses has continuously been exploited by researches for 
the designing of heterocycle-based antiviral agents. Several FDA 
approved drugs currently in the market comprise of different 
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heterocyclic scaffolds [1]. 
Coronaviruses (CoV) are a family of viruses capable of causing mild 

to severe symptoms of respiratory distress. In the last two decades, the 
outbreak of two of the coronaviruses, Severe Acute Respiratory Syn
drome (SARS) and Middle East Respiratory Syndrome (MERS), have 
emerged as epidemics with severe mortality. Both epidemics were of 
zoonotic origin, with SARS CoV transmission from civet cats to humans 
in 2002 in China and MERS CoV transmission from dromedary camels to 
humans in 2012 in Saudi Arabia [2]. There was emergence of cluster of 
pneumonia cases of unknown etiology in Wuhan city, Hubei province, 
China on 31 December 2019 and later declared by China that the 
outbreak is associated with a seafood market in Wuhan. China shared 
the genetic sequence of novel coronavirus responsible for the outbreak 
for diagnostic purposes on 12 January 2020 [3]. 

On 30 January 2020, World Health Organisation (WHO) declared 
this 2019-nCoV outbreak as a PHEIC (Public Health Emergency of In
ternational Concern) which was declared pandemic on 11 March 2020 
[4]. On 11 February 2020, WHO named this novel coronavirus as 
COVID-19 (corona virus disease 2019) and later International Com
mittee on Taxonomy of viruses renamed it as SARS CoV-2 [5]. There 
were 24,066,076 confirmed cases of COVID-19 and 823,572 deaths, 
globally as on 26 August 2020 [6]. 

Coronaviruses are single stranded positive sense RNA viruses. 
COVID-19 is caused by seventh of known coronaviruses which have 
infected humans, in the sequence: 229E, NL63, OC43, KKU1, MERS- 
CoV, SARS-CoV, and 2019-nCoV-2. The latter is a betacoronavirus of 
subgenus sarbecovirus, and is a severe acute respiratory syndrome 
coronavirus 2 with 96% genome similarity to other bat coronaviruses 
[7,8]. Among other coronaviruses, virus causing COVID-19 has an 
advantage of the presence of a unique polybasic cleavage site leading to 
its increased pathogenicity [9]. It has the largest RNA genome (30 kb) 
among all other RNA viruses with six to ten open reading frames (ORFs). 
It consists of some structural and some non-structural proteins. The 
structural proteins include: spike (S protein), envelope (E protein), 
membrane (M protein), nucleocapsid (N protein) while the non- 
structural proteins include: main protease (Mpro), papain-like protease 
(PLpro), non-structural protein 13 (nsp13, helicase), non-structural 
protein 12 (nsp12, RNA dependent RNA polymerase), N-terminal exo
ribonuclease and C-terminal guanine-N7 methyl transferase (nsp14), 
uridylate-specific endoribonuclease (nsp15), 2′-O-methyl transferase 
(nsp16) and nsp10 [10]. The N protein consists of viral genome while 
the other three proteins, S, E and M, make the viral envelope. The 
processing of two viral replicase polyproteins produced by ORF1a/b of 
COVID-19, PP1a and PP1ab, leads to the production of sixteen non- 
structural proteins while the mRNA encodes for the formation of 
structural proteins [11]. The spike protein is responsible for attachment 
to the host cell membrane using the host cell’s angiotensin converting 
enzyme-2 receptor thus initiating the infection process. Upon entering 
the host cells, the viral genome undergoes translation into viral poly
proteins. The viral 3CLpro and PLpro then cleave these translated proteins 
into effector proteins. PLpro has the capability to deubiquinate host’s 
NFkB and interferon factor 3, resulting in suppression of host cell im
munity. The binding of SARS-CoV-2 and ACE-2 has been found to be 
10–20 times greater than that of SARS-CoV and ACE-2, favouring the 
higher transmissibility of SARS-CoV-2 [12]. 

Like other betacoronaviruses, SARS-CoV and MERS-CoV, SARS-CoV- 
2 also attacks the lower respiratory system of the patient, release the 
nucleocapsid in host cellular machinery and further undergoes replica
tion in host cytoplasm leading to viral pneumonia. It can also lead to 
multiple organ damage affecting heart, kidney, gastrointestinal tract, 
liver and central nervous system of the patient [4,12]. 

The RNA genome sequence of SARS CoV-2 (GenBank ID: 
MN908947.3) has shown to exhibit 82% similarity with SARS CoV 
(GenBank ID: NC_004718.3) and also it is often seen that the key target 
enzymes in coronaviruses reveal some sequence similarities, like RdRp 
of SARS CoV-2 shows 96% identity with SARS CoVRdRp, 3CLpro of 

SARS CoV-2 revealed 96.08% and 87.00% similarity with that of SARS 
CoV and MERS CoV, respectively, and though only 83% sequence sim
ilarity is seen between PLpro of SARS CoV-2 and SARS CoV but the 
active site of both the proteins do not show much variation, therefore the 
heterocyclic scaffolds showing effectiveness against these targets in 
SARS CoV and MERS CoV might also be repurposed and modified for 
healthcare emergencies like SARS CoV-2 and other such outbreaks of 
coronaviruses in future [13–15]. 

As the heterocyclic compounds have been rigorously involved in the 
ailments including viral infections, AIDS, cancer, there exists a profound 
scope of exploring these multiple nuclei to curb coronaviruses. There
fore, through this review we have tried to summarise some of the 
treatment options based on the heterocyclic nuclei researched and 
developed against SARS CoV, MERS-CoV and SARS-CoV-2 epidemics 
using in vitro, in vivo and in silico approaches, which may be of 
immense value at this hour of global emergency and in future. 

2. Isatin and indole-based derivatives 

As some isatin based compounds have shown potent activity against 
3C protease of rhinoviruses and the cysteine proteases of both rhinovirus 
and SARS CoV possessed structural similarity at the active site, some 
isatin derivatives were designed and assayed for inhibitory activity 
against SARS CoV 3CLpro by fluorescence resonance energy transfer 
FRET analysis. The assay revealed the higher potency of 5-iodo or 7- 
bromo isatin derivatives with benzothiophenemethyl side chain rather 
than with benzyl or alkyl side chains. The IC50 value of the most potent 
inhibitor 1 came to be 0.95 μM. The compound exhibited efficient 
binding within the active site of the enzyme. The carbonyl and amine 
groups of isatin scaffold were involved in forming hydrogen bond with 
Gly-143, Ser-144 and Cys-145 as shown by the docking analysis. The 
authors reported that the bulky nature of side chain on isatin derivatives 
decreased the inhibitory activity due to steric hinderance of the side 
chain with His-164 and Met-165 of 3CLpro [16]. After a year, N- 
substituted-5-carboxamide derivatives of isatin scaffold were designed 
and compared with 5-iodo substituted analogues using in vitro and 
computational approaches. The colorimetric inhibition assay results 
reported 2 as the potent inhibitor with lowest IC50value of 0.37 μM. The 
hydrophobic naphthyl group at N-1 of isatin moiety was found to be well 
fitted in hydrophobic pocket, thus increasing the activity. Also the C-5 
carboxamide substitution imparted 3 to 4 times higher potential 
compared to the 5-iodo derivatives while the C-5 ester and carboxylic 
analogues did not display any inhibitory activity which was explained to 
be due to their poor binding at P1 site of 3CLpro as a result of strong 
charge repulsion from Glu-166. In addition, the carboxamide group 
successfully formed two hydrogen bonds with His 163 and Phe 140. The 
synthesized derivatives possessed noncovalent reversible binding with 
3CLpro of SARS CoV [17]. Other group of scientists synthesized 5-sul
fonamide derivatives of isatin and docked within SARS CoV 3CLpro 
active pocket with an improvement in inhibitory potential. The results of 
FRET inhibition assay suggested a better activity of 5-substituted ana
logues compared to substitutions at other positions of isatin scaffold. 
The 5-(piperazin-1-ylsulfonyl)isatin analogues displayed the higher 
potential than the 5-halogen substituted derivatives. Replacing the 5- 
piperazinyl moiety with 5-piperidinyl substitution further enhanced 
the antiviral potency with an IC50 of <5 μM. The effect of substitutions at 
N1 of isatin moiety revealed the most promising activity of compound 3 
(IC50 = 1.04 μM) having an N-benzyl group which was further confirmed 
by docking analysis using Glide 5.5 software. Compound 3 extended 
hydrogen bonds with residues Gly143 and Cys145 of 3CLpro (PDB ID: 
1UK4), with a dock score of 8.70. The docking results unleashed the 
crucial role of N-1 and C––O at position 2 of isatin nucleus in hydrogen 
bond formation. The 5-sulfonyl and N1-benzyl substituents fitted well 
into the S2 and S1 hydrophobic pockets of 3CLpro, respectively, thus 
improving the inhibitory potential of the derivatives [18]. Reports are 
also available with tripeptidic inhibitors of SARS CoV 3CL protease. The 
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dipeptide-type analogues with position-3 N-arylglycyl moiety were 
developed resulting in enhanced activity due to the hydrogen bond 
formation between amine of glycyl and Glu166 residue of 3CL pro. The 
fluorometric inhibition assay showed that the presence of DL-pyroglu
tamyl or pyrrole-2-carbonyl in place of N-(3-methoxyphenyl) glycyl 
moiety as rigid position-3 analogue, decreased the inhibitory potential 
dramatically while the indole-2-carbonyl group as rigid position-3 
moiety remarkably improved the potential. Compound 4 with sub
stitutions on position-3 indole nucleus with a 4-methoxy substituent was 
reported as the most potent derivative (IC50 value = 0.74 μM) when 
compared to 5- or 6-methoxy or 4-hydroxyl/4-isopropoxyl/4-isobuty
loxyl derivatives. Replacing the rigid position-3 indole scaffold with 
other heterocycles like benzothiazole or benzofuran greatly reduced the 
activity suggesting the crucial role of amine of indole nucleus in 
hydrogen bond formation. The docking analysis of compound 4 (Ki =

0.0063 μM) with SARS CoVMpro (PDB ID: 1WOF) highlighted a 
favourable conformation of the rigid P3 4-methoxyindole moiety in the 
active site, compared to the flexible N-(3-methoxyphenyl)glycyl unit 
providing a 65-fold greater potential to the indole derivative [19]. Two 
series of pyrazole and pyrimidine fused indole derivatives were designed 
and analysed for their antiviral activity against SARS CoV 3CLpro, bio
sterically replacing isatin with indole. The FRET inhibition assay results 
revealed compound 5 as the most potent derivative with an IC50 value of 
0.12lM. It was concluded that 2,3-dihydroinden-1-one was a required 
for anti-SARS CoV activity whereas it’s clubbing with pyrimidine nu
cleus provided greater enhancement in potency compared to that with 
pyrazole moiety and at the same time, isoxazole fusion lead to com
pounds with lesser potency [20]. The SARS CoV-2 helicase was ho
mology modelled using 2019-nCoV/USA-WA1-F6/2020 (Gen Bank: 
QHU79203.1) helicase amino acid sequence against SARS CoV helicase 
(PDB: 6jyt.2.A) as template due to a 99.78% sequence similarity be
tween the two and the modelled protein was analysed for antiviral 
properties of 23 clinically approved antiviral drug candidates using MOE 
software. The docking study revealed the highest binding affinity of 
compound 6 with a dock score of − 9.84 kcal/mol involving a hydrogen 
bond formation with Gly79 of SARS CoV-2 helicase thus enabling the 
compound to be an efficient inhibitor of SARS CoV-2 helicase, thus 
interfering with the viral replication potential of helicase [21]. The 
disruption of the trimerization of SARS CoV-2 spike protein which is 
reported to be involved in host cell membrane fusion, can lead to anti
viral activity. A portion of spike protein trimer S2 domain (947–1027 
residues) was found to be structurally similar to influenza virus H3N2 
haemagglutinin by comparative analysis, to which Arbidol7 binds for its 
anti-influenza action. The binding mode and mechanism of action of 
compound7, against SARS CoV-2 spike protein trimer (PDB: 6VSB), was 
analysed using HADDOCK2.2 and SWISS-DOCK molecular docking 
servers. The results of docking analysis revealed the potential interac
tion of compound 7 with the SARS CoV-2 spike protein S2 domain res
idues (K776, K780, K947, E1017, R1019, S1021, N1023, L1024, T1027) 
in the same way as with H3N2 HA protein (PDB: 5T6N), thus interfering 
with SARS CoV-2 trimerization and suggesting a potential role of com
pound 7 in the treatment of SARS CoV- 2 infection [22]. The homology 
modelling of SARS CoV-2 RdRp structure using SWISS-MODEL server 
revealed its 97.05% sequence similarity with the template, SARS 
CoVRdRp (PDB: 6NUR). The modelled structure was then docked 
against 74 antiviral drugs using Autodock Vina and the binding in
teractions were analysed by PyMol and Chimera. Delavirdine 8, an anti- 
HIV drug, exhibited pronounced inhibitory activity against SARS CoV-2 
RdRp forming hydrogen bonds with Ala576 and Asn 582, with a dock 
score of − 8.5, thus emphasizing the imperative role of 8 in SARS CoV-2 
treatment therapy by interfering with RdRp dependant viral replication 
[23]. Novel inhibitors of SARS CoV-2 Mpro (PDB: 2H2Z) were designed 
by analyzing the active site, which basically comprise of S1′, S1, S2 and 
S4 subunits. In the newly synthesized compounds, aldehyde was taken 
as a warhead required to form covalent bond with the thiol of cysteine 
which keeps the inhibitor anchored at S1′ site of the protein. The FRET 

inhibition assay displayed a high potential of compound 9 with an IC50 
value of 0.053 μM with no cytotoxicity. The electron density map ex
amination of the crystal structure of SARS CoV-2 Mpro (PDB: 6LZE) in 
complex with compound 9 revealed a favourable conformation of 
compound 9 in the active site, involving a hydrogen bond of its indole 
moiety with Glu166 and hydrophobic interactions with Pro168 and 
Gln189. In vivo pharmacokinetic study in mice with 5 mg/kg i.p and 5 
mg/kg i.v administration, demonstrated 87.8% bioavailability value 
while in vivo toxicity analysis in SD rats and beagle dogs indicated no 
toxicity and mortality at a dose of 40 mg/kg. Therefore, the results of 
analysis suggested a promising role of compound 9 for SARS CoV-2 
clinical trial studies [24]. Six anti-influenza drugs namely arbidol, 
oseltamivir, baloxavir, zanamivir, peramivir and laninamivir were 
evaluated for their antiviral potential against SARS CoV-2. The cell 
counting kit-8 (CCK-8) assay demonstratedarbidol7 as a potent inhibitor 
with an EC50 value of 4.11 μM while a CC50 value of 31.79 μM. A sharp 
decline in the SARS CoV-2 induced cytopathic effect and viral NP 
expression by compound 7 was also observed using immunofluores
cence staining assay. The qRT-PCR examination displayed an efficient 
inhibition of viral replication stages with more pronounced effect at 
entry (41%) compared to post-entry stage (61%) using viral multiplicity 
of infection (MOI) of 0.05. Arbidol 7 lowered the binding efficiency of 
virions, in virus infected Vero E6 cells (MOI of 0.05) upto 67%. The 
result of viral intracellular trafficking analysis by immunofluorescence 
microscopy revealed a decrease in release of SARS CoV-2 from endo 
lysosomes. Since no neuraminidase analogue was found in SARS CoV-2, 
therefore the neuraminidase inhibitors tested in this study failed to show 
any result. Also, since the cap snatching effect of endonuclease of viral 
polymerases is absent in coronaviruses, as a result of this, baloxavir 
which acts by inhibiting this particular mechanism of endonuclease, also 
failed in SARS CoV-2 infection [25]. Fig. 1 outlines various indole and 
isatin derivatives. 

Fig. 1. Isatin and indole-based derivatives.  
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3. Quinoline and isoquinoline derivatives 

In 2003, with the outbreak of SARS CoV epidemic, several drugs 
were repurposed against it. One such anti-malarial drug, chloroquine 
10, was also evaluated for its antiviral potential against SARS CoV 
infection. The results of MTT assay in Vero E6 cells revealed a good 
potency with an IC50 value of 8.8 μM while a CC50 value of 261.3 μM, 
suggesting the use of chloroquine in SARS CoV like infections. The drug 
proved to be more effective in later stages of viral replication rather than 
effecting viral attachment or penetration [26]. Almost a year later, 
chloroquine 10 was further reported for its prophylactic and therapeutic 
use against SARS CoV activity by treating Vero E6 cells at a concentra
tion of 0.1–10 μM, both 20–24 h prior and 3–5 h after the viral infection. 
Immunofluorescence assay results indicated a 100% viral inhibition 
chloroquine pre-treated cells at 10 μM concentration while a 90–94% 
decrease in virus antigen-positive cells at 33–100 μM in post-treated 
cells with an ED50 of 4.4 μM. The mechanism of action for antiviral 
action was depicted as the abrogation of terminal glycosylation of ACE-2 
receptor thus interfering with SARS CoV spike-ACE-2 receptor binding 
necessary for viral entry in host cells by flow cytometry and immuno
precipitation analysis. As chloroquine is basic in nature, the inhibition of 
virus-endosome fusion due to increase in endosomal pH was presumed 
to be responsible for post-treatment anti-SARS CoV effects [27]. Keeping 
in view the antimalarial potential of ferroquine, even on chloroquine 
resistant strains and the antiviral efficacy of chloroquine was well 
established against SARS CoV, some ferroquine derivatives have been 
reported for their antimalarial and antiviral potential. The analysis re
sults revealed a high anti-malarial potency of compound 11, a hydrox
yferroquine analogue, with high lipophilicity and lesser toxicity than 
ferroquine. From the in vitro study results of ferroquine showing the 
good potency of its metabolites against chloroquine resistant Plasmo
dium falciparum strain, it was suggested that the de-alkylated metabolite 
of the metallocene 11 namely mono-N-desethyl-ferroquine, facilitated 
the activity of parent molecule. The compound 11 exhibited good anti- 
HIV and anti-SARS CoV activity with an EC50 value of 3.6 μM in SARS 
CoV infected Vero cells, compared to the standard chloroquine showing 
an EC50 value of 6.5 μM though it exhibited poor potential against other 
viruses like reovirus-1 and HSV-2, herpes simplex virus-1, sindbis virus, 
influenza A virus, vesicular stomatitis virus and vaccinia virus, thus 
revealing its high selectivity towards HIV and SARS CoV infections [28]. 
From the virtual screening of over six lakh compounds in a database, a 
quinolinone derivative was selected for its promising anti-SARS CoV 
3CLpro activity, for which the in vitro SARS CoV inhibition analysis 
revealed an IC50 value of 0.44 μM/L. Therefore, taking it as lead, based 
on its structure and activity, 23 novel 4-quinolinone ester derivatives 
were synthesized and in vitro and in silico studies were conducted to 
evaluate their SARS CoV 3CLpro inhibition potential. Compound 12 
with a methyl substitution at NH moiety of the quinolinone lead com
pound, demonstrated nearly 12-fold greater anti-SARS CoV 3CLpro ac
tivity using FRET analysis, with an IC50 of 36.86 nM/L in comparison to 
lead. The docking analysis with SARS CoV 3CLpro (PDB: 3SN8) via 
Discovery Studio 3.0, indicated a more favourable binding of 12 in the 
active site of SARS CoV 3CLpro compared to the lead molecule which is 
proposed to be due to a hydrogen bond of amide oxygen with His 163 
which remains conserved in both molecules and hydrogen bonds of ester 
carbonyl oxygen of 12 with Cys 145 and His 41 (the catalytic enzymes in 
SARS CoV 3CLpro active site necessary for proteolytic function). The 
structure activity relationship study of synthesized derivatives displayed 
a decrease in anti SARS CoV potential with the replacement of thiophene 
moiety of lead molecule with benzene, substituted benzene or alkyl 
carbon chains which is considered to be due to large size of these sub
stituents which failed to fit within small S1′ pocket of the protease [29]. 
With the outbreak of MERS CoV infection in 2012, some FDA approved 
drugs which have shown activity against other coronaviruses, were 
repurposed against MERS CoV infection also. One such drug namely 
chloroquine 10 from a database of 348 FDA approved compounds, was 

also investigated for its in vitro potential against MERS CoV infected 
Vero and Huh7 cells using a colorimetric cell viability assay. The results 
unleashed the inhibition of MERS CoV mediated cytopathic effect by 
chloroquine with an EC50 value of 3 μM while it exhibited an EC50 value 
of 4.1 μM in SARS CoV infected Vero E6 cells. To determine the pre- and 
post- treatment effects of chloroquine, the time-of-addition experiment 
using plaque assay was conducted by adding the drug both 1 h prior and 
1 h post viral infection (multiplicity of infection, 1) which revealed an 
approximate decrease of 2-log in viral production in chloroquine pre- 
treated Vero cells with no effect in post-treated cells, thus suggesting 
an early stage inhibition of MERS CoV infection via inhibition of clathrin 
mediated endocytosis [30]. The catalytic site of SARS CoV at Arg188/ 
Gln189, was reported to be degradation sensitive while its mutant strain 
with isoleucine residue at 188 in place of arginine renders the protease 
highly stable and catalytically more efficient. At the same time, a 
peptide-mimetic substrate-based inhibitor with an aldehyde group at C- 
terminal demonstrated a potent competitive inhibition of the mutant 
R188I SARS CoV 3CLpro strain. 

Novel decahydroisoquinoline based non-peptide derivatives were 
designed taking the above peptide mimetic inhibitor as lead and eval
uated for their anti-R188I SARS CoV 3CLpro activity. The compound 13, 
a (4aR,8aS) isomer of trans-decahydroquinoline diastereomers with N- 
p-bromo-benzoyl substitution, displayed a high potential with an IC50 
value of 63 μM. The X-ray crystallographic study of compound 13 in 
complex with 3CLpro (PDB: 4TWW), revealed a compact fitting of 
compound 13 within the active site of SARS CoV 3CLpro comparable to 
the active lead molecule. The S2 pocket was largely covered with dec
ahydroisoquinoline fused ring while the hydrogen bond between the N 
atom of imidazole ring of compound 13 and His163 of 3CLpro provided 
it a favourable conformation at the S1 site of protease. Also, the N-p- 
bromobenzoyl moiety lies outward from 3CLpro where hydrophobic 
interactions might be possible [31]. From a dataset of FDA approved 
drugs, a set of 1528 compounds were screened and evaluated for their 
anti-SARS CoV-2 activity by combining cell viability assay and SARS 
CoV-2 ELISA. The Cell Titer Glo assay and cytopathic effect (CPE) in
hibition assay (MOI: 0.01) in Vero E6 cells revealed promising effects of 
compound diiodohydroxyquinoline 14, (a quinoline derivative) used as 
a luminal amebicide, with a CC50 value of >100 μM and approximately 
70% CPE inhibition, respectively. Compound 14 also showed an EC90 
value of 4.50 μM in viral load assay using MOI of 0.01 in Vero E6 cells 
while an EC50 value of 1.38 μM through plaque reduction assay. It was 
also observed that treatment with compound 14 greatly reduced the 
SARS CoV-2 N antigen expression at a non-toxic concentration of <10 
μM just like remdesivir which was taken as reference. The replication of 
SARS CoV-2 was also inhibited effectively at post entry. The in vivo 
studies revealed that compound 14 could be used as a potent luminal 
antiviral agent [32]. As it has been already reported that apart from 
using ACE-2 receptor, coronaviruses use sialic acid-containing glyco
proteins and glycosides also as a source for entry into the host cell 
membrane and also that MERS CoV entry can be inhibited by depleting 
these sialic acids content. The efficiency of chloroquine 10 and 
hydroxychloroquine 15 against SARS CoV-2 was studied in silico 
(Hyperchem and Molegrow molecular viewer) using the mechanism of 
depletion of cell surface sialic acids containing gangliosides. Merging 
chloroquine with Neu5Ac depicted a good fit between the two, through 
interaction between negatively charged carboxylate of Neu5Ac and a 
cationic charge of chloroquine. The molecular modelling of 9-O-SIA (9- 
O-acetyl-N-acetylneuraminic acid), the preferable sialic acid for inter
action with coronaviruses, also demonstrated a favourable fit among the 
two via interaction of nitrogen containing cationic ring of chloroquine 
with carboxylate of 9-O-SIA (interaction energy: − 47 kJ/mol). Com
pound 15 showed a similar interaction with 9-O-SIA with enhanced 
binding owing to a hydrogen bond formation (interaction energy: − 46 
kJ/mol). The interaction affinities of the two drugs with ganglioside 
sialic acids, as sialic acid mostly forms a part of human respiratory tract 
gangliosides and glycoproteins was studied through molecular 
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modelling using ganglioside GM1. The results revealed good interaction 
of both the drugs within the two drug-binding sites in GM1, showing a 
high interaction energy of − 108 kJ/mol and − 120 kJ/mol, respectively. 
Finally to determine the ability of both the drugs to prevent the binding 
of SARS CoV-2 spike NTD with cell surface ganglioside, the NTD-GM1 
complex was superposed with drug-GM1 complex, which indicated 
that both NTD and the drug binds at the same position in GM1 and with 
the same mechanism involving a hydrogen bond and a CHπ interaction, 
thus unleashing the anti-SARS CoV-2 potential of the drugs [33]. Some 
active quinoline and isoquinoline derivatives are shown Fig. 2. 

4. Pyridine derivatives 

A library of 50,000 compounds was screened for their activity 
against SARS CoV 3CLpro using FRET analysis. The non-specific com
pounds were further screened by examining their activity against SARS 
CoV 3CLpro in the presence of BSA (bovine serum albumin) and out of 
the screened compounds, 69 compounds show specificity against SARS 
CoV 3CLpro. All of these screened compounds showed potential elec
trophilic centres like amides, nitriles which may be capable of forming 
covalent bond with the nucleophilic thiol of Cys 145 at the active site of 
3CLpro. Therefore, they were further analysed in the presence of DTT 
(1,4-dithio-D,L-threitol) for their specificity against SARS CoV 3CLpro 
which depicted 5 inhibitors whose activities were least affected by DTT. 
Finally, the selected compounds were evaluated against other corona
viruses also namely hepatitis A virus 3Cpro, chymotrypsin, hepatitis C 
NS3pro and papain, to test their selectivity for SARS CoV 3CLpro. 
Compound 16 displayed the highest selectivity and potency against 
SARS CoV 3CLpro with an IC50 value of 0.5 μM, thus emphasizing on the 
role of 5-chloropyridine derivatives as anti-SARS CoV agents [34]. The 
derivatives were evaluated for their activities against SARS CoV 
(Frankfurt-1 strain) and FIPV (feline infectious peritonitis virus) in
fections by MTT assay in Vero E6 cells and CRFK (confluent crandel 
feline kidney) cells infected with 100 CCID50 (50% cell culture infective 
dose) SARS CoV and FIPV, respectively. The highest potency was 
revealed by compound 17, with an EC50 of 17 mg/L against SARS CoV 
and with almost no cytotoxic effect in Vero cells (MIC > 100 mg/L). The 
compound showed post entry inhibition of viral infection in time of 
addition experiment in FIPV infected CRFK cells. The structure activity 
relationship study revealed that the sulphide and sulphoxide analogues 
displayed poor activity against both viruses. The reduced pyridine-N- 

oxide analogues exhibited a complete loss of antiviral potential against 
both SARS CoV and FIPV, at their subtoxic concentrations, thus 
emphasizing on the imperative role of N-oxide in pyridine nucleus [35]. 
The 5-chloropyridinyl indolecarboxylate analogues were synthesized as 
anti-SARS CoV evaluated for their in vitro and in silico anti-SARS CoV 
3CLpro inhibitory activity [36]. The FRET inhibition assay demon
strated compound 18, as the most active analogue having a 4-carbox
ylate indole substitution, with an IC50 value 0.03 μM. The analysis 
results indicated a decrease in potential with the shift of carboxylate 
moiety on positions other than 4 in indole nucleus. The acylation of 
indole N also resulted in loss of anti-viral potency. In silico study was also 
conducted by docking of compound 18 within the binding pocket of 
SARS CoV 3CLpro (PDB: 2HOB) using GOLD 3.2 program which further 
confirmed its promising role as an anti-SARS CoV agent. The results of 
docking analysis revealed a good fit of compound 18 within the active 
site of protease due to the formation of three hydrogen bonds by 
carbonyl oxygen with Cys 145, Ser 144 and Gly 143 while the indole 
moiety fits into the hydrophobic S2 site involving the interaction of 
imidazole N with His 41 [37]. Two series of derivatives of 5 chlor
opyridine were synthesized using MAC-5576 16 (a potent anti-SARS 
CoV agent) as lead. In vitro SARS CoVMpro inhibition assay showed 
the derivatives of series 1 (derivatized benzene substituted furan fused 
to chloropyridyl ester) to be possessing higher inhibitory potential than 
those of series 2 (derivatized, six membered cyclic aromatic moiety 
clubbed with chloropyridyl ester) with compound 19 as the most 
promising inhibitor exhibiting an IC50 value of 60 nM. The analysis re
sults revealed a decrease in anti-SARS CoV potential with a change in the 
position of nitro group in compound 19 from para position to ortho or 
meta position of benzene ring. The molecular docking study using 
AutoDock depicted the binding of chloropyridine group within the S1 
pocket of SARS CoV 3CLpro, with N of pyridine forming a hydrogen 
bond with N of His 163 while the furan moiety fits into the space be
tween S1 and S2 subsites involving van der Waals interaction with Met 
165. The p-substituted benzene moiety (ΔG: − 9.34 kcal/mol) fitted well 
into the S2 pocket while the o- or m-substituted benzene rings in other 
derivatives were forced to move outside from S2 pocket due to steric 
hinderance with SARS CoVMpro residues, His 41 and Met 49 [38]. 
Fig. 3. shows various pyridine derivatives. 

Fig. 2. Some of the promising Quinoline and Isoquinoline derivatives.  Fig. 3. Potential Pyridine derivatives.  
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5. Purine and pyrimidine derivatives 

The Maybridge compound database, was virtually screened for a set 
of anti-SARSCoV 3CLpro (PDB: 1UK4) inhibitors within the binding site 
containing the catalytic dyad Cys 145 and His 41 which forms a part of 
subsites S1, S2 and S3, using DOCK 4.0.2 server. The top 93 compounds 
involving more than two hydrogen bonds with Mpro, were further 
analysed by SARS CoVMpro inhibition assay, among which 21 de
rivatives were found active exhibiting an IC50 value of <30 μM. Three of 
these 21 compounds shared a similar core structure, N-phenyl-2-(2- 
pyrimidinylthio)acetamide, using which 25 more structural analogues 
were screened from Maybridge, SPECS_SC and ChemBridge databases 
and a total of 28 analogues were analysed for anti-SARS CoV inhibitory 
potential which displayed compound 20 as the most promising analogue 
with an IC50 value of 3 μM. The results furnished from 3D-QSAR 
modelling using COMFA and COMSIA analysis completely matched 
with those from experimental analysis. The MM/GBSA analysis results 
also revealed the best fit of compound 20 within the binding pocket of 
SARS CoV 3CLpro with a binding free energy of –23.17 kcal/mol, due to 
the strong interactions formed by its thiazole and benzene moieties with 
protease residues namely, Gln 192, Leu 167, Glu 166 and Pro 168 [39]. 
6-Chloropurine derivatives have been reported to exhibit potent anti
viral activity against many viruses. Nucleoside analogues based on 6- 
chloropurine moiety were designed and analysed for their activity 
against SARS CoV using plaque reduction assay in SARS CoV Frankfurt-1 
strain infected Vero E6 cells. Compound 21 exhibited promising activity 
with an IC50 value of 48.7 μM and a decrease in virus yield to less than 
one-hundredth of the control, at 20 μM concentration. The structure 
activity relationship study showed the importance of chlorine atom at 
position-6 of purine nucleus and a loss of anti-SARS CoV activity with 
the 2-amino group substitution in 6-chloropurine moiety. The replace
ment of chlorine group with weaker leaving groups like –SMe or 
–OMe, led to a decrease in anti-SARS CoV potential which is attributed 
to be due to lack of formation of an irreversible covalent bond which 6- 
chloropurine can form with the active site of SARS CoV owing to its 
electrophilic nature. The unprotected 5′-hydroxyl substitution in ribo
furanosyl moiety is also imperative as it gets converted to the active 
triphosphate form leading to the antiviral activity. Also, the replacement 
of ribofuranosyl moiety with 2′-deoxy- or 3′-deoxyribonucleoside ana
logues led to a detrimental effect on the anti-SARS CoV potential of 
compound 21 [40]. From the compound library, Genesis plus collection, 
960 compounds were screened against SARS CoVPLpro using in vitro and 
in silico approaches. The results of deubiquitination assay demonstrated 
that out of the screened compounds, only two derivatives, 6-Mercapto
purine 22, (IC50 value: 21.60 μM) and 6-Thioguanine 23 (IC50 value 5 
μM) exhibited pronounced SARS CoVPLpro inhibition. The thiocarbonyl 
group of 22 and 23 was found to be crucial for SARS CoVPLpro inhi
bition using structure function relationship study by ISIS, as replacing it 
with hydroxyl or methylthio moiety led to loss of inhibition. The 
docking analysis confirmed the inhibition inhibition mechanism within 
the active sites of SARS CoVPLpro (PDB:2FE8) and 3CLpro (PDB: 1UK2) 
using DS modelling 1.7 program. The docking result suggested a good fit 
of both the compounds with a dock score for 22 (23.9) and 23 (24.4) 
within the active site of PLpro with the probability of formation of a 
hydrogen bond between sulphur atom of the compounds and Cys 1651 
residue of SARS CoVPLpro resulting in reversible competitive inhibition. 
While the dock scores with SARS CoV 3CLpro were found to be 17.8 for 
22 and 18.4 for 23, much lower than with SARS COV PLpro, thus 
emphasizing on the selectivity of both the compounds towards PLpro 
[41]. Another series of pyrimidine derivatives was synthesized and 
evaluated for their SARS CoV 3CLpro inhibitory potential. The FRET 
analysis using Dabcyl-KTSAVLQSGFRKME-Edans as fluoregenic sub
strate demonstrated compound 24 to be endowed with marked SARS 
CoV 3CLpro inhibitory potential exhibiting an IC50 value of 6.1 μM, with 
no cytotoxicity as depicted by MTT assay. The molecular docking 
analysis of compound 24 with SARS CoV 3CLpro (PDB: 1UK4) using 

Discovery studio modelling 1.2 SBD program unleashed a good fit of 
phenylnitro group within the S1 pocket with O atom of nitro group 
forming a hydrogen bond with Cys 145 and Gly 143 at the binding site of 
3CLpro. The lack of nitro group led to a loss of inhibitory potential, 
emphasizing on the imperative role of nitro substituent. Moreover, 
electron withdrawing groups like chloro in phenyl ring favoured the 
inhibitory potential more than the electron releasing groups like 
methoxy or methyl [42]. The antineoplastic drug carmofur 25, a py
rimidine analogue was analysed for SARS CoV-2 Mpro inhibitory po
tential using the X-ray crystallographic study. The electron density map 
of the 25-SARS CoV-2 Mpro complex indicated a favourable conforma
tion of the drug within the active site of protease with its fatty acid 
moiety forming a covalent bond with Cys 145 of the catalytic dyad 
leading to the release of 5-fluorouracil. The carbonyl O of 25 was 
observed to be involved in hydrogen bond formation with Cys 145 and 
Gly 143 while the fatty acid tail showed hydrophobic interaction with 
His 41, Met 165 and Met 49 at the S2 subsite of the protease. The in vitro 
inhibition assay in SARS CoV-2 infected Vero E6 cells revealed an EC50 
value of 24.30 μM while the cytotoxicity study indicated the selectivity 
of compound 25 with a CC50 value of 133.4 μM [43]. A set of 6799 
compounds from Pubchem and Asinex library were virtually screened 
and analysed by molecular docking against SARS CoV-2 nucleocapsid 
RNA binding domain (PDB: 6VYO). The high throughput virtual 
screening with docking was done using Schrodinger’s molecular dock
ing module at the active sites 1, 2 and 3 of the protein. From the screened 
ligands, compound zidovudine 26, a thymidine analogue, demonstrated 
the highest potential with a dock score of − 9.75 while a binding free 
energy of − 59.43 kcal/mol at site 3, as depicted by MM-GBSA approach. 
The molecular dynamic simulation study also revealed a stable inter
action of 26-SARS CoV-2 N protein complex, thus suggesting the 
exploration of this potential nucleus as anti-SARS CoV-2 agent [44]. A 
series of diaryl pyrimidine derivatives were evaluated for their SARS 
CoV-2 inhibitory potential using in silico approaches. The molecular 
docking analysis of the derivatives with the SARS CoV-2 spike 
glycoprotein-human ACE-2 complex (PDB: 6VW1) was carried out using 
AutoDock Vina while the results were analysed by MGL tools and PyMol. 
The pyrimidine derivative 27 showed best binding affinity at the 
interface of the complex with a binding energy of − 8.95 kcal/mol which 
was attributed to be due to formation of a hydrogen bond with ASP 350, 
Arg 393 and Asn 394 residues and hydrophobic interactions of its 
naphthyl and phenyl moieties with Phe 40, Trp 69, Leu 73, Phe 390 and 
Leu 391 amino acid residues. The molecular dynamic simulation study 
with GROMACS v5.1.4 biomolecular simulation package demonstrated 
a stable conformation of 27 within the spike glucoprotein-ACE2 com
plex throughout the simulation. Its high binding affinity of with the 
complex was further confirmed by binding free energy calculation using 
MM-PBSA, the results of which came out to be lowest (ΔG: − 30.89 kcal/ 
mol), thus suggesting further evaluation of diaryl pyrimidines as effec
tive anti-SARS CoV-2 agents [45]. Fig. 4 highlights some of the purine 
and pyrimidine derivatives active against coronaviruses. 

6. Pyrazole derivatives 

Pyrazolones have been exploited for activity against viruses. A set of 
6800 compounds from Korea chemical bank database underwent high 
throughput screening to obtain the most potent compound against SARS 
CoV 3CLpro. After primary screening using Dabcyl-KTSAVLQSGFRKME- 
Edans as fluoregenic substrate, the compounds that showed > 50% in
hibition of protease activity at 50 μM further undergo secondary 
screening at 10 μM. The inhibition assay revealed compound 28 as the 
most potent inhibitor of SARS CoV 3CLpro with an IC50 value of 2.5 μM. 
The docking analysis of compound 28 within the active site of SARS CoV 
3CLpro (PDB: 1UK4) using Discovery studio modelling 1.2 SBD pro
gram, depicted a good fit of the molecule with its 4,5-dihydro-1H-pyra
zole moiety occupying S1′ and S2 sites and remaining part resting at S3 
site of the protease [46]. Another series of pyrazolone analogues were 
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reported for the antiviral potential against SARS CoV 3CLpro and CVB3 
3Cpro. As a result of in vitro FRET analysis, compound 29, with a p- 
benzylidene aryl ring substitution at C4 of pyrazolone moiety, was 
observed to be endowed with marked activity against both 3CLpro and 
3Cpro with IC50 values of 8.4 μM and 9.6 μM, respectively. The MTT 
cytotoxicity assay results revealed no cytotoxicity of the target com
pounds at 200 μM. To further confirm the inhibitory potential of the 
target compounds, molecular docking analysis via Discovery studio 
modelling 1.2 SBD program of Accelrys, of the derivatives within the 
binding site of SARS CoV 3CLpro (PDB: 1UK4) was performed which 
unleashed a favourable conformation of compound 29 with its N1 
phenyl substituent fitted well in S1′ pocket while the O of nitro group 
formed a hydrogen bond with Gly 143. The carbonyl oxygen of pyr
azolone moiety was involves in H-bond formation with Glu 166. The 
phenyl ring at C3 of pyrazolone fitted well in hydrophobic S2 site while 
the p-carboxybenzylidene substituent at C4 of pyrazolone nucleus fitted 
easily in S3 pocket with carboxyl oxygen forming a hydrogen bond to 
Gln 192. The in vitro and in silico study results emphasized on the 
imperative role of carboxyl group in benzylidene ring as pyrazolone 
derivatives lacking this substituent lost their inhibitory potential. It was 
found that the presence of electron withdrawing substituents like nitro, 
cyano or fluoro at N1 phenyl ring led to an increase in inhibitory po
tential [47]. Some 5-pyrazolone derivatives were designed and evalu
ated for their inhibitory potential against SARS CoV and MERS CoV 
3CLpro. The in vitro fluorometric analysis using Dabcyl- 
KTSAVLQSGFRKME-Edans as peptide substrate for 50 nM SARS CoV 
3CLpro or 300 nM MERS CoV 3CLpro, unleashed the highest potential of 
compound 30 with IC50 values of 5.8 μM and 7.4 μM, respectively. The 
structure activity relationship study proved that the replacement of 
bulky phenyl substituent from position 3 of pyrazolone moiety with 
smaller groups like methyl or CF3 will led to loss of inhibitory potential. 
Also, the removal of carboxylate group from compound 30 resulted in 
derivatives with no inhibitory activity. The substitution with lipophilic 
group at p-position of phenyl ring at N1 of pyrazolone also led to a 
marked increase in activity. The in vitro assay results were further 
confirmed by docking analysis of the ligand within the active site of 
SARS CoV 3CLpro (PDB: 2ALV) using iGemdock v2.1 program. The 
docking results revealed a good fit of compound 30 within the active site 

with carboxylate moiety resting in S1 site forming hydrogen bonds to 
Gly 143, Ser 144 and Cys 145 while furan moiety interacting with hy
drophobic S1′ site. The lipophilic tert-butyl group of compound 30 
showed good interaction with hydrophobic S2 site, thus enhancing its 
inhibitory potential. Also, the carbonyl group of pyrazolone moiety is 
involved in hydrogen bond formation with His 41, thus destabilizing the 
catalytic dyad at the active site of SARS CoV 3CLpro [48]. The ZINC 
database was screened using RASPD web server with the aim of 
searching for potent SARS CoV-2 main protease inhibitors. The best two 
hit molecules selected as a result of RASPD score, were screened for their 
drug likeness using SwissADME and Molinspiration servers which 
revealed a good bioactive score and pharmacokinetics of both the li
gands. Therefore, these two ligands were analysed for their binding af
finities with SARS CoV-2 main protease (PDB: 6LU7) using ParDOCK 
server. The docking study results showed a good fit of both the ligands 
within the active site of protease with a higher binding affinity of 
compound 31 (Binding energy: − 6.20 kcal/mol) comparable to ligand 
N3 (Binding energy: − 6.43 kcal/mol), involving π-alkyl interactions 
with histidine residue of main protease [49]. Fig. 5 depicts pyrazole 
derivatives. 

7. Thiazole derivatives 

Thiazoles and their derivatives have been explored for activity 
against corona viruses. A series of trifluoromethyl ketone peptide de
rivatives were designed and evaluated for their activity against SARS 
CoV 3CLpro. The inhibition assay results revealed low inhibition po
tential of these derivatives with a minimum Ki value of 21 μM. Regnier 
et al. designed another series of derivatives by replacing the tri
fluoromethyl ketone group with electron withdrawing thiazolyl or 
benzothiazolyl ketone moieties, with the objective of improving the 
covalent bond formation with Cys 145 of catalytic dyad at the active site 
of 3CLpro. The inhibition assay results proved the highest potency of 
compound 32, a thiazolyl ketone peptide derivative, possessing a Ki 
value of 2.2 μM. This inhibitory potential was further confirmed by 
computational docking study of 32 with SARS CoV 3CLpro (PDB: 1WOF) 
using MOE 2007.09 modelling package which demonstrated a good fit 
of ligand within the active site of protease with N of thiazole forming a 

Fig. 4. Purine and Pyrimidine derivatives acting on coronaviruses.  

Fig. 5. Pyrazole derivatives acting as inhibitors of SARS CoV or SARS-CoV-2.  
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hydrogen bond to His 41 while the benzyloxycarbonyl and thiazolyl 
ketone groups involved in interaction with Cys 145 of the catalytic dyad 
[50]. The 5-arylidene-4-thiazolidinones were considered less selective 
towards biological targets because of the high reactivity of exocyclic 
double bond with the nucleophilic protein residues favouring the 
Michael addition reaction. Therefore, isosteric thiopyrano[2,3-d][1,3] 
thiazole derivatives were synthesized taking 5-substituted-4-thioxo-2- 
thiazolidinone as precursors. Compound 33 displayed the highest anti- 
cancer potential with GI50 value of 0.309 μM against MCF-7 breast 
cancer cell lines while it demonstrated a moderate potency against SARS 
CoV with IC50 value of 23 µM (visual assessment) and IC50 value of 14 
µM (neutral red dye assessment) [51]. Konno et al. took compound 32 as 
lead and carried out the molecular modelling with 3CLpro (PDB: 1WOF) 
and found a vacant space in S1′ pocket carrying the thiazolyl group of 
compound 32 and a protruding benzyloxycarbonyl (P4) moiety from the 
active site while cyclic amide (P1) and electron withdrawing thiazolyl 
(P1′) moieties were observed to be crucial for inhibitory activity. The 
authors carried out optimization of P1′ and P4 moieties to get more 
efficient anti-SARS CoV 3CLpro inhibitors. The fluorescence-based 
peptide cleavage assay results of the newly optimized derivatives 
using Dabcyl-KTSAVLQSGFRKME-Edans as fluorogenic substrate, indi
cated the pronounced inhibition effect of compound 34 (against SARS 
CoV 3CLpro possessing Ki value of 0.003 μM. The authors reported that a 
benzothiazolyl moiety led to enhancement of activity owing to its good 
fit in the large S1′ pocket. Also the presence of 4-N,N’-dimethylamino
phenoxy acetyl moiety resulted in favourable hydrophobic interactions 
with Ala 191 at S4 pocket, with a unique folding conformation for 
improved anti-SARS CoV potential [52]. As 4-thiazolidinone and pyr
azoline analogues exhibit potent antiviral activity, 2-pyrazoline-4-thia
zolidinone hybrid derivatives were designed and evaluated in vitro for 
their anticancer and antiviral potential. Compound 35 emerged as the 
most potent anticancer and antiviral agent based on AACF (antimicro
bial acquisition coordinating facility) programme, against Tacaribe 
TRVL 11,753 strain (EC50: 0.71 μg/mL) but showed mild activity to
wards SARS CoV urbani strain (EC50: 49 μg/mL) [53]. The same group 
(Havrylyuk et al., 2013) synthesized, another series of 5-pyrazoline 
conjugated 4-thiazolidinones analogues to get more active anticancer 
and antiviral agents. The evaluation of antiviral potency of compound 
36 exhibited an EC50 value of 21.46 μM and a CC50 value of 34.67 μM 
against SARS CoV urbani strain [54]. A set of 5-ylidene-4-thiazolidi
none-3-carboxylic acid derivatives were synthesized and found to have 
low or moderate inhibitory potential of the target compounds where 
compound 37 displayed marked anti-SARS CoV activity with an EC50 
value of 27 μM and a selectivity index of >3.7 against SARS CoV urbani 
strain in Vero 76 cells [55]. A commercial database was screened to 
identify the novel inhibitors of SARS CoVMpro. Using the 3D structure of 
transmissible gastroenteritis Mpro (PDB: 1LVO) as template, the struc
ture of SARS CoVMpro was simulated and its active site predicted owing 
to the sequence similarity between the two proteases. The molecular 
docking analysis result revealed the analogues bearing the core nucleus 
as compound 38 as inhibitors of SARS CoVMpro had the potential to 
inhibit Mpro infected Vero-E6 cells [56]. Some of such derivatives are 
depicted in Fig. 6. 

8. Triazole derivatives 

Triazoles have been reported in literature to possess remarkable 
antimicrobial activity. A series of benzotriazole esters was prepared by 
condensing (HBTU Hexafluorophosphate benzotriazole tetramethy
luronium) with carboxylic acids and the target compounds were eval
uated for their potential against SARS CoV 3CLpro using in vitro and in 
silico studies. The in vitro fluorometric assay revealed compound 39 to be 
highly active anti-viral agent (Ki value: 7.5 nM; CC50: >100 μM) with an 
irreversible inhibition of SARS CoV 3CLpro. The in silico molecular 
docking exposed a favourable conformation of compound 39 within the 
active site of SARS CoV3CLpro (PDB: 1uk4) with benzotriazole scaffold 

resting in pocket containing Gly 143, Ser 144 and Cys 145, facilitating a 
nucleophilic attack by the Cys 145 to the carbonyl group in benzo
triazole ester. Also, the hydrogen bond formation between indole of 39 
and –OH group of Thr 25 further stabilized the complex formation with 
SARS CoV 3CLpro. The benzotriazole ester derivatives exhibited a good 
inhibition of SARS CoV 3CLpro via acylation of Cys 145 in the catalytic 
dyad at active site [36]. Triazole based non-covalent inhibitors of SARS 
CoV 3CLpro were developed and analysed for their anti-SARS CoV 
3CLpro inhibitory activity. Compound 40, a biaryl substituted triazole 
derivative possessed a ligand efficiency of >0.3 which on analysis 
demonstrated the highest potency with an IC50 value of 0.051 μM [57]. 
Some 1,5-disubstituted tetrazole-1,2,3-triazole conjugates were 
screened via docking analysis against SARS CoV-2 main protease 
(PDB:6LU7) possessing the favourable interactions similar to the co- 
crystalized ligand with the active site catalytic triad, Gly 143, Ser 144 
and Cys 145 residues involving the hydrogen bonds and hydrophobic 
interactions. Ten 1,5-disubstituted tetrazole-1,2,3-triazole hybrids as 
SARS CoV-2 Mpro inhibitors were generated. Among the proposed hy
brids, compound 41 having an isatin moiety exhibited the highest 
interaction energy (E: − 255.79 kcal/mol) within the active site of 6LU7 
involving hydrogen bond formation of 1,2,3 triazole moiety with Ser 
144 and Cys 145 and that of tetrazole moiety with Ser 1 and Asn 142 and 
also electrostatic interactions with His 41, His 172, Glu 166 and His 163 
while the higher number of rings in its structure enhance the hydro
phobic interactions [58]. Fig. 7 depicts some triazole derivatives active 
against corona viruses. 

9. Miscellaneous heterocycles 

Keeping in view the anti-SARS CoV activity of aryl diketo acids, a 
series of bioisosteric dihydroxy chromones were designed and examined 
for their SARS COV inhibitory potential against ATPase and helicase 
using phosphate release assay method and FRET-based analysis, 
respectively. The in vitro assay results revealed a good inhibitory po
tential of compound 42, a flavonol analogue with free catechol group, 
with IC50 values of 25.4 μM and 2.7 μM against ATPase and helicase, 
respectively which proposed the involvement of two binding sites in 
Mpro i.e. one for hydrophobic interaction with arylmethyl moiety while 
other for hydrogen bond interaction with free catechol moiety [59]. Kim 
et al. developed a series of 2,6-bis-arylmethyloxy-5-hydroxychromones 
as anti-SARS CoV agents. The compounds displayed dual inhibitory 

Fig. 6. Thiazole derivatives active against coronaviruses.  
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activities against both nucleoside triphosphatases and helicases of SARS 
CoV. The compound 43 was found to be endowed with highest potential 
against both HCV (EC50: 4 μM) and SARS CoV (IC50: 4 μM for ATPase and 
11 μM for helicase) with no cytotoxicity in HS27 (human normal 
fibroblast) cells (CC50 > 50 μM). According to structure activity rela
tionship study, 3-iodo- or chloro-substituted benzyloxy moiety on 5-hy
droxy chromone scaffold played a major role whereas derivatives with 
substitution at position 4 of benzyloxy ring displayed lower inhibition 
potential [60]. As nitric oxide (NO) derivatives have shown good anti
viral effect against SARS CoV, hence phenyl furoxan derivatives, as NO 
donors, were evaluated by in silico approaches to test their potency 
against SARS CoV. The molecular docking analysis of some compounds 
with SARS CoVMpro (PDB: 6 W63) disclosed the best binding pose of 
compound 44 with binding affinity of − 9.8 kcal/mol and dock score of 
− 90.91. The docked conformation revealed hydrogen bond formation of 
44 with Cys 145 and Ser 144 residues of the catalytic triad and also 
aromatic interactions involving His 41 and His 163. It was also 
concluded from docking results that spiroisoquinolino-piperidine 
substituted furoxan analogues exhibited better binding interactions 
compared to benzhydrylpiperazine substituted furoxan analogues. The 
molecular dynamic simulation demonstrated the stable complex for
mation between 44 and Mpro comparable to the co-crystalized ligand 
with ΔG value of − 171.972 kj/mol [61]. A series of oxazine conjugate 9- 
anilinoacridine derivatives was designed using molecular docking 
approach of Schrodinger suite 2019. All the docked ligands represented 
favourable conformation within the active site of SARS CoV-2 Mpro 
(PDB: 5R82) while compound 45 exhibited the highest binding affinity 
with a Glide score of − 7.829 greater than the standard hydroxy
chloroquine (Glide score: − 5.47) which could be attributed to enhanced 
lipophilicity and hydrogen bonding of the ligand. The –OH group of 
phenyl ring was found to be involved in H-bond formation with Asn 119 
residue of Mpro. The determination of ADMET properties of all the 
designed ligands were within the acceptable values. The molecular dy
namic simulation study depicted a stabilized complex formation of A38- 
5R82, with –OCH3 group of 45 forming a hydrogen bond with Asn 119 

while N of acridine hydrogen bonded with Arg 188 and Ser 144 and 
acridine moiety also showed π-π interaction with His 41 [62]. With the 
help of computational methods, the CAS COVID-19 antiviral compound 
database was screened for nearly 50,000 compounds to examine their 
potencies against SARS CoV-2 Mpro and RdRp. The compounds were 
virtually screened by docking analysis using the crystal structures of 
main protease (PDB: 6LU7) and RdRp (PDB: 6LM7) proteins, by SMINA 
software. The selected hits were further analysed for their pharmaco
kinetic and pharmacodynamic parameters using pkCSM model. The best 
possible compounds were subjected to molecular dynamic simulation 
for stabilization of the complexes with the proteins via GROMACS 2018 
program and compounds 46 (Binding affinity: − 9.064 kcal/mol) and 47 
(Binding affinity 8.816 kcal/mol) showed best binding poses and good 
ADMET against Mpro and RdRp, respectively. The compound 46 was 
stabilized well in the active site of Mpro forming hydrogen bonds with 
Gly 143, Ser 144 and Cys 145 while the morpholine moiety and 1,3,5- 
triazine group were involved in hydrophobic interactions with His 41 
and Met 49 of catalytic dyad. The compound 47 also showed stable 
conformation within RdRp active site involving hydrogen bonds with 
Arg 553, Tyr 619 and Ser 682. There was formation of stable complexes 
46 with 6LU7 and 47 with 6MU7 as per MD simulation studies [63]. 
Miscellaneous compounds are shown in Fig. 8. 

10. Natural products 

Natural products are being used as natural remedies for various 
ailments since time immemorial. Scientists have been actively involved 
in derivatization of these natural products to yield active compounds. A 
class of quinoid derivatives, tanshinones from Salvia miltiorrhiza, were 
evaluated for their antiviral potential against SARS CoV cystein pro
teases, 3CLpro and PLpro. The FRET based peptide cleavage assay re
sults showed that compound 48, a dihydrotanshinone I, was found to be 
endowed with highest competitive inhibition potential against both 
SARS CoVMpro (IC50: 14.4 μM) and PLpro (IC50: 4.9 μM) and a good 
inhibition of deubiquitination (IC50: 1.2 μM). The structure activity 
relationship study revealed the presence of a naphthalene ring and a 
dihydrofuran moiety in tanshinone 1 analogues to be crucial for anti- 
SARS CoV activity [64]. Twelve geranylated flavonoids were isolated 
from Paulownia tomentosa fruit extract with the view to examine their 
anti-SARS CoV potential against PLpro. The FRET inhibition assay re
sults demonstrated compound 49 possessing a 3,4-dihydro-2H-pyran 

Fig. 7. Some active triazole anti-coronavirus derivatives.  

Fig. 8. Miscellaneous heterocyclic compounds with anti-coronavirus activity.  
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moiety, to be the most potent mixed type reversible inhibitor of SARS 
CoVPLpro exhibiting an IC50 value of 6.1 μM and Ki value of 3.5 μM [65]. 
Another library of 64 flavonoids was examined using FRET based inhi
bition assay and induced fit docking analysis, to determine the inhibi
tory potential of the target compounds against SARS CoV 3CLpro. 
Herbacetin 50, a pentahydroxyflavone, showed good inhibitory activity 
with an IC50 value of 33.17 μM. It showed good inhibition even in the 
presence of 0.01% Triton X-100, which is used to avoid the false 
bioassay results owing to the aggregating tendency of flavonoids. The 
induced-fit docking analysis of compound 50 within the active site of 
SARS CoV 3CLpro (PDB: 4WY3) revealed its good binding interaction 
with a glide score of − 9.263. The 8 –OH group of 50 formed hydrogen 
bonds with Glu 166 (S1 pocket) and Gln 189 (S2 pocket) which imparted 
additional binding affinity to 50 with the 4WY3 compared to other 
analogues, kaempferol and morin which lack the hydroxyl group at 
position 8 [66]. Some plant alkaloids and terpenoids of African origin 
were analysed by molecular docking studies, for their antiviral potential 
against SARS CoV-2 main protease (PDB: 6LU7). Among the alkaloids, 
10-hydroxyusambarensine (51) an indole alkaloid from Strychnos 
usambarensis (Binding affinity: − 10.0 kcal/mol) and among the terpe
noids, compound 6-oxoisoiguesterin (52), a bisnorterpene from Bisnor
terpenes (Binding affinity: − 9.1 kcal/mol) exhibited the highest binding 
potentials against SARS CoV-2 3CLpro even higher than the references 
taken, lopinavir (-8.3 kcal/mol) and ritonavir (− 6.8 kcal/mol). There 
was hydrogen bond formation with Cys 145, Gln 166 and Gln 189 in 51 
and in 52 with Thr 111 and Thr 292 leading to a favourable confor
mational fit within the active site of SARS CoV-2 Mpro. The ADMET 
study revealed good pharmacokinetics of both the ligands with a high 
gastrointestinal absorption index and no toxicity [67]. Fig. 9 highlights 
some natural products. 

10.1. Authors’ perspective 

Based on the literature available, it was observed that some of the 
key enzymes of coronaviruses show high sequence similarity among 
themselves which can be exploited to target these coronaviruses by 
compounds with similar scaffolds and their bioisosteric analogues over a 
wide range. Therefore, keeping this in mind, this review gives an insight 
into the crucial role of heterocyclic moieties as anti-SARS CoV and anti- 

SARS Cov-2 agents. Isatin nucleus has shown tremendous effects against 
SARS CoV Mpro involving hydrogen bond formation by carbonyl and 
amine groups of isatin scaffold within the active site of protease as 
demonstrated by docking analysis [16]. 5-carboxamide and 5-sulfon
amide analogues of isatin also revealed better inhibitory potential 
compared to 5-iodo analogues [17,18]. As hybrids of different hetero
cycles have often been used to increase potency, similarly, the pyrimi
dine fused indole derivatives demonstrated great potential against SARS 
CoVMpro [20]. Drugs like vapreotide, arbidol and delavirdine have also 
shown good inhibition activities against SARS CoV-2 helicase, spike and 
RdRp proteins, respectively [21–23]. Quinoline based heterocycles are 
in great demand with the researches on chloroquine and hydroxy
chloroquine as anti-SARS CoV-2 agents [33]. The quinolinone de
rivatives have also shown promise against SARS CoV Mpro, thus 
emphasizing the need to think of more such derivatives as anti-SARS 
CoV-2 agents [29]. The 5-chloropyridines like MAC-5576 and pyridine 
N-oxides also exhibited good inhibition of SARS CoVMpro [34,35]. 
Further, the docking analysis revealed a good fit of 4-indolecarboxylate 
fused 5-chloropyrine derivatives within the binding pocket of SARS CoV 
Mpro [37]. Therefore, 5-chloropyridine moiety proved to be effective 
against SARS CoVMpro and can be further exploited against SARS CoV-2 
infections. Purine analogues, 6-mercaptopurine and 6-thioguanine 
demonstrated reversible competitive inhibition of SARS CoV PLpro 
through the formation of strong hydrogen bonds within the active site of 
protease [41]. The in silico analysis of pyrimidine based drugs, carmofur, 
zidovudine and AP-NP unleashed a potent inhibition of SARS CoV-2 
Mpro, SARS CoV-2 nucleocapsid RNA binding domain and SARS CoV- 
2 spike-ACE-2 complex, respectively, thus providing an insight into 
the need for greater research on purine and pyrimidine analogues as 
SARS CoV-2 inhibitors [43–45]. The pyrazole and 5-pyrazolone de
rivatives underwent a favourable conformation within the active site of 
SARS CoV 3CLpro through hydrogen bonds and hydrophobic in
teractions with S1, S1′, S2 and S3 pockets of the protease, emphasizing 
on a crucial role of this moiety as SARS CoV inhibitory agent [46–48]. 
This review discloses a mild to moderate SARS CoV inhibitory potential 
of pyrazoline conjugated 4-thiazolidinones while 5-benzylidene-4-oxo- 
1,3-thiazolidine derivatives demonstrated good binding affinity with 
SARS CoV Mpro [havrylyuk; shen], thus asserting on a need for devel
oping better 4-thiazolidinone derivatives as inhibitors of SARs corona
viruses. Some triazole derivatives also revealed potent inhibition of 
SARS CoV as indicated by docking analysis with SARS CoV Mpro active 
site [36]. Heterocyclic compounds of natural origin also play a crucial 
role in inhibiting the SARS CoV and SARS CoV-2 infections as depicted 
in this review [64–67]. 

11. Conclusion 

With the emergence of SARS CoV-2 pandemic there is an urgent need 
for designing and developing safe, low-cost and potent anti-SARS CoV-2 
agents and therapies with the aim to put an end to this global health 
crisis as early as possible. At present, a number of pharmaceutical in
dustries and research centres throughout the world are working persis
tently to find a solution to the current pandemic situation. Some drugs 
are being repurposed based on their current therapeutic application 
while some are undergoing clinical trials to investigate their safety, ef
ficacy and toxicity against SARs CoV-2 infections. Much focus has been 
given on pharmacotherapy, immunotherapy and plasma therapy as a 
means to combat SARS CoV-2 and other such life-threatening infections 
at present and in future. However, there is no vaccine or medication 
approved by FDA till date. Therefore, keeping in view the immense role 
of heterocyclic compounds as antiviral agents specially against coro
naviruses, the better knowledge and understanding of the mechanism of 
heterocyclic scaffolds as anti-SARS CoV, anti-MERS CoV and anti-SARS 
CoV-2 agents may led to the discovery of an effective antiviral treatment 
thus minimizing the morbidity and mortality. As SARS CoV-2 show 82% 
sequence similarity with SARS CoV genome and also many target Fig. 9. Natural products as SARS CoV/CoV2 inhibitors.  
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enzymes in SARS CoV, MERS CoV and SARS CoV-2 also show similarity, 
therefore, many existing approved drugs and compounds revealing 
inhibitory potential against SARs CoV or MERS CoV can be exploited to 
analyse their potential against SARS CoV-2 pandemic. This review fo
cuses on FDA approved or unapproved heterocyclic compounds 
involved in inhibiting SARS coronaviruses through in vitro or in silico 
approaches which may act as lead structures for the design and devel
opment of potent SARS CoV-2 inhibitors and other such pathogenic in
fections in future. 
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