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The novel coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has spread worldwide. The main protease (MP™®) of SARS-CoV-2 plays a central role in viral
replication and transcription and represents an attractive drug target for fighting COVID-19. Many SARS-CoV-2
MP™ inhibitors have been reported, including covalent and noncovalent inhibitors. The SARS-CoV-2 MP™ in-
hibitor PF-07321332 (Nirmatrelvir) designed by Pfizer has been put on the market. This paper briefly introduces
the structural characteristics of SARS-CoV-2 MP™ and summarizes the research progress of SARS-CoV-2 MP™

inhibitors from the aspects of drug repurposing and drug design. These information will provide a basis for the
drug development of treating the infection of SARS-CoV-2 and even other coronaviruses in the future.

1. Introduction

At the end of 2019, COVID-19 caused by SARS-CoV-2 brought about
an unprecedented public health emergency around the globe. The
severity of infection varies from asymptomatic to severe fatal disease [1,
2]. SARS-CoV-2 mainly spreads through small droplets discharged by
infected individuals when they breathe or cough [3,4]. As of February
18, 2023, 756 million confirmed cases and 6.8 million deaths have been
reported globally (https://www.who.int/emergencies/diseases/nov
el-coronavirus-2019).

Coronaviruses (CoVs) are positive single-stranded RNA viruses being
diversely prevalent in humans and wildlife [5]. According to the Inter-
national Committee on Taxonomy of Viruses, Coronaviruses belong to
the subfamily Coronavirinae in the family Coronaviridae of the order
Nidovirales. The Coronavirinae are divided into four genera, including
a-, -, y- and 8-coronaviruses (Fig. 1). There are seven coronaviruses that
can infect humans. HCoV-229E and HCoV-NL63 belong to

a-coronavirus, and HCoV-OC43, HCoV-HKU1, SARS-CoV-1, Middle East
respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-2 belong
to type B-coronavirus [6-8]. Coronavirus has posed a persistent threat to
human. In 2002, SARS-CoV-1 infected 8096 people, of whom 774 died.
MERS-CoV, which appeared in 2012, affected a total of 1841 in-
dividuals, 652 of whom died [9,10]. Therefore, it is an urgent task to
develop more efficient antiviral drugs [11].

Recently, a large number of drug targets of SARS-CoV-2 have been
identified through relevant studies on COVID-19. The main protease
(MP") is vital for the replication of SARS-CoV-2, so SARS-CoV-2 MP™ is
considered as a prominent drug target of COVID-19 therapy. This review
briefly introduces the structural characteristics of SARS-CoV-2 MP™ and
focuses on the research progress of SARS-CoV-2 MP™ inhibitors in recent
years from all sources, including drug repurposing and drug design.
These information will provide a basis for the drug development of
treating the infection of SARS-CoV-2 and even other coronaviruses in the
future.

Abbreviations: 3CLpro, 3-chymotrypsin like protease; ACE2, angiotensin converting enzyme 2; COVID-19, coronavirus disease 2019; FRET, fluorescence resonance
energy transfer; FIP, feline infectious peritonitis; Mpro, main protease; MERS-CoV, Middle East respiratory syndrome coronavirus; NSP, nonstructural proteins; ORF,
open reading frame; PLpro, papain-like protease; SARS-CoV-1, severe acute respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory syndrome

coronavirus 2.
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2. Structure and function of SARS-CoV-2 MP™

SARS-CoV-2 is composed of genomic RNA complexes and mem-
brane, which consists of at least three viral proteins: (a) Spinous protein
(S); (b) Transmembrane membrane protein (M); and (c) Envelope pro-
tein (E) (Fig. 2A) [12-14]. The spike protein (S) of SARS-CoV-2 is
responsible for binding to its host cell surface receptor, angiotensin
converting enzyme 2 (ACE2) [15]. After entering the host cells, viral
RNA encodes two overlapping open-reading frames (ORFla and
ORF1b), which are translated into two large polyproteins, ppla and
pplab. These polyproteins are further processed by the main protease
(MP™) and papain-like protease (PLP™®) to generate 16 nonstructural
proteins (NSPs) (Fig. 2B) [16,17]. The replicase genes encoding 16 NSPs
occupy the most of the genome, approximately two thirds [18]. These
NSP4 -NSP16 released by cleavage with MP™ are responsible for viral
genome replication and transcription [19,20]. Therefore, effectively
blocking MP™ can stop the viral RNA replication and transcription,
thereby reducing the virus proliferation.

MP™, also known as 3-chymotrypsin like protease (3CLP™), is a
cysteine protease composed of about 300 amino acids and contains three
domains [19,21]. MP™, with a nonclassical Cys-His catalytic binary
(Cys145 and His41) in the gap between domains I and II, cleaves the
polyproteins at 11 positions with stringent substrate specificity and
shows self-proteolytic activity [13,20,22]. In the Cys-His catalytic bi-
nary, Cys145 acts as a nucleophile and His41 plays a general acid-base
role in the proteolytic process(Fig. 2C) [23]. MP™ is embedded in the
polyproteins as the nsp5 domain, thus MP™ must use its own proteolytic
activity to separate itself from the polyproteins in order to release the
mature protease [24-27]. The active site of MP™ is composed of four
sites (S1’, S1, S2, and S4), which often accommodate four fragments
(P1’, P1, P2, and P3, respectively) of peptidomimetic inhibitors.
Notably, the S1’ is formed by His41, Gly143, Ser144, and Cys145 [28,
29]. MP™ exclusively cleaves polypeptides after a glutamine (Gln) res-
idue, and no known human protease displays the same cleavage speci-
ficity as MP™ [28,30], so MP™ inhibitors have extremely low toxicity to
host cells. MP™ has become one of the ideal specific drug targets in the
development of antiviral drugs.

3. The development of SARS-CoV-2 MP™ inhibitors

Because of the crucial role of MP™ in viral replication and tran-
scription, it has been considered as a promising target for fighting
COVID-19 drug development. Based on drug repurposing and drug
design, scientists and researchers have developed a number of SARS-
CoV-2 MP™ inhibitors. This section summarizes the research progress
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of SARS-CoV-2 MP™ inhibitors.

3.1. Approved SARS-CoV-2 MP™ inhibitors

After the outbreak of SARS in 2003, PF-00835231 (2) was identified
as an effective inhibitor of SARS-CoV-1 MP™ [31]. In 2021, in order to
improve the low passive absorptive permeability and poor oral ab-
sorption of PF-00835231 (2) in animals [32], Owen and his colleagues
reported an oral SARS-CoV-2 MP™ inhibitor (PF-07321332 (1), K; =
0.003 pM) (Fig. 3). At the same time, PF-07321332 (1) had strong Vero
E6 antiviral activity with the half maximum effective concentration
(ECs) values of 0.074 uM and exhibited excellent selectivity and safety
in vivo [33]. Furthermore, in order to block the rapid metabolism of
PF-07321332 (1) by CYP3A, the HIV protease inhibitor Ritonavir was
added to form a new drug, Paxlovid. It is used to treat adults with mild
and moderate COVID-19 symptoms authorized by the United States
Food and Drug Administration on December 22, 2021. The data showed
an 89% reduction in the risk of COVID-19 related death or hospitaliza-
tion in adults treated with Paxlovid, compared to placebo, within three
days of symptom onset.

In addition to Paxlovid, Japan approved Ensitrelvir (S-217622)
developed by Hokkaido University and Shionogi & Co, Ltd on November
22,2022. S-217622 (6) was discovered via virtual screening followed by
biological assay, and optimization of the hit compound 4 using a
structure-based drug design strategy(Fig. 3) [34,35]. The specific steps
are as following: first, they optimized the P1’ ligand on the basis of
compound 4 to obtain compound 5. The P1’ ligand of compound 5 is
6-chloro-2-methyl-2H-indayzole, and its enzyme inhibitory activity is
increased by 90 times. Next, the methylamide moiety of P1 was
substituted by a series of heterocyclic compounds to obtain S-217622
(6). S-217622 (6) exhibited significant inhibitory activity against
SARS-CoV-2 MP™ with ICsg value of 0.013 pM, and effective antiviral
activity with ECsg value of 0.37 pM. In addition, S-217622 (6) showed
antiviral activity against a series of SARS-CoV-2 variants and corona-
virus family in vitro, favorable drug metabolism and pharmacokinetic
(DMPK) profiles for the oral dosing, such as high metabolic stability
(96% and 88% in human and rat liver microsomes, respectively), high
oral absorption (97%), and low clearance (1.70 mL/min/kg) in rats
[34].

The National Medical Products Administration (NMPA) approved
the SARS-CoV-2 MP™ inhibitor SIM0417, which is used to treat adults
with mild and moderate COVID-19 symptoms on January 28, 2023. The
structure of SIM0417 has not yet been disclosed. SIM0417 and PF-
07321332 (1) need to be combined with low-dose Ritonavir, which
helps to delay their metabolism in vivo and improve the antiviral effect.

Order Family Subfamily
Torovirinae
Nidovirales
Coronaviridae —
~ Coronavirinae

Genus
r Bafinivirus
- Torovirus
HCoV1-229E
r Alpha coronavirus {
HCoV-NL63
HCoV-HKU1
HCoV-0C43
Beta coronavirus SARS-CoV-1
MERS-CoV
SARS-CoV-2

Gamma coronavirus — Avian coronavirus

L Delta coronavirus — BuCoV-HKU11

Fig. 1. Schematic representation of the taxonomy of Coronaviruses.
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Fig. 2. Structure and function of SARS-CoV-2 MP™.
(A) The structure of coronavirus. (B) Coronavirus
(SARS-CoV-2) genome. (C) Overall scheme of natural
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Fig. 3. Approved and clinical drugs of SARS-CoV-2.

PF-07321332 (1) is a covalent peptidomimetic inhibitor with a
nitrile warhead. Conversely, S-217622 (6) is a noncovalent, nonpeptidic
inhibitor. The nonpeptidic character provides metabolic stability, and
the lack of a covalent warhead reduces potential off-target toxicity is-
sues. Most of the antiviral protease (HIV and HCV) inhibitors in clinic
are peptidic, with short plasma half-life and easy to be filtered and
cleared by the kidney. The method adopted by Unoh et al. eliminates the
bias towards molecules containing amide bond, thus avoiding potential
metabolic degradation.

3.2. SARS-CoV-2 MP™ inhibitors in clinical trials

Following the outbreak of SARS in 2003, Boras and his colleagues
found a potential SARS-CoV-1 MP™ inhibitor PF-00835231 (2) based on

structure-based drug design, and its phosphate prodrug is PF-07304814
(3) (Fig. 3). Then, PF-00835231 (2), as a single agent, showed potent
antiviral activity against SARS-CoV-2 in vitro [31,36]. Currently,
NCT04627532, NCT04535167 and NCT05050682 are in clinical trials
(Table 1).

Jin and his colleagues screened a large number of compounds (about
10000) by using fluorescence resonance energy transfer (FRET) analysis,
including natural products, approved drugs and candidate drugs for
clinical trials. Among them, Ebselen (7) had the strongest inhibitory
effect on MP™ activity, with an ICsg value of 0.67 pM [37] (Fig. 3). In
addition, Ebselen (7) has extremely low cytotoxicity (the median lethal
dose in rats is > 4600 mg/kg), and its safety in humans has been eval-
uated in many clinical trials [38-40]. Considering the therapeutic po-
tential of Ebselen (7) in COVID-19, two clinical trials have been
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Table 1

SARS-CoV-2 MP™ inhibitors in clinical trials (www.clinicaltrials.gov).
Inhibitor Sponsor Phase Status Identifier
PF-07304814 Pfizer 1 Completed NCT04627532
PF-07304814 Pfizer 1 Completed NCT04535167
PF-07304814 Pfizer 1 Completed NCT05050682
Ebselen Sound Pharmaceuticals, Incorporated 2 Enrolling by invitation NCT04484025
Ebselen Sound Pharmaceuticals, Incorporated 2 Enrolling by invitation NCT04483973
Masitinib AB Science 2 Recruiting NCT04622865
Masitinib AB Science 2 Recruiting NCT05047783

registered to evaluate the safety and efficacy of this drug in patients with
moderate and severe COVID-19 (Table 1) [41].

In 2021, Drayman and his colleagues screened a library of 1900
clinically used drugs that were either approved for human use or had
extensive safety data in humans (phase 2 or 3 clinical trials). Eight of
these drugs inhibited the activity of SARS-CoV-2 MP™, of which Masi-
tinib (8) is the most effective (Fig. 3). After receiving Masitinib (8)
treatment, the virus titer in the lungs and nose of mice infected with
SARS-CoV-2 decreased by more than 200 times, and the lung inflam-
mation was also alleviated. The two phase 2 clinical trials have been
registered with clinicaltrials.gov (identifier: NCT04622865 and
NCT05047783) to test the effect of the combination of Masitinib (8) and
isoquercetin on COVID-19 hospitalized patients [42] and evaluate the
anti-viral efficacy of three different dosages of masitinibin patients with
mild symptom (Table 1).

Ebselen (7) is a glutathione peroxidase mimic that can permeate the
blood-brain barrier and has anti-inflammatory, anti-tumor and antiviral
activities, making it a novel anti-inflammatory agent approved by FDA.
Masetinib (8), an oral tyrosine kinase inhibitor, was approved by FDA
in 2009 and 2015, respectively, for the treatment of pancreatic cancer
and amyotrophic lateral sclerosis (ALS). The security of Ebselen (7) and
Masitinib (8) have been proved repeatedly, thus the treatment of
COVID-19 may become their new mission.

3.3. SARS-CoV-2 MP™ inhibitors obtained by drug repurposing

The high infectivity and pathogenicity of SARS-CoV-2 have made it a
global pandemic, so it is urgent to develop effective drugs to treat
COVID-19. Drug repurposing is considered to be one of the most prac-
tical and rapid methods to find such therapeutic drugs. Drug repurpos-
ing has the advantages of lower cost and higher safety, especially for the
drugs that have been studied their clinical safety, which is attracting
people’s attention.

In 2020, Jin and his colleagues used molecular docking to observe
whether N3 (9) could target SARS-CoV-2 MP™ (Table 2). A docking
result indicates that N3 (9) could fit inside the substrate-binding pocket
[37]. To evaluate the efficacy of N3 (9) against SARS-CoV-2 MP™, they
performed kinetic analysis. The results showed that N3 (9) was a
time-dependent irreversible inhibitor and showed a very potent inhibi-
tory effect on SARS-CoV-2 MP™, They determined the value of kqps/[1] of
N3 (9) for SARS-CoV-2 MP™ as 11,300 + 880 M~ 's™!, and the kobs/[1]
was used as an approximation of the pseudo second-order rate constant
(ks/kj) to evaluate the inhibitory effect.

In addition, Jin and his colleagues found seven hits by screening with
FRET analysis, including approved drugs (Disulfiram (10) and Car-
mofur (11)) and preclinical or clinical trial candidate drugs (Ebselen
(7), Shikonin (12), Tideglusib (13), PX-12 (14) and TDZD-8 (15))
(Table 2). The ICs( values of these seven compounds were determined as
0.67-21.4 pM. Besides, the tandem mass spectrometry data showed that
Ebselen (7), PX-12 (14) and Carmofur (11) could covalently bind to
Cys145 of SARS-CoV-2 MP™ catalytic binary. Ebselen (7) and N3 (9) at
the concentration of 10 pM showed the strongest antiviral effect on Vero
cells infected with SARS-CoV-2. They further evaluated the efficacy of
these two compounds in protecting cells. Ebselen (7) and N3 (9)
showed inhibitory effect on SARS-CoV-2, with ECsq values of 4.67 and

16.77 puM, respectively [37,43].

In 2020, Ma and his colleagues found several potent SARS-CoV-2
MP™ inhibitors with effective cellular antiviral activity (Table 2).
Boceprevir (16), an FDA approved HCV drug, inhibited SARS-COV-2
MP™ with an ICsg of 4.13 pM. In the cellular viral CPE assay, the ECsq
against SARS-CoV-2 is 1.90 pM. Because Boceprevir (16) is a drug
approved by FDA, the dose, toxicity, dosage form and pharmacokinetic
properties have been clearly defined, which will greatly accelerate the
design of follow-up studies [44,45]. GC-376 (17) is a research veteri-
nary drug that is being developed the treatment of feline infectious
peritonitis (FIP). GC-376 (17) showed promising antiviral activity
against SARS-CoV-2 virus (ECsg = 3.37 pM). The enzyme inhibition of
MP™ was the strongest, with ICso value of 0.03 puM. Besides, it has
promising in vivo therapeutic effect on cats infected with FIP and
favorable in vivo pharmacokinetic properties. Therefore, GC-376 (17)
can be detected in relevant animal models of SARS-CoV-2 at any time
[44-47]. Three calpain/cathepsin inhibitors, MG-132 (18), calpain in-
hibitor II (19) and XII (20), are effective inhibitors of MP™, with single
digit to submicromolar efficacy in enzyme detection. Calpain inhibitors
II (19) and XII (20) inhibited SARS-CoV-2 in CPE assay, with ECsg
values of 2.07 and 0.49 uM, respectively [44]. This result indicates that
calpain/cathepsin inhibitors are rich sources of drug candidates for
SARS-CoV-2, and also suggests that it may be feasible to design dual
inhibitors against viral MP™® and host calpains/cathepsins. Further
development based on these drugs may generate clinically useful
COVID-19 antiviral drugs.

Konno et al. repositioned and investigated the potential of their
SARS-CoV-1 inhibitors as anti-SARS-CoV-2 drugs [48]. In particular,
YH-53 (21) contains an indole group at the P3- position and benzo-
thiazolyl ketone as the reactive warhead, which demonstrated strong
inhibitory activity against SARS-CoV-2 MP™ (K; = 0.034 pM) (Table 2).
X-ray structure analysis showed that YH-53 (21) formed multiple
hydrogen bond interactions with the main chain amino acids and a co-
valent bond with the active site of MP™,

Tripathi and his colleagues tested the different classes of drugs-
nucleoside analogues, antiretroviral drugs, HIV protease inhibitors and
neuraminidase inhibitors to research their potential antiviral effects.
They found that Teicoplanin (22) was an effective drug against SARS-
CoV-2 MP™ with an ICsg value of 1.5 pM [49] (Table 2). Teicoplanin
is an effective glycopeptide antibiotic and has been reported to have
anti-MERS-CoV activity [50,51]. Zhou et al. pointed out that Teico-
planin (22) acts at the early stage of the life cycle of coronavirus virus,
and its mechanism of action is to inhibit the low-pH cleavage of the viral
spike protein by late endosomal cathepsin L, thereby preventing the
release of genomic viral RNA and viral replication [52]. In addition,
Zhang and his colleagues showed that Teicoplanin blocked virus entry
by specifically inhibiting the activity of cathepsin L of SARS-CoV-2 virus
[53].

Zhu et al. performed a quantitative high-throughput screening
(qHTS) of 10755 compounds using a self-quenching fluorescent peptide
substrates, including approved drugs, candidate drugs for clinical
studies and bioactive compounds. They identified twenty-three SARS-
CoV-2 MP™ inhibitors with ICsq values ranging from 0.26 to 28.85 uM.
Among these inhibitors, Walrycin B (24) showed the best enzyme
inhibitory activity with ICso value of 0.26 pM (Table 3).


http://clinicaltrials.gov
http://www.clinicaltrials.gov

X. Pang et al. European Journal of Medicinal Chemistry 257 (2023) 115491
Table 2
Structures and biological activity data of compounds 9-22.
Drug Structure Class ICso” (UM)
N3 (9) OsNH MP' inhibitor -
Ho§ Ho§
N A AN A o
o ¢ H o \(H )
Disulfiram (10) s Alcohol deterrent 9.35
N~ N )‘ks/s T N~
S
Carmofur (11) Antineoplastic agent 1.82
H
O, N (0]
FONY
(e]
Shikonin (12) o) OH Pyruvate kinase M2 inhibitor 15.75
Tideglusib (13) o Anti-inflammatory and neuroprotective agents 1.55
i 9
EN
N“O
PX-12 (14) )\/ Thioredoxin-1 inhibitor 21.39
H _
Ny
Nl
TDZD-8 (15) 0 GSK-3p inhibitor 2.15
N —
@A)\S’N
(0}
Boceprevir (16) N4 Hepatitis C virus NS3/4A protease inhibitor 4.13
= 9y o
N NH,
H H N
>( N T N \)\ o o
o /j\
GC-376 (17) o) NH MP™ inhibitor 0.03
OT N QKN SO;3Na
o) Y* OH
MG-132 (18) Proteasome inhibitor 3.90
2L
o] Y o)
19 s~ Calpain inhibitors IT 0.97
o b (o}
N H
o Y (e}
20 - Calpain inhibitors XII 0.45

(continued on next page)



X. Pang et al.

Table 2 (continued)
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Drug Structure

Class ICs0” (M)

YH-53 (21)

Teicoplanin (22)

SARS-CoV-1 _
MP' inhibitor

Glycopeptide antibiotic 1.50

4 SARS-CoV-2 MP™ ICs.

Hydroxycobalamin (23) (ICso = 3.29 pM), Z-DEVD-FMK (25) (IC5¢ =
6.81 pM), LLL-12 (26) (ICs0 = 9.84 pM), Suramin sodium (27) (ICs5p =
6.5 pM) and Z-FA-FMK (28) (IC5o = 11.39 pM) are also potent inhibitors
of SARS-CoV-2 MP™ [54].

The utilization of FDA approved drug library is an efficient tool for
drug reuse in antiviral research [55-57]. In 2021, Zhao and his col-
leagues screened a library containing 774 FDA approved drugs to find
potential SARS-CoV-2 MP™ inhibitors. Among them, seven drugs have
superior inhibitory activity against SARS-CoV-2 MP™ (Table 3), namely,
Ethacrynic acid (29), Naproxen (30), Allopurinol (31), Butenafine
hydrochloride (32), Raloxifene hydrochloride (33), Tranylcypro-
mine hydrochloride (34) and Saquinavir mesylate (35) [58].

Steuten and his colleagues screened a library of approximately 650
diverse covalent inhibitor scaffolds against the two major SARS-CoV-2
cysteine proteases, MP™® and PLP™. They identified seven inhibitors
containing various electrophiles, of which six exhibited time-dependent
inhibition of recombinant SARS-CoV-2 MP™, Notably, they did not find
any viable PLP™ inhibitors. In the cellular infectivity assays of A549
epithelial lung cells, only chloromethyl ketone JCP400 (36) and acy-
loxymethyl ketone JCP403 (37) were active (Table 3). The two com-
pounds demonstrated relatively weak potency with greater than 75%
inhibition only when applied at concentrations above 20 pM. The two
most effective inhibitors against SARS-CoV-2 MP™ in vitro, JCP474 (38)
and JCP543 (39), were not active in the cellular infectivity assays [59].

Coelho et al. performed biochemical high-throughput screening
(HTS) on the recombinantly expressed SARS-CoV-2 MP™, A fluorescent
assay was used to identify inhibitors from a compound library con-
taining known drugs, bioactive molecules and natural products [60].
The screening led to the identification of 13 compounds with ICs( values
ranging from 0.2 to 23 pM, and several known SARS-CoV-1 MP™ in-
hibitors were identified as inhibitors of SARS-CoV-2 MP™, such as the
organomercury compounds Thiomersal (40) and Phenylmercury ac-
etate (41) (Table 4). Benzophenone derivative (42) was identified as the
most effective screening hits. In addition, Evans blue (43), a sulfonic
acid-containing dye, was also identified as a SARS-CoV-2 MP™ inhibitor
[60].

Iketani and his colleagues also identified that compound 44, GC376
(17) and MAC-5576 (45) were inhibitors of SARS-CoV-2 MP™ (Table 4).
In the cell-based assay, compound 44 and GC376 (17) also inhibited the

SARS-CoV-2 virus, while MAC-5576 (45) did not [47].

Liu and his colleagues reported that Baicalein (46) (Table 4)and the
four active Baicalein analogues compounds 47-50 could effectively
inhibit the SARS-CoV-2 MP™ in vitro, and Baicalein (46) had the
strongest inhibitory activity, with an ICso value of 0.39 pM [61,62].
These compounds can be used as lead compounds to develop more
effective drugs for COVID-19 disease through further optimization and
modification.

In 2022, Chen research group established an enzymatic assay that
used a fluorogenic substrate to screen the MP™ inhibitors [63]. The re-
sults showed that Acriflavine (51) and Proflavine Hemisulfate (52)
had good inhibitory activity against MP™ with ICsq values of 5.60 and
2.07 pM, respectively (Table 4). They also exhibited nanomolar activ-
ities against SARS-CoV-2, which were superior to GC376 (17) for
anti-HCoV-43. Acriflavine (51) has previously been reported as a PLP™
inhibitor [64], therefore these two compounds might be dual-targeted
inhibitors against coronaviruses.

In 2021, Yang and his colleagues used FRET experiments to identify
potential inhibitors of MP™. A total of thirty-six compounds were
screened, with ICsq values ranging from 0.074 to 0.91 uM. Among them,
compounds 53 and 54 had the strongest inhibitory effect on MP™, with
ICsp values of 0.074 and 0.11 pM, and K; values of 0.031 and 0.078 pM,
respectively (Table 4). The preincubation, jump dilution assays and
fluorescent labeling experiments showed that the two compounds were
covalently and irreversibly bound to MP™, and molecular docking sug-
gested that compound 54 formed an S-S bond with Cys145 at the active
site of the enzyme [65]. The research of Yang and his colleagues pro-
vides two very effective scaffolds Ebsulfur and Ebselen (7) for the
development of MP™ covalent inhibitors to combat COVID-19.

Most of the above compounds with potential SARS-CoV-2 MP™
inhibitory activity were obtained by scientists and researchers screening
approved, clinical, and preclinical trials drugs. These compounds usu-
ally have different biological significance, such as anticancer, anti-
inflammatory, antivirus, alcohol abstinence activities, etc. Baicalin
(46) shows stronger antiviral effects and higher clinical efficacy than
Ribavirin in the treatment of hand-foot-mouth disease [66]. N3 (9) and
GC376 (17) have effect on SARS-CoV and MERS-CoV, two zoonotic
coronaviruses infecting human beings [67]. GC376 (17) could also
inhibit the main protease of ferret and mink coronavirus [68].
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Table 3
Structures and biological activity data of compounds 23-39.
Drug Structure Class ICso” (UM)
Hydroxycobalamin (23) HoN__O NHz Vitamin B12a 3.29
o
2 Q OH
N NH,
2l o
N o’ﬁ—‘o Maon
o H,0
co?
O
NH,
Walrycin B (24) | Antibacterial agent 0.26
OYN\ N\N
/NT;\N)\Q\
° CF3
Z-DEVD-FMK | Caspase-3 inhibitor 6.81
(25)
LLL-12 (26) O OH Signal transducer and activator of transcriptionl 3 inhibitor 9.48
O:§:O o
NH,
Suramin sodium (27) n o Antiprotozoal drug 6.5
HN™ o
NH
[e]
oy©/ \©\/(o
- AHN
0.9 NH
O/’S _ SO
e
, os” 1)
0s8 6 NaJr 363
Z-FA-FMK (28) Cysteine protease inhibitor 11.39
o M o
M N F
H o
Ethacrynic acid (29) e} Diuretic 1.11
(0]
\)kOH
Cl
o <l
Naproxen (30) o Anti-inflammatory drug 3.45
Yo e
HO
Allopurinol (31) H Xanthine oxidase inhibitor 3.77
(/N \ N\N
HN 7
(0]
Butenafine hydrochloride (32) :: E Antifungal 5.40
N
o
O e
Raloxifene hydrochloride (33) Estrogen receptor modulator 5.61

(continued on next page)
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Table 3 (continued)
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Drug Structure Class ICso” (HM)
Tranylcypromine hydrochloride (34) Antidepressant drug 8.64
HCI
Saquinavir mesylate (35) >J\ HIV protease inhibitor 9.92
o NH O
o /i;NHZ OH
H
N N 7)\/ N
= N
@LJ)LH o Bn
JCP400 (36) o H o cysteine proteases inhibitor 1.74
S N
07N -
Dt
(0] (0]
JCP403 (37) o Cl_~ cysteine proteases inhibitor 2.99
H
NI N%oﬁ
N Y
o j/\ (0] Cl
o~ O
JCP474 (38) H,N__O cysteine proteases inhibitor 0.96
o O\? o)
H B
O)kN N\AN,NMO\/
oo ’\EHj o] o]
JCP543 (39) 0 cysteine proteases inhibitor 0.49

4 SARS-CoV-2 MP™ ICs.

Multitarget antiviral inhibitors can more effectively overcome the drug
resistance and usually show more potent therapeutical effect. Scientists
and researchers are trying to find broadspectrum antiviral drugs, which
will help fight SARS-CoV-2 and future coronaviruses.

3.4. SARS-CoV-2 MP™ inhibitors obtained by drug design

To date, drug repurposing efforts have not produced safe and effec-
tive MP™ inhibitors for approved clinical use in humans. Therefore,
scientists and researchers have optimized and modified the above
structures, and designed and synthesized many new SARS-CoV-2 MP™
inhibitors. SARS-CoV-2 MP™ inhibitors can be divided into covalent and
non-covalent inhibitors according to their inhibitory mechanisms.

3.4.1. Covalent SARS-CoV-2 MP™ inhibitors

Covalent SARS-CoV-2 MP™ inhibitors, including peptidomimetic in-
hibitors and nonpeptidic small molecule inhibitors, bear different
warhead groups and act through a two-step mechanism. First, these
inhibitors bind to the active site and form non-covalent complexes with
the target protease. Then, the warhead forms a covalent bond with
nucleophilic residues, especially the catalytic Cys145 or other key cys-
teines (such as Cys300 and Cys44) [69,70], whose covalent bond
modification may further cause the inactivation of SARS-CoV-2 MP™,

Vankadara and his colleagues synthesized Nirmatrelvir and its 10
analogues with different electrophilic warheads, and determined its
inhibitory activity against SARS-CoV-2 and HCoV-229E MP™ by using
FRET based biochemical detection method [71]. Compound 55 partially
substituted nitrile of Nirmatrelvir with a hydroxymethylketone moiety,
and the ICsq values for SARS-CoV-2 and HCoV-229E MP™ were 0.008

and 0.013 pM, respectively (Fig. 4). Notably, these ICso values were
4-11 fold higher than that of Nirmatrelvir (IC5¢ of 0.031 and 0.145 pM,
respectively), indicating that the hydroxymethylketone warhead is more
active than nitrile. Compound 56 replaced the nitrile of Nirmatrelvir
with a ketobenzothiazole warhead, and the ICsq values for SARS-CoV-2
and HCoV-229E MP™ were 0.027 and 0.239 puM, respectively, similar to
Nirmatrelvir. A subsequent HCoV-229E cell inhibition (ECsp) assay
showed that compounds 55 and 56 had the same potency as Nirma-
trelvir, indicating that both inhibitors may be candidates for further
drug development [71].

Huff et al. designed a series of 2-phenyl-1,2-benzoselenzole-3-one
derivatives targeting SARS-CoV-2 MP™. Their substitutions are mainly
concentrated in the N-phenyl moiety, including halogen (F, Cl and Br)
and hydrophobic groups (CHs, CF3, SCH3, OCHs and CH2CH3) as well as
several lipophilic substituted phenyl moiety [72]. These compounds
were determined to inhibit the replication of SARS-CoV-2 in infected
Vero E6 and Calu-3 cells, and their potency was comparable to that of
the clinical therapeutic drug Remdesivir. The most potent compound 57
demonstrated a nanomolar antiviral activity with ECsg value of 0.84 pM
[72] (Fig. 4). This study provides a structural framework and mecha-
nism of SARS-CoV-2 MP™ inhibitor, which will help to develop drugs for
treating COVID-19.

Qiao and his colleagues designed and synthesized a series of Ebselen
(7) derivatives, which replaced the critical groups of Ebselen (7)
through non-covalent binding with SARS-CoV-2 MP™, thus reducing the
steric hindrance and ultimately improving the antiviral activity. Nine
Ebselen (7) derivatives (EBs) had more potent inhibitory effects on
SARS-CoV-2 MP™, with ICsq values of 0.07-0.38 uM. Further evaluation
of these derivatives showed that compound 58 exhibited the strongest
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Table 4
Structures and biological activity data of compounds 40-54.
Drug Structure Class ICs0” (UM)
Thiomersal (40) COONa antiseptic and antifungal agent 0.60
S ™
Phenylmercury acetate (41) o fungicide and slimicide 0.40

S

42 OH O 10.60

NORS A

HO
Evans blue (43) N2OsS o HeN SONa l-glutamate uptake inhibitor 0.20

N
*Q" MO O
N

NaOsS” bH SO4Na

44 o) H SARS-CoV-1 0.15

MP™ inhibitor

(] 0 H (o]
o)kN N\:)LN O~
H o5 Y"
MAC-5576 (45) M\ MP™ inhibitor 0.08
Clha OT(Q
\ 2 o

Baicalein (46) Xanthine oxidase inhibitor 0.39
HO.
HO

Scutellarein (47) Anti-inflammatory 5.80
HO. O
HO

Dihydromyricetin (48) Dihydropyrimidinase inhibitor 1.20
HO

Quercetagetin (49) Pim-1 kinase inhibitor 1.24
HO.
HO

Myricetin (50) Antioxidant 2.86
HO.

Acriflavine (51) Antibacterial agent 5.60
HoN

Proflavine Hemisulfate (52) Antibacterial agent 2.07
H,oN

53 Metallo-B-lactamase inhibitor 0.07
CL,

54 Metallo-B-lactamase inhibitor 0.11

4 SARS-CoV-2 MP™ ICs.
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Derivatives of PF-07321332

1 (PF-07321332)
MP K, =0.003 uM
SARS-CoV-2 ECsy = 0.074 uM

55

Derivatives of Ebselen

7 (Ebselen)

MP™ [C50=0.67 uM
SARS-CoV-2 ECsy = 4.67 uM

53
MP™ [C5,=0.07 pM

SARS-CoV-2 MP™ [Cs, = 0.008 puM
HCoV-229E MP™ [C50=0.013 uM

(0] (0]
se
OO e O

54
MP [C5i =0.11 pM

FaC o. N
(0] NH /¥O N
HN\\/(O
1L o)
o) N
Ed! N |
OH NE S?
56

SARS-CoV-2 MP® [C5y = 0.027 pM
HCoV-229E MP™ IC50=0.0239 uM

O CF3 e}
OO Cry
Se Se
o—

58
SARS-CoV-2 ICsy=4.08 uM

57
MP [C5=2.77 uM
SARS-CoV-2 EC5y=0.84 M

Fig. 4. Structures and biological activity data of derivatives 53-58 of PF-07321332 and Ebselen.

inhibitory effect of SARS-CoV-2 virus replication, with an ICs value of
4.08 pM in HPAepiC cells, as compared to the Ebselen (7) at 24.61 pM
[731 (Fig. 4).

Dampalla and his colleagues synthesized a series of deuterated var-
iants of an MP™ inhibitor GC376 (17) and proved that the deuterated
GC376 (17) showed potent inhibitory activity against SARS-CoV-2 MP™,
In addition, the fatally infected mice were treated with deuterated de-
rivatives of GC376 (17). After 24h of infection, K18-hACE2 mice treated
with compound 59 had an increased survival rate compared with
vehicle-treated mice [74] (Fig. 5). The crystal structures of compound
59 and SARS-CoV-2 MP™ revealed that heavy deuteration did not change
the interaction between GC376 (17) and MP™ [44,75].

Sacco and his colleagues explored two series of SARS-CoV-2

inhibitors, one is the dual inhibitors targeting both MP™ and cathepsin L,
such as calpain inhibitors II (19) and XII (20), and the other is the MP™
specific inhibitor, such as GC-376 (17) analogues UAWJ246 (60),
UAWJ247 (61), and UAWJ248 (62) [76] (Fig. 5). In the plaque
experiment, the ECs( values of GC-376 (17), UAWJ246 (60), UAWJ247
(61), and UAWJ248 (62) for inhibiting virus replication were 0.48,
4.61, 2.06, and 11.1 pM, respectively. Overall, these three GC-376 (17)
analogues had confirmed the antiviral activity in cell culture.
Comparing the MP™ binding and antiviral efficacy of GC-376 (17) an-
alogues, it was found that the aldehyde warhead might be more suitable
for cell activity than the a-ketoamide.

In 2021, Vederas and his colleagues designed and synthesized some
new dipeptide derivatives with ICsp enzyme inhibition and ECsg

Derivatives of GC-376
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y o
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o M om
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Fig. 5. Structures and biological activity data of derivatives 59-66 of GC-376.
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antiviral value based on the antiviral peptide aldehyde GC373 and its
bisulfite prodrug GC-376 (17) [77]. Compared with GC-376 (17), in-
hibitors 63 and 64 emerged as key compounds for MP™ inhibition with
better ICsp and cellular ECsy values (Fig. 5). In addition, the newly
designed and synthesized bisulfite adduct displayed a higher binding
affinity for MP™, which is 2.5-5.0 times higher, compared to GC-376
(17). The Na™ cation was replaced with K™ cation (65) or choline (66),
which showed very similar ICs values to that of the parent Na * form,
and demonstrated retained effectiveness combined with increased
aqueous solubility [77]. The results of this study provide new insights
for drug development based on cysteine protease inhibitors, whose
significance is not limited to SARS-CoV-2.

Zhang et al. developed the lead compound 67 as a potent inhibitor of
SARS-CoV-2 MP™ through structural optimization and transformation.
To improve the half-life of compound 67 in plasma, they hid the amide
bond in the pyridine ring. In addition, in order to increase the solubility
of the compound in plasma, they replaced the hydrophobic cinnamoyl
moiety with a less hydrophobic Boc group to obtain compound 68. To
enhance its antiviral activity on SARS-CoV-2, they replaced the cyclo-
hexyl group in compound 68 with the smaller cyclopropyl group in
compound 69 (Fig. 6). Compound 69 can effectively inhibit SARS-CoV-2
MP™ with ICsg value of 0.67 pM. In human Calu-3 cells infected with
SARS-CoV-2, an ECsq of 4-5 pM was observed, whereas compound 70
lacking the Boc group was almost inactive [78]. This suggests that hy-
drophobic and bulky Boc groups are necessary for crossing the cell
membrane, and here even more hydrophobic moieties may be
advantageous.

Ojida et al. designed and synthesized a series of chloro-
fluoroacetamide (CFA) derivatives as potential SARS-CoV-2 MP™ cova-
lent inhibitors by introducing a CFA unit into an azapeptide scaffold.
The data showed that compound 71 strongly blocked SARS-CoV-2
replication in infected cells, and its effect is equivalent to that of
Nimatralvir (Fig. 7). X-ray structural analysis revealed that compound
71 formed a covalent bond with Cys145 at the catalytic center of MP™
[79].

Dai et al. designed and synthesized two lead compounds 72 and 73
targeting SARS-CoV-2 MP™ based on common structural fragments of
SARS-CoV-1 MP™ inhibitors and an aldehyde as a new warhead (Fig. 7).
Compounds 72 and 73 exhibited high SARS-CoV-2 MP™ inhibitory ac-
tivity with ICso values of 0.053 and 0.040 pM, respectively. Besides,

P.

P2

67
SARS-CoV-1 MP® ICso=0.71 uM
SARS-CoV-2 MPICs, = 0.18 uM

S
N

H
Oy N
(0] 0]
YITO -
SR
70
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compounds 72 and 73 showed good anti-SARS-CoV-2 activity in cell
culture, with ECsg values of 0.53 and 0.72 pM by plaque assay, respec-
tively. Besides, they evaluated the pharmacokinetic properties of these
two compounds. Compound 72 given to mice intraperitoneally (5 mg/
kg) and intravenously (5 mg/kg) displayed a half-life (T;,2) of 4.27 h
and 4.41 h, respectively. They were also observed a high maximal
concentration (Cpax = 2394 ng/mL) and a good bioavailability of 87.8%
when compound 72 was given intraperitoneally. The metabolic stability
of compound 72 in mice was also good (clearance = 17.4 mL/min/kg).
Compared with compound 72 administered intravenously to CD-1 mice,
compound 73 displayed a shorter Ty » time (1.65 h) and a faster clear-
ance rate (clearance = 20.6 mL/min/kg). The above pharmacokinetic
results indicate that both compounds are promising candidate drugs
[80].

In addition, Dai and his colleagues designed and synthesized a series
of novel peptidomimetic aldehydes against the MP™ of enterovirus 71
(EV71). Among them, compound 74 demonstrated broad-spectrum
antiviral activity and could effectively inhibit the activity of SARS-
CoV-2 with ECso value of 0.29 pM. Besides, it also exhibited good
inhibitory activity against SARS-CoV-2 MP™ (ICsq = 0.034 uM) [81]
(Fig. 7). Compound 74 may be a good starting point for the optimization
of SARS-CoV-2 MP™ inhibitors.

Shang’s research group has previously developed a series of covalent
and noncovalent inhibitors of MP™. Among those inhibitors, peptido-
mimetic aldehyde 75 showed certain inhibitory activity against SARS-
CoV-2 MP™ with an ICso value of 3.889 pM [82-85]. In 2022, Shang
and his colleagues designed a series of peptide mimetic inhibitors based
on compound 75. Among them, compound 76 had an excellent inhibi-
tory effect on SARS-CoV-2 MP™ with an ICsg value of 0.148 pM. Besides,
compound 77 had significant antiviral activity against SARS-CoV-2 with
ECs0 value of 1.06 pM [86] (Fig. 7). These peptide mimetic inhibitors
may be used as encouraging candidate drugs for further development of
antiviral drugs.

In 2022, Pillaiya and his colleagues conducted a virtual screening of
the Tiibingen Kinase Inhibitor Collection (TUKIC). Then they docked the
two screening hits, IPA-3 (78) and LN5535 (79), at the MP™ active site
(PDB ID: 7RCO0) and observed that they showed a similar orientation to
the indole chloropyridyl ester derivatives. Finally, they designed a novel
class of small molecule thioesters as SARS-CoV-2 MP' inhibitors through
inserting variable cyclic systems from IPA-3 (78) and the (hetero)aryl

P1

H H

3 0. N (e} N

0 0 PI' N o 0

H

NQJ\NHN o N\E)J\N ”A

- :H o " o) \io

68

MP®ICsy =2.39 uM

69

SARS-CoV-1 MP™ ICs = 0.90 M
SARS-CoV-2 MPPICsy = 0.67 uM

Fig. 6. Structures and biological activity data of compounds 67-70.
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Derivatives of PF-00835231
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Fig. 7. Structures and biological activity data of derivatives 3, 21 and 71-77 of PF-00835231.

thiols from LN5535 (79) (Fig. 8). Compound 80 showed excellent SARS-
CoV-2 MP™ inhibition, and its kinae/K; was 58700 M~ 's~! (K; = 0.0141
pM). In Calu-3 and Vero E6 cells, several compounds exhibited antiviral
activity in the nanomolar range, but were non-toxic to host cells [87].
The potent SARS-CoV-2 MP™ inhibitors also inhibited the MP™ of other
B-coronaviruses, including SARS-CoV-1 and MERS-CoV, suggesting that
they may contribute to the treatment of a wider range of coronavirus
infections.

Liu’s research group designed and synthesized 30 covalent inhibitors
with a piperazine scaffold containing different warheads [88]. Among
them, compound 81 showed the most potent inhibitory effect on
SARS-CoV-2 MP™ with ICsq value of 0.18 pM, and displayed excellent
antiviral potency against SARS-CoV-2 (ECsp = 2.64 pM) (Fig. 9). In
addition, compound 81 presented favorable target selectivity for
SARS-CoV-2 MP™ versus human cysteine proteases.

Qiao et al. designed and synthesized 32 new SARS-CoV-2 MP™ in-
hibitors containing bicyclic proline. First, an aldehyde was used in P1" as
a fighting part to form a covalent bond with the catalytic site Cys145,
which is essential for antiviral activity [80]. Second, P2 fragment is from
Boceprevir or Telaprevir, both of which are approved antiviral drugs.
Finally, they decided to use a medium-sized P3 hydrophobic subgroups
to enhance the potency and pharmacokinetic (PK) properties of the
resulting inhibitors. Therefore, 32 compounds with different P3 frag-
ments were designed and synthesized. Among them, MI-23 (82) had the
strongest inhibitory activity with ICso of 0.007 pM. Both MI-09 (83) and
MI-30 (84) showed excellent antiviral activity in cell-based assays
(Fig. 9). In the transgenic mouse model of SARS-CoV-2 infection, oral or
intraperitoneal injection of MI-09 (83) or MI-30 (84) significantly
reduced the lung viral load and lung injury. They also showed good
pharmacokinetic properties and safety in rats. After i.p. administration,
MI-09 (83) displayed a half-life (Ty,2) of 4.53 h, a bioavailability of
78.0%, and a clearance rate (CL) of 22.67 mL/min/kg. The corre-
sponding values for MI-30 (84) were T;,2 = 3.88 h, bioavailability =
76.2%, and CL = 17.10 mL/min/kg [89].
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In 2022, Jiao and his colleagues reported 2-(furan-2-ylmethylene)
hydrazine-1- carbothioamide derivatives as novel inhibitors of SARS-
CoV-2 MP™. Through library screening and similarity search, they
identified compound 85 as an inhibitor of SARS-CoV-2 MP™ with the
enzymatic ICsy value of 10.76 pM. The 4-nitrophenyl group in com-
pound 85 was located at the S1 site and formed a hydrogen bond with
His163, and the furan ring was deeply buried in the S2 site and had a 7—=
stacking with the imidazole of His41 [90]. At the same time, the thio-
urea linker of compound 85 formed two hydrogen bonds with the main
chain carbonyl of Cys44, therefore, the removal or replacement of the
thiourea linker led to the loss of inhibitory ability. In addition, the right
part of compound 85 was located at the solvent exposed region and
forms a hydrogen bond with Ser46. Then, Jiao and his colleagues
discovered compounds 86 and 87, which are non-peptidomimetic in-
hibitors of MP™ with ICsq values of 1.57 and 1.55 pM, respectively, based
on three rounds of optimization of drug structure design and synthetic
modification (Fig. 9). Meanwhile, enzyme kinetics and mass spectrom-
etry studies showed that compound 86 was a reversible covalent in-
hibitor of MP™. Moreover, compound 86 had no obvious cytotoxicity in
Vero and MDCK cells with CCsg values over 100 pM [90]. The SAR of the
newly identified scaffolds was also discussed, which provides useful
guidance for the further development of SARS-CoV-2 MP™ inhibitors.

Ghosh and his colleagues reported 5-chloropyridyl indole carbox-
ylate derivatives as a class of potent SARS-CoV-2 MP™ inhibitors based
on previous research. A number of compounds exhibited nanomolar
MP™ inhibitory activity. The inhibition mode includes catalyzing cys145
nucleophilic attack on the ester carbonyl group of the inhibitor and
forming a covalent bond between Cys145 and the carbonyl group of the
active ester. Compound 88 inhibited SARS-CoV-2 MP™ with an ICsg of
0.25 pM and an antiviral ECsg of 2.8 uM in Vero E6 cells. Compound 89
with an N-allyl derivative demonstrated the most potent SARS-CoV-2
MP™ with ICsq value of 0.07 pM [91] (Fig. 9).

The 3,7-diazabicyclo[3.3.1]nonan (bispidine) framework belongs to
the “privileged structures” in medicinal chemistry. For the first time,
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Fig. 8. The structures of compounds 78-80 and the crystal structure docking diagram with SARS-CoV-2 MP™ (PDB ID: 7RCO).

Shcherbakov et al. proposed the derivatives of 3,7-diazabicyclo- [3.3.1]
nonane (bispidine) as potential SARS-CoV-2 MP™ inhibitors. The results
of the experiments performed with bispidine compounds showed that 14
compounds exhibited activity in the concentration range 1-10 pM, and 3
samples exhibited submicromolar activity [92]. Compound 90 exhibited
the strongest inhibitory activity against SARS-CoV-2 MP™ with an ICsq
value of 0.75 pM (Fig. 9). The SAR studies exhibited that the molecule
containing carbonyl group at the C-9 position of the bicycle had the
greatest activity [92].

In order to identify Cys145 reactive electrophilic molecules with
potent SARS-CoV-2 MP™ inhibition and high target selectivity, Ma and
his colleagues systematically explored a series of new electrophilic re-
agents substituted by P1’ furan in compound 101, which led to the
discovery of several new cysteine reactive warheads. The most prom-
ising lead compounds 91 with the dichloroacetamide warhead and 92
with the tribromoacetamide inhibited SARS-CoV-2 MP™ with ICsq values
of 0.43 and 0.08 pM, respectively [93] (Fig. 9). These two compounds
showed potent inhibitory effects on SARS-CoV-2 in both Vero E6 and
Caco2-hACE2 cells, with ECg( values ranging from micromolar to sub-
micromolar. It is worth noting that both compounds 91 and 92 had high
target specificity for MP™ and did not inhibit host proteases including
calpain I, cathepsin B, cathepsin K, cathepsin L, caspase-3 and trypsin
[93]. In contrast, GC-376 (17) is not selective and inhibits calpain I,
cathepsin B, cathepsin K, and cathepsin L with potency comparable to
MP™. The X-ray crystal structures of SARS-CoV-2 MP™ with compounds
91 and 92 showed that Cys145 forms covalent adducts with the reaction
warhead.

In 2021, Malla et al. designed and synthesized penicillin derivatives,
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which were potent SARS-CoV-2 MP™ inhibitors. These derivatives form a
stable acyl-enzyme complexes by reaction with the nucleophilic
cysteine. Malla and his colleagues discovered the most potent com-
pounds, which were the C6 dibromo-penicillin sulfones 93, 94 and 95,
with ICso values of 0.7, 0.6 and 0.5 pM, respectively [94] (Fig. 9).
B-Lactams showed considerable potential as SARS-CoV-2 MP™
inhibitors.

In 2021, Moitessier research group transformed the non-covalent
inhibitor 96 acting on SARS-CoV-1 MP™ into covalent inhibitors acting
on SARS-CoV-2 MP™ [95]. The study of the crystal structure shows that
compound 96 might be modified by adding a covalent warhead near the
catalytic cysteine residue. As shown in Fig. 9, the sulfur atom of Cys145
is located at 3.2 A from the imidazole part, which is the same position as
the covalent warhead of PF-00835231 (2). Therefore, they developed
covalent inhibitors of SARS-CoV-2 MP™ by replacing imidazole with
covalent warheads. They first used the docking program Firrep, which
was specially modified to accommodate covalent inhibitors, and
screened a group of covalent warheads. The docking poses confirmed
that the reactive group substituting the imidazole ring should lead to
effective covalent inhibition. It is satisfactory that the inhibitory efficacy
of the lead compounds 97 and 98 developed by them is an order of
magnitude higher than that of compound 96 [95].

The warhead groups of covalent SARS-CoV-2 MP™ inhibitors mainly
include ketones, aldehydes and different types of Michael receptors and
form a covalent bond with Cys145 residues in the MP™ S1’ pocket.
Comparing the MP™ binding and antiviral efficacy of covalent inhibitors,
it is found that the aldehyde warhead might be more effective to inhibit
SARS-CoV-2 MP™. The aldehyde compounds 72, 73, 83 and 84, the
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Fig. 9. Structures and biological activity data of compounds 81-98.

peptidomimetic inhibitors designed and synthesized for SARS-CoV-2
MP™ by Dai and Qiao et al., exhibited good pharmacokinetic proper-
ties in vivo.

Covalent SARS-CoV-2 MP™ inhibitors generally include peptide
drugs and small molecule drugs [96]. The main component of Pfizer’s
antiviral drug Paxlovid, PF-07321332(1), is a peptidomimetic and co-
valent SARS-CoV-2 MP™ inhibitor [97]. Several significant peptidomi-
metic inhibitors of SARS-CoV-2 MP™ have been reported so far,
including compounds N3 (9), 69, 72 and GC-376 (17), which exhibited
high SARS-CoV-2 MP™ inhibitory activity and SARS-CoV-2 inhibition at
micromolar to submicromolar levels [37,44,78,80]. However, their
peptide scaffolds are easily vulnerable to cell metabolism, resulting in
low oral bioavailability. Therefore, PF-07321332 (1) is taken orally in
combination with the CYP3A inhibitor Ritonavir to avoid extensive
metabolism. Nevertheless, the addition of Ritonavir increases the risk of
drug interactions and side effects. Considering the shortcomings of the
current covalent MP™ inhibitors, there is an urgent need for candidate
drugs with better performance.
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3.4.2. Non-covalent SARS-CoV-2 MP™ inhibitors

Covalent inhibitors possibly have off target problems, which may
lead to unpredictable toxic and side effects in the clinic [98]. In addition,
non-covalent inhibitors may have a higher selectivity for SARS-CoV-2
MP™, Therefore, scientists and researchers have designed and synthe-
sized some novel potent non-covalent SARS-CoV-2 MP™ inhibitors.

Previously, Liu et al. reported a series of N-substituted 5-carboxa-
mide-isatin compounds as inhibitors of SARS-CoV-1 MP™. The optimal
compound has a submicromolar ICsg for SARS-CoV-1 MP™ [99]. In order
to verify the inhibitory effect of isatin compounds on SARS-CoV-2 MP,
they screened a series of isatin compounds from the internally synthe-
sized compound library. Liu and his colleagues tested their inhibitory
effects against SARS-CoV-2 MP™, and the results showed that 29
N-substituted isatin derivatives showed inhibitory effect on SARS-CoV-2
MP™ [100]. Compound 99 was the most potent SARS-CoV-2 MP™ in
hibitor with an ICsg value of 0.045 pM (Fig. 10). At the same time, these
inhibitors have high cytotoxicity, which also hinders the quantitative
determination of their anti-SARS-CoV-2 activity.
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Fig. 10. Structures and biological activity data of compounds 99-108.

The sequence and structure of SARS-CoV-1 and SARS-CoV-2 MP™ are
similar, and the binding modes of ML188 (100) and Calpain inhibitor
XII (20) are similar. Therefore, based on the noncovalent SARS-CoV-1
MP™ inhibitor ML188 (100), Kitamura and his colleagues found the
noncovalent inhibitor 101 of SARS-CoV-2 MP™ [101,102] (Fig. 10). It
was found that compound 101 was an active diastereomer with an ICsg
value of 0.20 pM. The antiviral activity of compound 101 was tested
against SARS-CoV-2 in Vero E6 cells by the immunofluorescence assay.
It was found that the ECsg value of compound 101 was 1.27 pM. The
second antiviral assay was carried out in human lung epithelial Calu-3
cell line, with an ECsq value of 3.03 pM. The X-ray crystal structure of
SARS-CoV-2 MP™ with compound 101 complex revealed that there was
a ligand-induced binding pocket between the S2 and S4 sites [102]. This
study showed a promising noncovalent MP™ inhibitor 101, which has
potent cellular antiviral activity for further development.

Dengue virus (DENV) and SARS-CoV-2 pose a serious threat to global
human health, and their proteases (NS2B/NS3 and MP™) are considered
as promising targets for drug development [103,104]. In 2022, KiiHL
et al. designed and synthesized several compounds with benzoxaborole
motif and tested them against the DENV-2 protease and SARS-CoV-2
MP Compound 102 has obvious inhibitory activity against
SARS-CoV-2 MP™ with ICso value of 6.1 pM. Besides, the ECso values
against DENV-2 protease was 2.4 pM in the cell-based DENVproHeLa
assay [105] (Fig. 10). The majority of benzoxaboroles did not show
relevant cytotoxicity or obvious off-target inhibition. These compounds
provide an opportunity to develop drugs with anti-SARS-CoV-2 and
DENV protease activities.

In 2021, Gao’s research group reported 9,10-dihydrophenanthrene
derivatives as non-peptidomimetic and non-covalent inhibitors of
SARS-CoV-2 MP™ (Fig. 10). Among all tested 9,10-dihydrophenanthrene
derivatives, compounds 103 and 104 had the strongest SARS-CoV-2
MP inhibition activity, with ICsq values of 1.55 and 1.81 pM, respec-
tively. Besides, compound 103 exhibited excellent metabolic stability in
the gastrointestinal tract, human plasma, and human liver microsomes
[96]. This study can provide more structural references for the devel-
opment of SARS-CoV-2 MP™ inhibitors.
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In order to improve the affinity of compound 105 and explore the
chemical determinants for ligand binding to S1 and S2, Kneller and his
colleagues designed a series of derivatives of compound 105 (HL-3 se-
ries). Isothermal titration calorimetry was used to evaluate the ther-
modynamic binding properties of compound 105 and the two most
potent inhibitors HL-3-68 (106) and Mcule-CSR-494190-S1 (107)
[106] (Fig. 10). HL-3-68 (106) showed submicromolar affinity for
SARS-CoV-2 MP™, and its binding ability to the enzyme is about 2 times
higher than the other two compounds. Notably, none of the compounds
showed antiviral activity against SARS-CoV-2 in cell-based assays.

Liu’s research group designed and synthesized potent non-covalent
non-peptide SARS-CoV-2 MP™ inhibitors with 1,2,4-triasubstituted
piperazine scaffold by modifying the piperazine nitrogen atoms and
the carboxyl side chain of compound 105, respectively. Compound 108
exhibited potent inhibitory effect on MP™ with ICso values of 0.40 pM,
and displayed excellent antiviral activity (ECso = 1.1 pM) (Fig. 10). It is
noteworthy that compound 108 showed low cytotoxicity (CCsp > 100
pM) and good target selectivity for SARS-CoV-2 MP™ (ICso > 50 pM for
cathepsins B, F, K, L, and caspase 3) [107].

Japan approved a non-covalent, non-peptidomimetic SARS-CoV-2
MP™ inhibitor S-217622 (6) on November 22, 2022. $-217622 (6)
had significant inhibitory activity with ICsy value of 0.13 pM and also
showed good drug metabolism and pharmacokinetic characteristics
[34]. Compounds 101 and 103 are non-covalent inhibitors of
SARS-CoV-2 MP™, with ICs values of 0.20 and 1.55 pM, respectively.
Compound 103 displayed excellent metabolic stability in the gastroin-
testinal tract, human plasma and human liver microsomes [96,102].
Non-covalent drugs not only have potent biological activity, but also
exhibit excellent pharmacokinetic characteristics and good cell perme-
ability. So far, scientists and researchers have found relatively few
non-covalent MP™ inhibitors of SARS-CoV-2, and further efforts are still
needed.

4. Conclusion and future perspective

Coronavirus have caused three pandemics in the past 20 years,
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including SARS, MERS and COVID-19. With the continuous epidemic of
COVID-19, SARS-CoV-2 vaccines have been approved and used world-
wide, but the emergence of virus mutation compromised the effective-
ness of the vaccine [108]. In addition, the percentage of vaccinated
people has remained at a moderate to low level in many countries.
Therefore, the development of antiviral drugs targeting SARS-CoV-2 is
still needed to reduce the incidence and symptom severity and fatality
rates. MP™ plays an important role in the process of viral replication and
transcription, and it is considered as a promising target for the devel-
opment of antiviral drugs. Through drug repurposing and drug design,
many SARS-CoV-2 MP™ inhibitors have been developed.

At present, the drug repurposing methods of SARS-CoV-2 MP™ in-
hibitors mainly include: (1) Reuse of homologous virus MP™ inhibitors:
studying the potential of SARS-CoV-1 MP™ inhibitors as anti-SARS-CoV-
2 drugs; (2) High throughput screening based on activity: using fluo-
rescence technology to screen the activity of compounds from natural
products, approved drugs, and clinical trial drugs libraries; (3) Virtual
screening: using the reported MP™ crystal structure to reasonably nar-
row the range of active screening compounds. Through drug repurpos-
ing, a variety of scaffold structures can be provided for the design of
SARS-CoV-2 MP™ inhibitors, and broad-spectrum antiviral agents that
overcome drug resistance can also be obtained. In conclusion, drug
repurposing can provide a reliable and efficient method to discover lead
compounds (Fig. 11).

In the drug design section, relevant researchers designed and syn-
thesized some covalent and non-covalent SARS-CoV-2 MP™ inhibitors by
modifying and optimizing the structure of cysteine protease inhibitors.
Through the analysis of SARS-CoV-2 MP™ peptidomimetic covalent in-
hibitors, we can summarize the most suitable molecular fragments (P1°,
P1, P2, P3) for interacting with MP"™ active sites (S1°, S1, S2, S3): (1) The
P1’ is the warhead group mainly consisting of ketones, aldehydes and
different types of Michael receptors; (2) The most common fragment in
the P1 is the y-lactamic ring; (3) The P2 is usually aromatic or alkane
groups, such as cyclopropyl, cyclohexyl, etc; (4) The P3 may be an ar-
omatic group, such as indole and substituted phenyl (especially with
halogens) (Fig. 12). The warhead groups form a covalent bond with the
Cys145 residues in the MP™ S1° pocket, which determines the inhibitory
activity of the MP™ inhibitors. The y-lactamic ring in the P1 has the
ability to mimic the natural amino acid glutamine and can penetrate into
the S1 pocket to form a stablilizing interaction with key residues.
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Therefore, it can be maintained in the design of new MP™ inhibitors. The
main component of Pfizer’s antiviral drug Paxlovid, PF-07321332(1), is
a peptidomimetic covalent SARS-CoV-2 MP™ inhibitor. On December
22, 2021, the United States Food and Drug Administration approved
Paxlovid. Therefore, peptidomimetic covalent inhibitors can still be
considered as the most promising antiviral drugs for the development of
MP™ inhibitors. Notably, the covalent binding mode with MP™ may lead
to the reduction of oral bioavailability and metabolic stability, which
usually requires coadministration with pharmacokinetic enhancers such
as Ritonavir. Non-peptidomimetic covalent inhibitor Ebselen (7) may
be a potential lead compound as MP™ inhibitors.

Non-covalent drugs not only have potent biological activity, but also
exhibit excellent pharmacokinetic characteristics and good cell perme-
ability. In addition, S-217622 (6) has been proved to be effective for
most SARS-CoV-2 variants and to possess significant selectivity for MP™
versus host protease [34], indicating that non-covalent non-peptide in-
hibitors have great potential for the therapy of COVID-19. The mutation
and recombination rate of SARS-CoV-2 is relatively high, thus multi-
target antiviral inhibitors can more effectively overcome the drug
resistance. Scientists and researchers are trying to find broadspectrum
antiviral drugs for fighting SARS-CoV-2 and future coronaviruses. In
addition, SARS-CoV-2 MP™ inhibitors with diverse chemical scaffolds
and improved pharmaceutical profile need to be further explored and
developed.

SARS-CoV-2 MP™ is currently targeted by small molecular inhibitors,
which may become a potential target of proteolysis targeting chimeras
(PROTACs). PROTACs are a newly developed technology that degrades
target protein through ubiquitin-proteasome pathway [109]. After the
PROTAC molecule enters the cell, it first binds to the target protein and
recruits E3 ligase for ubiquitination labeling, and then degrades the
target protein through the proteasome in vivo [110]. The feasibility of
antiviral PROTACs was first established with the degradation of the
hepatitis C virus (HCV) NS3/4A protease. We firmly believe that the
PROTAC technique will be used in the research of COVID-19 drugs.
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