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1 | INTRODUCTION

Abstract

Chalcone is an interesting scaffold found in the structure of many naturally occurring
molecules. Medicinal chemists are commonly interested in designing new chalcone-
based structures because of having the «, B-unsaturated ketone functional group,
which allows these compounds to participate in Michael's reaction and create strong
covalent bonds at the active sites of the targets. Some studies have identified several
natural chalcone-based compounds with the ability to inhibit the severe acute respi-
ratory syndrome coronavirus and Middle East respiratory syndrome coronavirus pro-
teases. A few years after the advent of the coronavirus disease 2019 pandemic and
the publication of many findings in this regard, there is some evidence that suggests
chalcone scaffolding has great potential for use in the design and development of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) inhibitors. Artificial
placement of this scaffold in the structure of optimized anti-SARS-CoV-2 compounds
can potentially provide irreversible inhibition of the viral cysteine proteases
3-chymotrypsin-like protease and papain-like protease by creating Michael interac-
tion. Despite having remarkable capabilities, the use of chalcone scaffold in drug
design and discovery of SARS-CoV-2 inhibitors seems to have been largely
neglected. This review addresses issues that could lead to further consideration of
chalcone scaffolding in the structure of SARS-CoV-2 protease inhibitors in the

future.
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investigated against SARS-CoV-2 and it was found that most of

them are active.

Modern viral genetic studies immediately after the advent of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
revealed that the genome of this virus has approximately 80% simi-
larity with severe acute respiratory syndrome coronavirus (SARS-
CoV) and about 50% similarity with Middle East respiratory syn-
drome coronavirus (MERS-CoV) (Lu et al., 2020). Identifying the
high genetic similarity of these viruses made it possible to use past
scientific findings to purposefully design new studies. Accordingly,
the inhibitory effects of the identified natural-based/synthetic
structures with an inhibitory effect against the SARS-CoV were

Natural compounds are always one of the most important
resources for finding bioactive structures that are readily available to
us. Natural resources easily provide us with complex structures that
are sometimes very difficult and costly to produce in the laboratory
(Corona et al, 2022; DeCorte, 2016; Harvey, Edrada-Ebel, &
Quinn, 2015; Valipour, 2022c). Since the advent of the SARS-CoV-2,
many natural-based bioactive molecules have been introduced with
extensive capabilities to inhibit this virus (Derosa, Maffioli, D'Angelo, &
Di Pierro, 2021; El-Missiry, Fekri, Kesar, & Othman, 2021; Gour, Man-

has, Bag, Gorain, & Nandi, 2021; Haq et al, 2020; Sisakht,
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Mahmoodzadeh, & Darabian, 2021; Yang et al., 2021; Zahedipour
et al., 2020; Zalpoor, Bakhtiyari, Liaghat, Nabi-Afjadi, & Ganjalikhani-
Hakemi, 2022). We have recently reviewed the therapeutic potential
of natural compounds chelerythrine, emetine, and papaverine to fight
the SARS-CoV-2 from different aspects (Valipour, 2022b; Valipour,
Irannejad, & Emami, 2022a, 2022b; Valipour, Zarghi, Ebrahimzadeh, &
Irannejad, 2021). Continuing our efforts in this field, we have reached
a structural platform called “Chalcone,” which is of interest to us from
different angles for future in silico, in vitro, and in vivo studies. This
study tries to highlight the potential and importance of this scaffold
for use in the structure of novel SARS-CoV-2 inhibitors for future
research. It is obvious that an accurate conclusion regarding the
potential of chalcone-based compounds to inhibit SARS-CoV-2 is pos-
sible after conducting adequate in vitro and in vivo research.

Chalcone structure with the IUPAC name (international union of
pure and applied chemistry name) of “1,3-diphenylprop-2-en-1-one”
is a simple scaffold that is found in abundance in the structure of
diverse natural-based compounds. Structurally, Chalcones can exist as
E and Z isomers, but the E isomer is more thermodynamically stable
(Figure 1). As shown, chalcones are made by connecting two phenyl
rings with a three-carbon o-p unsaturated ketone bridge. Typically,
the phenyl ring attached to the carbonyl group is referred to as the A
ring and the farther phenyl ring as the B ring. Due to the development
of diverse synthetic methods for the production of chalcones deriva-
tives (such as Claisen—Schmidt condensation, Friedel—Crafts acyla-
tion, Photo-Fries rearrangement and various cross-coupling methods
including the Suzuki reaction, Heck reaction, Julia—Kocienski reaction,
and Wittig's reaction), this scaffold is of great interest to medicinal/
organic chemists for the design and production of new compounds
(Zhuang et al., 2017). One of the important chemical characteristics of
chalcones that play a key role in the exertion of diverse biological
activities is having «, B-unsaturated ketone functional group. This
structural part can act as Michael acceptors in chemical interactions
in vitro and in vitro. In these reactions, the carbon of the beta region
is attacked by various nucleophiles and establishes a covalent bond
with the attacking nucleophile (from this place) and finally, a stable
secondary structure is formed. Chemically, the more electron-
withdrawing substituents on ring A, the more active the beta carbon
will be and the tendency of chalcone compounds to participate in the
Michael reaction will be further.

Alteration and bio-isosteric replacement of chalcone phenyl rings
(rings A and B) by aromatic nuclei usually do not cause a problem in
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the biological effects, but changing the o, p-unsaturated ketone motif
can lead to a fundamental change in the activity of these compounds.
Since this component (o, -unsaturated ketone) can potentially cause
irreversible inhibition of SARS-CoV-2 cysteine proteases, this study
suggests that chalcone-based structures can be considered in the
future discovery and development of anti-coronavirus disease 2019
(COVID-19) agents.

2 | ANTIVIRAL ACTIVITY OF CHALCONE-
BASED COMPOUNDS

Chalcone derivatives show a wide range of biological activities such
as anti-cancer, anti-inflammatory, antibiotic, antioxidant, antileishma-
(Gaonkar &
Vignesh, 2017; Kar Mahapatra, Asati, & Bharti, 2019; Singh, Anand, &
Kumar, 2014). Some chalcone-based structures, such as metochalcone

nial, antimalarial, antitubercular, antidiabetic, etc.

(as a choleretic drug) and sofalcone (as an antiulcer and mucoprotec-
tive drug), have even been approved for clinical use. Previous studies
have also reported excellent antiviral activity of chalcones against a
wide range of viruses, including different types of influenza virus (Dao
et al, 2011; Malbari et al, 2018; Nguyen et al, 2010; Park
et al, 2011), herpes simplex viruses (HSVs) (Phrutivorapongkul
et al., 2003), hepatitis C virus (HCV) (Adianti et al., 2014; Mateeva
et al., 2017), human immunodeficiency virus (HIV) (Cole, Hossain,
Cole, & Phanstiel IV, 2016; Hameed et al., 2016; Sharma et al., 2011;
Wu, Wang, Yi, & Lee, 2003), Zika virus (ZIKV), tobacco mosaic virus
(Guo et al., 2019), cucumber mosaic virus (Gan, Wang, Hu, &
Song, 2017), etc. (Figure 2a). Mechanistic evaluations in these studies
show that chalcones can exert their direct antiviral effects in different
ways. A recent review by Elkhalifa et al. summarizes well the results
of mechanistic studies of chalcone-based compounds against various
viruses (Elkhalifa, Al-Hashimi, Al Moustafa, & Khalil, 2021).
Chemically, chalcones are very similar to flavonoids and are actu-
ally their open and flexible analogs, which are made by connecting
two aromatic rings with a three-carbon a-p unsaturated ketone bridge.
Due to the similarity in structure and size, if these compounds have
the same substitutions on rings A and B, they can potentially have
similar physicochemical properties and ADME-T parameters (absorp-
tion, distribution, metabolism, excretion, and toxicity), which is impor-
tant in evaluations of pharmacokinetics properties and drug-likeness
of these compounds during drug discovery processes. Despite these

FIGURE 1 Chemical
structure of chalcone and
determination of its different
chemical positions, along with

__________________________ ; structure of E/Z isomers
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(Myricetin)
SARS-CoV-2 3CLpro inhibition,
1C50: 2.86 £ 0.23 pM

19
(Scutellarein)
SARS-CoV-2 3CLpro inhibition,
I1C50: 5.8 £0.22 uM

21
(Baicalein)
SARS-CoV-2 3CLpro inhibition,
1C50: 0.39 £ 0.11 uM

(a) Chemical structure of some chalcone-based compounds with anti-influenza (compounds 1-4) (Dao et al., 2011; Malbari

et al.,, 2018; Nguyen et al., 2010; Park et al., 2011), anti-HSV (compounds 5 and 6) (Brandao et al., 2010; Phrutivorapongkul et al., 2003), anti-
HCV (compounds 7 and 8) (Adianti et al., 2014), anti-HIV (compounds 9-12) (Cole et al., 2016; Hameed et al., 2016; Sharma et al., 2011; Wu
et al., 2003), and anti-ZIKV activities (compounds 13-15) (Mottin et al., 2022); (b) Structural similarity of some chalcone-based compounds (16,
18, and 20) and corresponding anti-SARS-CoV/SARS-CoV-2 flavonoids (compounds 17, 19, and 21) (Liu et al., 2021)
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similarities, chalcones and flavonoids have some important differences
that are noteworthy. The most important difference is probably
related to the possibility of chalcones participating in Michael interac-
tions and forming covalent bonds with nucleophiles, which flavonoids
lack this feature. Another important difference between these com-
pounds is related to the different structural flexibility. Chalcones are
clearly more flexible due to having an aliphatic linker in the middle
section of the scaffold and creating E and Z structural isoforms, but
flavonoids are more rigid structures. In general, this difference in flexi-
bility cannot be considered an advantage or a disadvantage, because
the structure-activity relationships in medicinal chemistry studies
show that each of these characteristics can be useful or harmful in dif-
ferent conditions in optimizing the activity of structures. In general,
chalcones can have more advantages for creating further interaction
in the active site of targets due to the possibility of participating in
Michael's reactions and also having more flexibility, but on the other
hand, these features make chalcones have more possibility of
unwanted interaction with other targets, which can be considered a
defect.

Although the antiviral effects of flavonoids have been well stud-
ied against coronaviruses especially SARS-CoV and SARS-CoV-2
(Bardel¢ikova, Mirossay, §o|t§/s, & Mojzis, 2022; Jo, Kim, Kim, Kim, &
Shin, 2020; Liskova et al., 2021; Ngwa et al., 2020; Russo, Moccia,
Spagnuolo, Tedesco, & Russo, 2020; Solnier & Fladerer, 2020), the
potential of chalcone-based compounds to inhibit these viruses have
received less attention. Due to the significant structural similarity
(as mentioned above), further investigation of the anti-SARS-CoV-2
activity of chalcone structures (such as compounds 16, 18, and 20)
corresponding to potent anti-SARS-CoV-2 flavonoids such as myristin
(17), scotlarine (19), baikaline (21), etc. seems necessary (Figure 2b).
The greater flexibility along with having the same functional groups
and pharmacophores, as well as the ability to participate in Michael's
reaction in the active site of SARS-CoV-2 cysteine proteases
3-chymotrypsin-like protease (3CLpro) and papain-like protease
(PLpro), could potentially enable these compounds to have more
effective interactions against SARS-CoV-2 targets.

Although polyphenolic compounds (shown in Figure 2b) could
potentially have inhibitory effects against SARS-CoV-2, their clinical
use may be of concern. Based on the structure-toxicity relationships
(STRs) findings, compounds containing catechol moieties (in which
two hydroxyl groups are adjacent to each other on the phenyl ring)
could be toxic by forming stable complexes in the presence of heavy
metals such as iron or copper (Glaser & Holzgrabe, 2016; Schweigert,
Zehnder, & Eggen, 2001). However, in drug discovery and develop-

ment processes, toxicity issues must also be seriously considered.

3 | INHIBITORY EFFECTS OF CHALCONES
AGAINST CORONAVIRUSES

As stated in recent studies, enzymes 3CLpro and PLpro are the key
agents for the replication and pathogenesis of SARS-CoV-2 and are
highly regarded as critical targets for finding the treatment of COVID-

19 (Gonzalez et al., 2022). In previous studies, some natural-based
chalcones have been identified with a significant ability to inhibit cor-
onaviruses 3CLpro and PLpro enzymes. Given that numerous natural-
based and synthetic derivatives of chalcones have been identified so
far, it makes sense to search further to find more active derivatives
against SARS-CoV-2. Previous studies have shown that chalcone-
based structures have remarkable effects in inhibiting SARS and
MERS-CoV infections. For example, in a study by Park et al., the inhib-
itory activities of some chalcone derivatives isolated from Angelica
keiskei against important SARS-CoV enzymes 3CLpro and PLpro were
investigated using cell-free/based assays. Among tested compounds,
Xanthoangelol B (22), Xanthoangelol D (23), Xanthoangelol E (24), and
Xanthoangelol F (25) showed better inhibitory activities than others
(Figure 3). Mechanistic evaluations of this study suggested that the
tested chalcones inhibit the 3CLpro enzyme through competitive inhi-
bition, while PLpro inhibition is non-competitive (Park et al., 2016).

Park and co-workers also performed a study to evaluate the
inhibitory effects of some polyphenolic compounds extracted from
Broussonetia papyrifera against 3CLpro and PLpro enzymes of SARS
and MERS CoVs, in the presence of isoliquiritigenin, kaempferol, quer-
cetin, and quercetin-B-galactoside as positive controls. Among the
evaluated compounds, three alkaloids Broussochalcone A (26), Brous-
sochalcone B (27) and 4-hydroxyisolonchocarpin (28) have chalcone
skeletons that showed stronger inhibitory effects compared to stan-
dards. Also, the results showed that these chalcone-derivatives
showed significantly more inhibitory effects against PLpro enzyme
compared to 3CLpro enzyme with ICso ranging between 9.2 to
35.4 uM, and can suppress SARS-CoV more effectively than MERS-
CoV (Figure 3) (Park et al., 2017).

In another effort, Kim et al. also conducted a study for assess-
ment of inhibitory activity of phenolic phytochemicals bavachinin,
neobavaisoflavone, isobavachalcone, 4'-O-methylbavachalcone, psor-
alidin, and corylifol A driven from Psoralea corylifolia seeds against
SARS-CoV PLpro. Results of evaluations showed that chalcone-based
compounds isobavachalcone (29) and 4’-O-methylbavachalcone (30)
have remarkable inhibitory activities against SARS-CoV PLpro in a
dose-dependent manner by the ICso = 7.3 pM and 10.1 pM, respec-
tively (Figure 3) (Kim et al., 2014).

In a recent study, Jo et al. examined the anti-MERS-CoV 3CLpro
activity of a flavonoid library. Of the six compounds with the best
activity,  two compounds  called isobavachalcone  with
ICs0 = 35.85 uM, and helichrysetin (31) with I1Cso = 67.04 uM had
chalcone structures. Computational evaluations suggested that S1 and
S2 subsites of the MERS-CoV 3CLpro active site are further involved
in interactions with tested chalcones and flavonoid structures. These
researchers stated that chalcones and flavonols are the preferred scaf-
folds for binding to the MERS-CoV 3ClLpro catalytic site (Jo, Kim, Kim,
Shin, & Kim, 2019).

In the post-COVID-19 era, there are few in silico studies in which
chalcones are suggested as potential therapeutic agents for the treat-
ment of COVID-19 (Alsafi, Hughes, & Said, 2020; Duran et al., 2021;
Mathpal, Joshi, Sharma, Pande, & Chandra, 2022). In a recent in vitro
study, the antiviral activity of a new ciprofloxacin-chalcone hybrid
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FIGURE 3 Chemical structures of some chalcone-based compounds 22-32 with anti-SARS-CoV and anti-MERS-CoV activity

structure (compound 33) was assessed against SARS-CoV-2 3CLpro in
Vero cells by Alaaeldin et al. (2022; Figure 4). Results of evaluations
showed that this compound significantly inhibited viral load replica-
tion (EC5o = 3.93 nM), and the plaque formation ability of the virus
was inhibited to 86.8%. Enzymatic evaluations also showed that this
compound exhibited a significant inhibitory effect against 3CLpro
(ICso = 0.6 £0.05 pM) in vitro in a dose-dependent manner. In the
evaluations, the desired ciprofloxacin-chalcone hybrid compound
showed stronger inhibitory activity against SARS-CoV-2 replication as
well as 3CLpro inhibition compared to ciprofloxacin as the standard
positive control. Since crystallographic evaluations have not been
done in this study to determine how this compound binds in the
active site of the 3CLpro, it is not possible to conclude with certainty
about the role of the chalcone part in increasing the inhibitory activity.

Interestingly, as a result of the hybridization of ciprofloxacin with

chalcone, an N,2-diarylacetamide structural core is created in the mid-
dle part of the molecule 33, which structures similar to this core have
recently been recognized as special structural fragments that create
very strong interactions in the active site of the SARS-CoV-2 3CLpro
(see co-crystal ligands 34-37 attached to the 3CLpro active site with
the protein data bank (PDB) codes 5RGV, 5RGZ, 5R84, and 5RHO).

4 | BENEFITS OF USING CYSTEINE
REACTIVE WARHEADS IN THE STRUCTURE
OF SARS-COV-2 INHIBITORS

There are many approved drugs and hit/lead compounds whose struc-
tural design is based on reaction with cysteine residues in the active

sites of specific targets and covalent inhibition of these targets. As
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FIGURE 4 Chemical structure of a newly synthesized ciprofloxacin-chalcone hybrid structure 33, and some small molecules 34-37 having
N,2-diarylacetamide structure with significant anti-SARS-CoV-2 3CLpro activity (Alaaeldin, Mustafa, Abuo-Rahma, & Fathy, 2022)

can be seen in the structure of the approved drugs afatinib, ibrutinib,
osimertinib, and zanubrutinib (Figure 5a), the participant component
in Michael's reaction in these structures is the o, $-unsaturated part
attached to an amide group. It seems that the nitrogen atom of the
amide group here acts electronically as a balancer of activity, modulat-
ing/reducing the reactivity of molecules in vivo, which could poten-
tially have a significant effect on reducing unwanted interactions and
side effects. For this purpose and to prevent unwanted side reactions,
the rings of piperidine and piperazine can be tested and used instead
of the A-ring in chalcone structures.

In SARS-CoV-2 replication processes, viral proteases 3CLpro and
PLpro have a critical responsibility for the production of non-
structural proteins by processing crude polyproteins translated by
viral RNA. Because of these vital roles, these enzymes are considered
highly important targets for the drug development of anti-COVID-19
agents (Cho et al., 2022; Ghahremanpour et al., 2020; Shcherbakov
et al., 2021). In the designs made to make effective molecules, the
possibility of covalent and non-covalent inhibition of these enzymes
has been considered. Among these studies, some useful research has
been carried out recently for the development of covalent inhibitors
of the SARS-CoV-2 proteases. Unlike most of the past studies in
which the «, B-unsaturated carbonyl groups were used in the structure
of the molecules to inhibit the enzyme covalently, in recent studies,
different structural warheads such as acrylamide, dichloroacetamide,
ethyl-4-amino-4-oxobut-

2-chloroacrylamide, dibromoacetamide,

2-enoate, tribromoacetamide, 2-bromo-2,2-dichloroacetamide,

4-(dimethylamino)but-2-enamide, 2-chloro-2,2-dibromoacetamide,
etc. have been used in order to block the active site of the cysteine
proteases.

In a recent study by Ma et al., some novel covalent SARS-CoV-2
3CLpro inhibitors containing various cysteine reactive warheads were
designed and tested in order to inhibit the active site of the enzyme
(Ma, Xia, et al., 2021). Among tested compounds in this study, com-

pound 38 (Figure 5b) containing a dichloroacetamide moiety

represented promising antiviral activity (ECso = 2.05 pM) and selec-
tive enzymatic inhibition against 3CLpro (ICso = 0.43 uM) without
inhibition of the host cysteine proteases cathepsins (B, K, and L)
calpain |, and caspase-3. Importantly, the co-crystal structure of
SARS-CoV-2 3ClLpro with compound 38 (PDB code: 7RN1) shows
that this compound forms a critical covalent bond with the catalytic
Cys145. In another recent study by Yamane et al., a new potent irre-
versible inhibitor of SARS-CoV-2 3CLpro with the ICsq of 0.056 pM
(Figure 5b), compound 39 was developed that has chlorofluoroaceta-
mide moiety as a warhead for the covalent blockage of the thiol group
of Cys145 in 3CLpro active site (Yamane et al., 2022). Stille et al. also
recently introduced two optimized SARS-CoV-2 3CLpro covalent
inhibitors compound 40 (ICso = 0.42 uM, PDB code: 7MLG) and com-
pound 41 (ICsq = 0.41 pM, PDB code: 7MLF), in which vinyl sulfon-
amide and 2-chloroacetamide moieties are used respectively to create
covalent interaction in the active site of 3CLpro (Figure 5b) (Stille
etal., 2022).

As stated above, cysteine moieties are present as important inter-
acting residues in the active site of SARS-CoV-2 PLpro/3CLpro
enzymes, so chalcones containing «, B-unsaturated carbonyl functional
groups can potentially form covalent carbon-sulfur (C-S) bonds with
the sulfhydryl group of these residues (Figure 5c). Because covalent
bond formation is irreversible, a fatal blow to the virus will occur if
this interaction occurs (Stille et al., 2022). However, it should not be
overlooked that there are infinite proteins (such as a variety of
enzymes and receptors) in the in vivo environment to which irrevers-
ible covalent binding of chalcones with them may cause side effects
(Srinivasan, Johnson, Lad, & Xing, 2009; Zhou, Chan, Duan, Huang, &
Chen, 2005). The more reactive a molecule is, the more likely it is that
adverse reactions will occur. Chemically, the reactivity of chalcones
can be adjusted by placing electron withdrawing/donating groups on
the rings. For example, placing highly electron-withdrawing substitu-
tions on A-ring can significantly increase the reactivity of chalcones to
Michael's (Dinkova-Kostova,

participate in reactions
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Covalent bond

(a) The chemical structure of the FDA-approved drugs afatanib, ibrutinib, osimertinib, and zanubrutinib containing o, p-unsaturated

carbonyl moieties, are previously designed to inhibit their targets (containing a unique cysteine residue in a specific protein of the active site) by
irreversible hetero-Michael addition reaction; (b) Chemical structures of novel developed covalent SARS-CoV-2 3CLpro inhibitors 38-41
containing different cysteine reactive warheads (Ma, Xia, et al., 2021; Stille et al., 2022; Yamane et al., 2022); (c) Schematic representation of the
interaction of chalcone-based derivatives containing a, p-unsaturated ketone functional group at the active site of SARS-CoV-2 PLpro/3CLpro
cysteine proteases through Michael's reaction and constructing a covalent carbon-sulfur (C-S) bond (images were prepared using Discovery

Studio Visualizer v4.5)

2009). Of
course, the presence of o, f-unsaturated carbonyl group in the struc-

Abeygunawardana, & Talalay, 1998; Srinivasan et al.,

ture of a molecule does not mean that this compound necessarily
establishes a covalent interaction. Since molecules can form many
interactions such as hydrogen bonding, van der Waals, etc. in the
active sites with amino acid side chains and even with amide back-
bone (carbonyl group and -NH moieties), so performing the Michael

reaction requires proper spatial orientation of the molecule and

availability of the a, p-unsaturated portion for the sulfhydryl group of
the cysteine residues.

Sequencing the SARS-CoV-2 RNA genome shortly after its emer-
gence is one of the valuable steps to better fight COVID-19. Discov-
ering the high genetic similarity between SARS-CoV and SARS-CoV-2
allows medicinal chemists to a faster and more targeted design of
structures to find effective anti-COVID-19 agents. Based on the pre-

vious structure-activity relationship findings, several new studies
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were designed immediately, the results of which showed that most
SARS-CoV inhibitors are also effective against SARS-CoV-2. As
highlighted in some recent publications, SARS-CoV-2 PLpro is a prom-
ising antiviral drug target for several reasons, including its role in virus
replication and modulation of host innate immunity during viral infec-
tion (Tan, Hu, Jadhav, Tan, & Wang, 2022). Since the discovery of the
first selective SARS-CoV PLpro inhibitors by Gosh and colleagues in
2008 (Ratia et al., 2008), major advances in PLpro targeting have been
made, which have been reviewed in several studies. As a result of high
throughput screenings (HTSs) and lead optimizations in different stud-
ies, some highly potent structures with good profiles of activity have
been obtained, which can be considered important steps to achieving
the anti-COVID-19 drugs (Ma, Sacco, et al., 2021; Ma, Hu, Wang,
Choza, & Wang, 2022; Osipiuk et al., 2021; Shan et al., 2021; Shen
et al,, 2021; Welker et al., 2021). Among the compounds reported so
far, some compounds have been identified with promising and selec-
tive effects in inhibiting SARS-CoV/SARS-CoV-2 PLpro proteases
(known as the first generation of SARS-CoV/SARS-CoV-2 Plpro
inhibitors; Valipour, 2022a) whose central scaffold is N-benzylpiperi-
dine-4-carboxamide (N-BPC). For this skeleton, some structural corre-
lations with chalcone and chalcone-amide scaffolds can be imagined
(Figure 6). All three scaffolds have the same size and consist of two
rings (A and B) connected by an aliphatic three-atom linker. As stated
above, chalcone-amides are obtained by isosteric replacement of the
carbon atom in the a position of the chalcones with a nitrogen atom.
Recently, | introduced the chalcone-amide scaffold as a unique back-
bone for the design and synthesis of selective SARS-CoV-2 PLpro
inhibitors along with providing detailed structure-activity relation-
ships (Valipour, 2022a). Although the absence of the amide functional
group in the structure of chalcones makes the possibility of hydrogen
interaction of these compounds disappear in this part of the molecule,
the presence of «, B unsaturated ketone functional group makes these
compounds have a high potential for creating covalent bonds with
nucleophiles, especially cysteine residues (other mentioned scaffolds
chalcone-amide and N-BPC do not have this capability). However,
although chalcones are capable of reacting with nucleophiles as recipi-
ents in the Michael reaction, it is important that the interaction of
these structures in biological environments is through not only
Michael's reaction and the formation of covalent bonds with
nucleophiles.

HTS is an efficient approach to identifying specific bioactive com-
pounds, which has been useful and widely used for the identification
and development of SARS-CoV/SARS-CoV-2 inhibitors. The success
and efficiency of this approach depend a lot on the capacity and
diversity of screened chemical libraries, as well as the convenience

and cost-effectiveness of the performed HTS methods. For the first

O o}

saaciics vl esas

Chalcone Chalcone amide

(N-benzylbenzamide)

(N-benzylpiperidine-4-carboxamide)

time, Ghosh and colleagues identified a hit compound bearing an N-
BPC backbone with a moderate inhibitory effect against SARS-CoV
PLpro (ICso = 59.2 uM) by performing an extensive fluorescence-
based HTS on a diverse structural library with 50,080 compounds
(Figure 7, HTS 1, compound 42) (Ratia et al., 2008). Structural optimi-
zation of this lead structure led to the achievement of two highly
potent optical isomers (compound 43 and 44) with sub-micromolar
ICs0 values in which the N-BPC backbone is available for structural
modifications without any spatial disturbance (Ghosh et al., 2010).
This hit compound was also used in other studies as the initial lead
structure for the design and development of the subsequent SARS-
CoV PLpro inhibitors (Baez-Santos et al., 2014). Shan and colleagues
also recently performed an HTS on a library with 35,360 bioactive
compounds, which identified some active structures bearing the N-
BPC backbone as the best candidates for developing SARS-CoV-2
PLpro inhibitors (Figure 7, HTS 2) (Shan et al., 2021). As a result of
structural optimizing the lead compounds identified in this study,
three highly active compounds were produced in which there are bulk
amide/ureide substitutions in their meta position of the B ring (com-
pounds 47-49).

The x-ray crystal structure of compound 43 in the active site of
SARS-CoV PLpro has been previously released under PDB code
3MJ5. As shown in Figure 8, this protein is made of 316 amino acids,
eight of which are cysteine (residues Cys112, Cys149, Cys190,
Cys193, Cys225, Cys227, Cys261, and Cys271). The most important
interacting residues with various parts of compound 43 in the active
site of the PLpro enzyme are Leulé3, Glyl64, Asp165, Pro248,
Pro249, Tyr265, Tyr269, and Tyr274, which are highlighted in
Figure 8 and Table 1. Examining the location of cysteine residues
(highlighted in blue in Figure 8) shows that most of them are located
far from the active site, and only two residues Cys112 and Cys271
are present in the active site of PLpro. As mentioned above, the
amide functional group of compound 43 is readily available for modi-
fication and replacement with an o, p unsaturated ketone part. Of
course, it is important to note that this part is involved in creating an
important hydrogen bond interaction (derived from the interaction
of -NH- with the Tyr269 residue), and this important interaction is
also lost when this part is removed. Attention to the amino acid
sequence of the mentioned PLpro enzyme shows that there is a cys-
teine residue (Cys271) near Tyr269, which can potentially trigger
Michael's reaction if the conditions are met. Interestingly, if com-
pound 45 is placed in the active site of PLpro (instead of compound
43), the carbon in the B position of the unsaturated part is located at
a suitable distance within reach of the sulfur atom of Cys271. As
shown in Figure 9, the distance between p-carbon in compound 45

and the carbon atom carrying the side chain of Cys271 is less than

FIGURE 6 Structural similarity
between scaffolding chalcone, chalcone-
amide, and N-benzylpiperidine-
4-carboxamide (N-BPC)

N-BPC
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1 Optimization

HTS 2 (2021)
(35,360 compounds)

High

-Throughput Screening Efforts

HTS 1 (2008)
(50,080 compounds)

Sahew

Optimization

42

Hit compound

SARS-CoV PLpro inhibition
IC50=59.2 uM

45

D . ;

43 44

(R)-Enantiomer (S)-Enantiomer

PLpro inhibition: IC5q: 0.32 yM
SARS-CoV replication: ECgq : 9.1 uM

PLpro inhibition: IC5¢ = 0.56 uM
SARS-CoV replication: EC59 = 9.1 uM

FIGURE 7 Chemical structure of compounds 42-44 and 47-49 containing N-BPC core as the important selective SARS-CoV PLpro inhibitors
identified by two independent HTS, along with corresponding chalcone-based structures 45-46 and 50-52 having the ability to establish
covalent bonds in the active site of the targets by participating in Michael's reaction (The chalcone-based structures drawn in this figure have
never been synthesized anywhere).

7 A. In addition, this side chain is quite flexible and can be directed
towards molecule 45, so its sulfur atom can be placed much closer to
the carbon in the f position. However, if compound 45 interacts at
the active site of the PLpro, it is not clear how the structure directs
in the active site. Using the insights obtained from the crystallo-
graphic evaluations, the role of the naphthyl moiety (which is an

important lipophilic scaffold in medicinal chemistry; Valipour, Naderi,

et al., 2021) in the orientation of compound 45 in a similar pattern to
that of compound 43 in the active site of the PLpro is critical.
Accordingly, the naphthyl moiety is most likely located inside a lipo-
philic pocket containing Pro248 and Pro249 residues (see the inter-
actions represented in the crystal structure of PLpro bound to some
potent N-BPC-based inhibitors with the PDB codes of 40VZ,
40WO0, 3MJ5, 3E9S, and 7E35). Although the orientation of
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Metl-Glu2-Val3-Lys4-Thr5-1le6-Lys7-Val8-Phe9-Thr10-Thr11-Vall12-Asp133-Asn14-Thr15-Asnl6-Leul 7-His18-Thr19-

' GIn20-Leu21-Val22-Asp23-Met24-S25-Met26-Thr27-Tyr28-Gly29-GIn30-GIn3 1-Phe32-Gly33-Pro34-Thr35-Tyr36-Leu37-
Asp38-Gly39-Alad0-Asp41-Vald42-Thr43-Lys44-1le45-Lys46-Pro47-His48-Val49-Asn50-His51-Glu52-Gly53-Lys54-Thr55-
Phe56-Phe57-Val58-Leu59-Pro60-Ser61-Asp62-Asp63-Thr64-Leu65-Arg66-Ser67-Glu68-Ala69-Phe70-Glu71-Tyr72-Tyr73-
His74-Thr75-Leu76-Asp77-Glu78-Ser79-Phe80-Leu81-Gly82-Arg83-Tyr84-Met85-Ser86-Ala87-Leu88-Asn89-His90-Thr91-
Lys92-Lys93-Thp94-Lys95-Phe96-Pro97-GIn98-Val99-Gly100-Gly101-Leul02-Thr103-Ser104-1le105-Lys106-Trp107-

E Alal08-Asp109-Asn110-Asnlll- Cys112 -Tyr113-Leull4-Ser115-Ser116-Valll7-Leul18-Leull19-Alal20-Leul21-GIn122-
GInl123-Leul24-Glul125-Val126-Lys127-Phe128-Asn129-Alal130-Pro131-Alal132-Leul33-GIn134-Glul35-Alal36-Tyr137-
Tyr138-Argl139-Alal40-Argl41-Alal42-Gly143-Asp144- Alal45-Alal46-Asn146-Phel148- Cys149 -Alal50-Leul51-Ilel152-
Leul53-Alal54-Tyr155-Ser156-Asn157-Lys158-Thr159-Val160-Gly161-Glu162- Leul63-Gly164-Asp165-Vall66-Argl67-
Glul68-Thr169-Met170-Thr171-His172-Leul73-Leul74-Gln175-His176-Alal77-Asn178-Leul79-Glu180-Ser181-Alal82-
Lys183-Arg184-Vall185-Leul86-Asn187-Vall188-Val189- Cys190 -Lys191-His192- Cys193 -Gly194-GIn195-Lys196-Thr197-
; Thr198-Thr199-Leu200-Thr201-Gly202-Val203-Glu204-Ala205-Val206-Met207-Tyr208-Met209-Gly210-Thr211-Leu212-
Ser213-Tyr214-Asp215-Asn216-Leu217-Lys218-Thr219-Gly220-Val221-Ser222-11e223-Pro224- Cys225 -Val226- Cys227 -

E Gly228-Arg229-Asp230-Ala231-Thr232-GIn233-Tyr234-Leu235-Val236-GIn237-GIn238-Glu239-Ser240-Ser241-Phe242-
Val243-Met244-Met245-Ser246-Ala247- Pro248-Pro249-Ala250-Glu251-Tyr252-Lys253-Leu254-GIn255-GIn256-Gly257-

; T258-F259-1L260- Cys261 -Ala262-N263-E264-Tyr265-T266-G267-N268-Tyr269 —Gln270—-Gly272—His273—Tyr274 -
Thr275-His276-11e277-Thr278-A1a279-Lys280-Glu281-Thr282-Leu283-Tyr284-Arg285-11e286-Asp287-Gly288-Ala289-

' His290-Leu291-Thr292-Lys293-Met294-Ser295-Glu296-Tyr297-Lys298-Gly299-Pro300-Val301-Thr302-Asp303-Val304-
Phe305-Tyr306-Lys307-Glu308-Thr309-Ser310-Tyr311-Thr312-Thr313-Thr314-1le315-Lys316

Amino acid sequence of SARS-CoV PLpro

FIGURE 8 Schematic representation of binding of compound 43 to the SARS-CoV PLpro active site (PDB code: 3MJ5). As highlighted in red,
the most important interacting sequences in the active site of the PLpro are Leu163, Gly164, Asp165, Pro248, Pro249, Tyr265, Tyr269, and
Tyr274. In total, this enzyme has eight cysteine residues Cys112, Cys149, Cys190, Cys193, Cys225, Cys227, Cys261, and Cys271, two of which
(Cys112 and Cys271) are located in the active site (graphic images were prepared and analyzed by Discovery Studio Visualizer v4.5).

compound 45 can also be predicted using computational methods, chalcone-based compounds greatly increases the possibility of
more accurate conclusions can be obtained through crystallographic Michael's interaction and irreversible inhibition of the viral cysteine

studies. In general, the presence of a, p-unsaturated carbonyl part of proteases.
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TABLE 1
distances were analyzed by Discovery Studio Visualizer v4.5)

Interaction Residues

Carbon Leu163 (carbonyl group)
Carbon Gly164 (methylene group)
Carbon Asp165 (carboxylic acid group)
Pi-alkyl Pro248 (pyrrolidine ring)
Pi-alkyl Pro249 (pyrrolidine ring)
Pi-alkyl Pro249 (pyrrolidine ring)
Pi-alkyl Tyr265 (phenyl group)

Pi-alkyl Tyr265 (phenyl group)

Conventional H-bond Tyr269 (carbonyl group)

Pi-pi T-shaped Tyr269 (phenyl group)
Pi-pi T-shaped Tyr269 (phenyl group)
Pi-alkyl Tyr269 (phenyl group)
Pi-alkyl Tyr274 (phenyl group)
Carbon Tyr274 (phenyl group)

FIGURE 9 Hypothetical placement of
compound 45 in the active site of SARS-
CoV PLpro enzyme (PDB code 3MJ5). As
shown, if the placement of compound 45
in the active site of the PLpro is similar to
compound 43 in terms of spatial
orientation (which is very likely), the o, p
unsaturated ketone functional group will
be placed in a suitable orientation and
distance to create Michael interaction
with Cys271 (graphic image was prepared
by Discovery Studio Visualizer v4.5., and
distance was calculated by Molegro
Molecular Viewer 6.5 software)

Tyr274

Pro249

5 | CONCLUSION

The targeted covalent modification which is commonly performed by
an irreversible hetero-Michael addition has expanded the druggable
landscape by enhancing the ligand-binding selectivity for proteins and
increasing the binding affinities in targets with shallow binding sites
(Jackson, Widen, Harki, & Brummond, 2017). Although covalent bond-
ing and the formation of drug-protein adducts can lead to drug toxic-
ity, many approved drugs or their metabolites (such as
acetaminophen, irinotecan, carbamazepine, ritonavir, clozapine, pro-

cainamide, hydralazine, cyclosporine A, halothane, tamoxifen, non-

Leu163

Tyr265

The most important interactions of the compound 43 (PDB code: 3MJ5) in the active site of SARS-CoV PLpro (interactions and

Interacting structural parts (ligand) Distance (A)

H (methylene group) 2.78
Carbonyl group (amide) 2.74
H (piperidine ring) 1.69
First ring of the naphthyl moiety 4.82
First ring of the naphthyl moiety 4.57
Second ring of the naphthyl moiety 417
Piperidine ring 5.07
Chiral methyl group 477
NH (amide) 2.13
First ring of the naphthyl moiety 5.12
Second ring of the naphthyl moiety 5.42
Piperidine ring 4.88
Chiral methyl group 5.05
H (Piperidine ring) 2.00

Gly164 2 | Flexible
side chain
o
N Asp165
OO Compound 45
Tyr269
Pro248

steroidal anti-inflammatory drugs, antibacterial sulfonamides, macro-
lide antibiotics, etc.) act via the construction of covalent bonds with
protein targets in vivo (Zhou et al., 2005).

Given the potential for side effects from covalent inhibitors, irre-
versible inhibition of SARS-CoV-2 proteases is now considered a
promising strategy for the treatment of COVID-19 (Stille et al., 2022).
In the structure of many important reported SARS-CoV-2 inhibitors,
there are diverse electrophilic moieties with the ability to establish
covalent bonds, such as «, p-unsaturated carbonyl groups (Michael
acceptors), epoxide, a-ketoamide, aziridine, etc. Chalcones are one of

the most well-known Michael acceptors in chemical reactions. The
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interaction of «, -unsaturated carbonyl group of chalcones with the
thiol (-SH) of cysteine residues protein targets can lead to the con-
struction of covalent bonds. This activity of chalcones becomes more
important when we know that key SARS-CoV-2 enzymes PLpro and
3CLpro are cysteine proteases with shallow binding sites. Interest-
ingly, some previous studies have reported the significant inhibitory
effects of chalcones (compounds 22-32) on both these enzymes,
which may have occurred through covalent inhibition. As discussed in
the text, chalcones are structurally similar to flavonoids (which are
known as selective SARS-CoV-2 3CLpro inhibitors) and similar to
compounds containing N-BPC backbone (which are known as selec-
tive SARS-CoV-2 PLpro inhibitors). This evidence suggests that by
modification of the chalcone-based structures there is a good poten-
tial to achieve promising dual-action anti-SARS-CoV-2 compounds

with inhibitory activity against both enzymes 3CLpro and PLpro.
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