7 ROYAL SOCIETY
PN OF CHEMISTRY

RSC
Medicinal Chemistry

REVIEW

Advances in research on 3C-like protease (3CLP")
inhibitors against SARS-CoV-2 since 2020

Roufen Chen,? Yali Gao,® Han Liu,? He Li,> Wenfa Chen*® and Junjie Ma @®*2

i '.) Check for updates ‘

Cite this: RSC Med. Chem., 2023, 14,
9

COVID-19 caused by SARS-CoV-2 in late 2019 is still threatening global human health. Although some vac-
cines and drugs are available in the market, controlling the spread of the SARS-CoV-2 virus remains a huge
challenge. 3C-like protease (3CLP™) is a highly conserved key protease for SARS-CoV-2 replication, and no
relevant homologous protein with a similar cleavage site to 3CLP™ has been identified in humans, highlighting
that development of 3CLP™ inhibitors exhibits great promise for treatment of COVID-19. In this review, the
authors describe the structure and function of 3CLP™. To better understand the characteristics of SARS-CoV-
2 3CLP™ inhibitors, the SARS-CoV-2 3CLP™ inhibitors reported since 2020 are classified into peptidomimetic
covalent inhibitors, non-peptidomimetic covalent inhibitors and non-covalent small molecule inhibitors, and
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DOI: 10.1039/d2md00344a the representative inhibitors, their biological activities and binding models are highlighted. Collectively, we

hope that all the information presented here will provide new insights into the design and development of
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1. Introduction

Coronavirus disease (COVID-19) caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) is having a major
impact on public health worldwide. Statistics from the World
Health Organization (WHO) show that as of 14 October 2022,
620878405 coronavirus cases have been diagnosed, including
6543138 deaths." Common symptoms of COVID-19 include
cough, loss of smell or taste, nasal congestion, fever, etc.,>™*
and may leave multiple sequelae such as fatigue, breathing
difficulties, chest pain and mental health problems.>®

The coronavirus is approximately 80-120 nM in diameter
and has a linear single-stranded positive-sense RNA (+ssRNA)
genome with a full length of 27-32 kb, which is the RNA vi-
rus with the largest genome ever discovered.””® In 2003, the
virus causing severe acute respiratory syndrome (SARS) was
known as SARS-CoV-1 as a member of the genus coronavirus
in the coronaviridae family.”** The virus causing SARS in
2019 belongs to the same beta-coronavirus as SARS-CoV-1
and shares 89.1% gene sequence similarity with SARS-CoV-1
and is known as SARS-COV-2.">""°

As shown in Fig. 1A, the genome of SARS-CoV-2 consists
of 14 open reading frames (ORFs). The first ORFs (ORFla
and ORF1b) are located at the 5’ end of the genome and oc-
cupy approximately two-thirds of the genome, while the other
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more effective 3CLP™ inhibitors against SARS-CoV-2 as novel anti-coronavirus drugs.

ORFs are located at the 3’ end of the genome and encode
four common structural proteins, namely spike (S) protein,
envelope (E) protein, membrane (M) protein and nucleocap-
sid (N) protein, as shown in Fig. 1B."®"” SARS-CoV-2 invades
the host cells by manipulating the host serum protease
(TMPRSS2 and TMPRSS11D) to cleave the spike proteins.'®*®
After entering the host cell, the viral RNA is released into the
host cytoplasm and translated by the host ribosome, i.e.
ORF1a and ORF1b are translated into polyprotein 1a (ppila)
and polyprotein lab (pplab), respectively. ppla and pplab
are precursors to a variety of factors involved in the viral rep-
lication cycle and need to be hydrolyzed and released by the
virus' own encoded protease to function.>® There are two
types of key proteases responsible for the hydrolysis of these
polyproteins (ppla and pplab) in the coronavirus, namely
papain-like  protease (PLP™) and 3C-like protease
(3CLP™).>'"23 PLP™ cleaves ppla and pplab to produce non-
structural proteins (nsp)1-3. 3CLP™, also known as the main
protease (MP™), cleaves ppla and pplab to produce nsp4-16
and is highly conserved in different types of coronaviruses;
the 3CLP™ of SARS-CoV-2 shares 96.1% gene sequence simi-
larity with SARS-CoV-1 and the RMSD of their three-
dimensional structures is only 0.41 A (Fig. 1C).2*™2°

2. 3CL protease

3CLP™ is a cysteine protease consisting of three structural do-
mains (Fig. 2).>”?% A catalytic dyad of Cys145-His41 residues
in the cleft between structural domain I and structural do-
main II is responsible for cleaving ppla and pplab, produc-
ing 12 functional proteins (nsp4-16) that execute functions
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Fig. 1

such as the replication and transcription of the viral
genome.””** Therefore, the catalytic pocket of 3CLP™ is a po-
tential site for the development of inhibitors against SARS-
CoV-2 and other coronaviruses. Moreover, no relevant homol-
ogous protein with a similar cleavage site to 3CLP™ has been
identified in humans, which reduces the risk of off-target
and makes the development of 3CLP™ inhibitors a very attrac-
tive strategy for the treatment of COVID-19.%*

The peptide substrate of SARS-CoV-2 3CLP™ is numbered
as P4-P3-P2-P1-P1’ (Fig. 3) according to the Schechter-Berger
nomenclature from the N to C-terminal amino acids.** The
binding sites of the substrate in the catalytic pocket are num-
bered correspondingly as S4-S3-S2-S1-S1’ (Fig. 3). The cleav-
age site is located between P1 and P1'. The substrate hydroly-
sis mechanism of 3CLP™ is shown in Fig. 3. His41 captures
the hydrogen proton of the thiol group on Cys145, generating
a nucleophilic sulfur negative ion, which attacks the carbonyl
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(A) Genome of SARS-CoV-2. (B) Morphological structure of SARS-CoV-2. (C) 3CLP™ superposition and gene sequence comparison of SARS-
CoV-2 (grey, PDB code: 6XHM) and SARS-CoV-1 (green, PDB code: 6XHO).

group of the amide bond on the peptide substrate, forming a
tetrahedral intermediate. Then the tetrahedral intermediate
is decomposed to give a thiol ester and a corresponding
amine. Next, the electrophilic thiol ester is hydrolyzed to pro-
duce a corresponding carboxylic acid, thereby completing the
cleavage of the peptide substrate, and regenerating the active
protease.** ™’

Currently, the reported 3CLP™ inhibitors include covalent
and non-covalent inhibitors. Covalent inhibitors reversibly or
irreversibly inhibit the activity of 3CLP™ by forming a cova-
lent adduct with Cys145 in the catalytic pocket through an
electrophilic group (warhead), and according to their struc-
tural characteristics, covalent inhibitors mainly include
peptidomimetic and non-peptidomimetic covalent inhibitors.
Most non-covalent inhibitors are substrate competitive inhib-
itors that exhibit reversible inhibitory activity by competing
with the substrate of 3CLP™ for the catalytic pocket, while a

Fig. 2 The structure of 3CLP™ (PDB code: 6UL7) and the surface of its catalytic pocket.
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Fig. 3 Nomenclature of 3CLP™ hydrolysis substrates and mechanism of substrate proteolysis.

few non-covalent inhibitors bind to the dimerization surface
of 3CLPro, 38-40

3. Peptidomimetic covalent inhibitors

Peptidomimetic covalent inhibitors are designed by mimick-
ing the SARS-CoV-2 3CLP™ substrate. Based on the structure
of the warhead in the P1’ site, peptidomimetic covalent in-
hibitors include aldehydes, sulfonates, nitriles, ketones and
Michael acceptors.

3.1 Aldehydes

After the outbreak of COVID-19, Dai et al. reported two
peptidomimetic covalent 3CLP™ inhibitors using an aldehyde
group as the warhead (1, 2, Fig. 4), which showed outstand-
ing inhibitory activity against SARS-CoV-2 3CLP™ with ICj,
values of 53 nM and 40 nM and potent antiviral activity
against SARS-CoV-2 infected Vero E6 cells with ECs, values of
0.53 uM and 0.72 pM, respectively. The co-crystallization of 1
and 2 with 3CLP™ revealed that the aldehyde group acts as an
electrophilic group to form a covalent bond with the thiol
group of Cys145, and the (S)-y-butyrolactam group and the
indole-2-formyl group occupy the S1 pocket and S4 pocket, re-
spectively, establishing multiple hydrogen bonds with His163
and Glu166. The cyclohexyl group of 1 and the 3-fluorophenyl
group of 2 occupy the S2 pocket and form important hydro-
phobic interactions, in which the fluorine atom of the phenyl
group further creates a hydrogen bond interaction with
GIn189 (Fig. 4).*' In the continuing study, Dai et al. further

!
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Fig. 4 Peptidomimetic covalent inhibitors containing an aldehyde

moiety (1-3) (PDB code: 6LZE and 6MOK).
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reported compound 3 with a phenyl group at the P2 site,
which inhibited SARS-CoV-2 3CLP* comparably to 1 and 2
with an IC;, value of 34 nM. The further studies revealed that
3 displayed potent antiviral activity against SARS-CoV-2 in
Vero E6 cells with an ECs, value of 0.29 pM and a longer
half-life (Ty,,) for intraperitoneal, subcutaneous and intrave-
nous administration compared to 1 and 2. But the clearance
rate of 3 was faster by intravenous injection than that of com-
pound 2, which might be due to the absence of the fluorine
atom increasing the electron cloud density of the benzene
ring at the P2 position, thereby reducing the metabolic
stability.*>

In recent years, many groups have designed a variety of
peptidomimetic inhibitors using the aldehyde group as a war-
head by introducing different types of groups at P1, P2, P3
and P4 sites. Dampalla et al. designed compound 4 by intro-
ducing a conformationally restricted cyclohexyl group at the
P3 site, which showed significant inhibition against SARS-
CoV-2 3CLP™ and SARS-CoV-2 infected Vero E6 cells with ICs,
and ECs, values of 0.18 puM and 0.035 uM, respectively
(Fig. 5).** X-ray crystallography studies confirmed that 4
adopts two conformations in which the bicyclic ring is
projected away from the S4 pocket in subunit A and is posi-
tioned in the S4 pocket in subunit B. Subsequently, a range
of structural optimizations around the structure of GC376
were carried out by Dampalla et al. including introduction of
a gem-dimethyl group or stereocenter, deuteration and fluo-
rine, at the P4 site, leading to the identification of compound
5, with an ICs, value of 0.13 uM against SARS-CoV-2 3CLP™
and an ECs, value of 1.03 uM against SARS-CoV-2 in Vero E6
cells. X-ray crystallography demonstrated the feasibility of
using a chiral center to attain directional control at the P4
site and augment binding interactions; for instance, in com-
pound 5, the 4,4-difluorocyclohexane methyl linking the ben-
zyl carbon at the P4 site, together with the directional control
provided by the chiral center, produced a near-optimal
combination.**

To improve the safety and metabolic instability caused by
the high electrophilicity of the aldehyde group, Li et al. de-
signed a peptidomimetic self-masked aldehyde covalent in-
hibitor (6) by replacing y-lactam at the P1 with 2-pyridone
(Fig. 5). Compound 6 had a k; value of 9 nM against SARS-
CoV-2 3CLP™. The NMR spectra of 6 showed that there was
no apparent aldehydic peak in CDCl; as the solvent, but the

RSC Med. Chem., 2023,14,9-21 | 1
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Fig. 5 Peptidomimetic covalent inhibitors containing an aldehyde moiety (4-7) (PDB code: 7LKR, 7M2P, and 7D3I).

exact type (lactol/aldehyde and pyridone/hydroxypyridine) of
6 inside cells is unclear due to various factors such as sol-
vent, temperature, pH, etc. The crystal structure of SARS-CoV-
2 3CLP™ in complex with 6 revealed that the y-lactam can be
bioisosterically replaced by the 2-pyridone moiety, and 3CLP™
is capable of catalyzing the ring-opening of the putative
masked aldehyde of 6, forming a hemithioacetal with Cys145.
The safety and pharmacokinetic properties of 6 were not fur-
ther validated in this work.*’ Inspired by the co-crystal struc-
tures of SARS-CoV-2 3CLP™ in complex with the approved an-
tivirals, boceprevir (PDB: 7COM) and telaprevir (PDB: 7C7P),
a series of 3CLP™ inhibitors containing a bicycloproline moi-
ety at the P2 site and a medium size hydrophobic group at
the P3 site, were designed by Qiao et al. The most active com-
pound, 7, had an ICs, value of 7.6 nM against SARS-CoV-2
3CLP™. The cocrystal structure of 3CLP™ with 7 confirmed
that 7 binds to the catalytic pocket of 3CLP™. The warhead
aldehyde forms a covalent bond with Cys145, and the
y-lactam ring inserts deeply into the S1 pocket, which is like
other peptidomimetic covalent inhibitors. The 1-ethyl-3,5-
difluorobenzene moiety in an extended conformation and the
rigid bicycloproline occupy the S4 and S2 pockets, respec-
tively, and form multiple hydrophobic interactions with the
residues of the catalytic pocket.*®

3.2 Sulfonates

Peptidomimetic sulfonate inhibitors are prodrugs of aldehyde
inhibitors that improve water solubility and pharmacokinetic
properties. The sulfonate in the inhibitors can be rapidly hydro-
lyzed and converted to the corresponding aldehyde in a physio-
logical environment.*” In 2020, Vuong et al. demonstrated two
peptidomimetic covalent inhibitors, the parent GC373 and its
prodrug GC376, which were previously used to treat feline coro-
navirus infection, that could effectively inhibit SARS-CoV-2
3CLP™ with ICs, values of 0.40 uM and 0.19 pM, respectively.
The co-crystallization of GC373 (PDB: 6WTK) and GC376 (PDB:
6WT]) with 3CLP™ confirmed that the prodrug GC376 converted
to the parent drug GC373 resulting in identical ligands in the
structures, and the aldehyde group forms a covalent bond with
Cys145 of the catalytic pocket (Fig. 6).*® In the further study, to

12 | RSC Med. Chem., 2023, 14, 9-21

enhance the efficacy of GC376 against SARS-CoV-2, Vuong et al.
carried out the structural optimization of GC376 in the P2 and
P3 sites, and identified compounds 8 and 9 (Fig. 6) with ICs,
values of 0.07 uM and 0.08 puM against SARS-CoV-2 3CLP™, re-
spectively. The antiviral activity study in SARS-CoV-2 infected
Vero E6 cells showed that 8 and 9 exhibited more potent inhibi-
tion with ECs, values of 0.57 uM and 0.70 uM than GC376, re-
spectively.*® Crystallographic structures of inhibitor-3CLP™ com-
plexes reveal that the cyclopropyl group fills the S2 pocket in a
more compact fashion compared to GC373, and the substitu-
tion of Cbz by a 3-fluoro/chlorobenzyl group forces a relocation
of the P3 substituent into the S4 pocket, allowing for additional
interactions with the protease.

3.3 Nitriles

Nitrile has been widely used in drug design as a covalent re-
versible warhead of protease inhibitors. Although the nitrile
group exhibits relative inertness, the electrophilicity of which
can be enhanced by linkage to an electron-withdrawing
group.”® > PF-07321332 (Nirmatrelvir, Fig. 7) is a reversible
peptidomimetic covalent inhibitor bearing a nitrile warhead
developed by Pfizer Inc., which effectively inhibited SARS-
CoV-2 3CLP™ with a K; value of 3.11 nM, and exhibited potent
antiviral activity in SARS-CoV-2 infected Vero E6 cells with an
ECso value of 74.5 nM. The co-crystallization of PF-07321332
with 3CLP™ confirmed that the nitrile group forms a covalent
bond with the thiol group of Cys145 and two hydrogen bonds
with Cys145 and Gly143. The bicyclic tetrahydropyrrole moi-
ety and the trifluoroacetyl occupy the S2 and S4 pockets, re-
spectively. The y-lactam at the P1 site and the amide skeleton
at P3-P4 sites establish multiple hydrogen bonds with
His163, Glu166, and GIn189, respectively. The in vivo antiviral
activity in a mouse-adapted SARS-CoV-2 (SARS-CoV-2 MA10)
model showed that PF-07321332 was effective at reducing the
amount of SARS-CoV-2 MA10 virus in the lungs of mice. The
pharmacokinetic property study showed that the CYP3A4 en-
zyme oxidatively metabolizes multiple sites of PF-07321332
(e.g., tert-butyl, azabicyclic and pyrrolidone), resulting in
rapid clearance. Thus, PF-07321332 was co-administered with
the potent CYP3A4 inhibitor (Ritonavir) to improve the

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Peptidomimetic covalent inhibitors bearing a sulfonate moiety (GC373, GC376, 8 and 9) (PDB code: 6WTK).

therapeutic concentration of PF-07321332 in clinical trials.>
Currently, PAXLOVID (PF-07321332 + Ritonavir) is approved
in the USA, UK and China as the first oral antiviral treatment
for COVID-19.>

3.4 Ketones

PF-00835231 is a keto-based 3CLP™ inhibitor designed by Pfizer
Inc. for the treatment of SARS CoV-1 that occurred in 2003.>
Following the COVID-19 outbreak, PF-00835231 (Fig. 8) was
demonstrated to be a potent SARS CoV-2 3CLP™ inhibitor with a
K; value of 0.27 nM. The co-crystallization of PF-00835231 with
SARS CoV-2 3CLP™ revealed that the carbonyl group of the hy-
droxymethyl ketone forms a covalent bond with the thiol of
Cys145, generating a hydroxyl group, which further establishes
hydrogen bonds with the backbone NH of Cys145 and with the
amide NH of Gly143 via a bridging water molecule. The termi-
nal primary alcohol group forms a hydrogen bond with His41
(Fig. 8).°° In continuing research, to enhance the aqueous solu-
bility of PF-00835231, Pfizer Inc. further designed a phosphate
prodrug (PF-07304814) of PF-00835231. Preclinical studies
showed that PF-07304814 exhibited excellent ADME properties,
safety, and was rapidly converted to the active moiety (PF-
00835231) in vivo.”® Currently, PF-07304814 is in phase I clinical
trial (NCT04627532 and NCT04535167). Furthermore, inspired
by the leaving ability of the o-acyloxy group, Bai et al. reported a
series of peptidomimetic covalent inhibitors bearing an
o-acetoxymethyl ketone warhead based on the structure of
peptidomimetic hydroxymethyl ketone inhibitors. The activity
study led to the identification of compound 10 (Fig. 8) with a
2,4,6-trimethyl-substituted pyridyl] moiety, which not only
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SARS-CoV-2 3CLP K, = 3.11 nM
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Fig. 7 The co-crystallization of the peptidomimetic covalent inhibitor
bearing a nitrile moiety (PF-07321332) with 3CLP" (PDB code: 7RFW).
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showed more potent inhibitory activity against SARS-CoV-2
3CLP™ with an ICgz, value of 19 nM than GC376, but also
displayed significant antiviral activity in SARS-CoV-2 infected
Vero E6 cells with an ECs, value of 0.30 puM. The co-
crystallization of 10 with SARS-CoV-2 3CLP™ showed that the
2,4,6-trimethylnicotinate group has been left off, allowing 10 to
form an irreversible covalent bond with the sulphur of Cys145
via the methylene carbon, rather than the carbonyl carbon,
which is different from other ketone-based inhibitors. Notably,
the six-membered lactam in the P1 site mimics well the five-
membered glutamine in previously reported peptidomimetic in-
hibitors, demonstrating that these two groups are comparable
in activity (Fig. 8).’

YH-53 is a peptidomimetic covalent inhibitor containing a
unique benzothiazolyl ketone warhead designed by Hayashi's
team after the outbreak of SARS in 2003. In 2021, Konno et al.
of Hayashi's team investigated the potential of YH-53 as an anti-
SARS-CoV-2 drug, and found that YH-53 showed potent inhibi-
tory activity against SARS-CoV-2 3CLP™ with a K; value of 34.7
nM and completely blocked the replication of the virus in Vero
cells at a concentration of 10 uM (Fig. 9). The co-crystallization
of YH-53 with SARS-CoV-2 3CLP™ revealed that the carbonyl car-
bon at the P1’ site forms a covalent bond with the thiol group of
Cys145 (Fig. 9). The preclinical pharmacokinetic property study
revealed that the first-pass effect in the liver caused by the hy-
drolysis of the amide bond between P1 and P2 was the main
reason for the low bioavailability (3.5%) of YH-53 in rats, which
provided an important guide for further design of potent 3CLP™
inhibitors with good pharmacokinetic properties.*®

The advantage of a-ketoamide as a warhead is that it pro-
vides two receptors for hydrogen bonding interactions rather
than just one, as with other warheads such as aldehyde, mono-
ketone or nitrile. Compound 11 is a peptidomimetic
o-ketoamide broad-spectrum inhibitor of the 3CLP™ of
B-coronaviruses and a-coronaviruses as well as the 3CP™ of en-
teroviruses. Zhang et al. carried out a range of structural optimi-
zations in the P2 and P3-P4 sites of 11, and identified com-
pound 12, with an ICs, value of 0.67 uM against SARS-CoV-2
3CLP™ (Fig. 9). Notably, the pharmacokinetic study showed that
12 had a pronounced lung tropism, highlighting the potential
of administration by the inhalation route. The co-crystallization
of 12 with SARS-CoV-2 3CLP™ confirmed that the o-keto group

RSC Med. Chem., 2023,14,9-21 | 13
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Fig. 9 Peptidomimetic covalent inhibitors bearing ketones (YH-53, 11, and 12) and their co-crystallizations with 3CLP"™ (PDB code: 7E18, 6Y2G).

forms a covalent bond with the thiol group of Cys145, and the
o-ketoamide creates multiple hydrogen bonds with His41,
Gly143, Cys145 and Ser144, respectively. The y-lactam at the P1
site and the pyridone at the P3 site establish multiple hydrogen
bonds with Phe140 and Glu166, respectively (Fig. 9).°>°

3.5 Michael acceptors

N3 (Fig. 10) is a broad-spectrum 3CLP™ inhibitor containing
the Michael receptor as a warhead that is effective against
multiple coronaviruses, including SARS-CoV and MERS-
CoV.*° Following the outbreak of COVID-19, Jin et al. further
demonstrated that N3 could effectively inhibit SARS-CoV-2
3CLP™. The crystal structure of SARS-CoV-2 3CLP™ in complex
with N3 revealed that N3 binds in the catalytic pocket in an
extended conformation, and the B-C atom of o,p-unsaturated
ester forms a covalent bond with the thiol group of Cys145,

14 | RSC Med. Chem., 2023, 14, 9-21

indicating that Michael addition has occurred. In addition,
the lactam occupies the S1 pocket and forms a hydrogen
bond with His163, and the isobutyl of Leu and the methyl of
Ala insert into the S2 and S4 pockets. The isopropyl of Val
and the 3-methylisoxazole-5-formyl extend to the solvent-
exposed area, suggesting that these parts may not be essen-
tial for inhibitory activity, and structural optimization of
these parts can be carried out to improve potency and phar-
macokinetic properties (Fig. 10).°*

4. Non-covalent small molecule
inhibitors

Covalent inhibitors that form a covalent bond with the amino
acid residue in the active pocket of the target protein often
have potential toxic side effects and off-target problems,

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Peptidomimetic covalent inhibitor bearing a Michael receptor
(N3) and its co-crystallization with 3CLP™ (PDB code: 6LU7).

GLY-143

CYS-145

while non-covalent inhibitors that competitively bind to the
target protein through weak reversible binding can greatly re-
duce these risks.*>%

Drayman et al. screened a library of 1900 clinically safe
drugs against OC43, a human beta coronavirus that causes
the common cold, and identified masitinib, an orally bio-
available tyrosine kinase inhibitor, with an ICs, of 2.5 uM
against SARS-CoV-2 3CLP™ and an ECs, of 3.2 uM in SARS-
CoV-2 infected A549/ACE2 cells (Fig. 11). The co-
crystallization of masitinib with SARS-CoV-2 3CLP™ revealed
that masitinib noncovalently binds to the catalytic pocket,
and the pyridine ring inserts into the S1 pocket and forms a
hydrogen bond with His163; the aminothiazole ring forms
two hydrogen bonds with His164 and the key residue Cys145.
The toluene ring occupies the hydrophobic S2 pocket and
creates an important n-m stacking interaction with another
key residue His41. The N-methylpiperaze group is located
outside of the catalytic pocket and the absence of masitinib
is observed in S1’ and S4 pockets, suggesting that structural
optimization can be carried out at these areas to further im-
prove the inhibitory activity of 3CLP™, while decreasing the
tyrosine kinase inhibitory activity to reduce the associated
side effects (Fig. 11).°* Besides, Liu et al and Cui et al. re-
ported an N-substituted isatin derivative (13) and a juglone

N
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=~ 7 S
N={
NH
[¢] y
N A
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N
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SARS-CoV-2 3CLP* ICs, = 2.5 uM
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‘ HoN
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Review

derivative (14) as non-covalent SARS-CoV-2 3CLP* inhibitors,
with ICs, values of 45 nM and 72.07 nM, respectively
(Fig. 11). 14 inhibited SARS-CoV-2 replication in Vero E6 cells
with an ECj;, value of 4.55 uM, whereas the high cytotoxicity
of 13 limited the testing of anti-SARS-CoV-2 activity at the cel-
lular level. The binding models of 13 and 14 to 3CLP™ are un-
clear due to the lack of co-crystal structure (Fig. 11).°>%°

Next, based on the co-crystallization of GC376, calpain in-
hibitor XII and ML188(R) with 3CLP™, Kitamura et al. discov-
ered a non-covalent small molecule inhibitor (15, Fig. 12)
using the one-pot Ugi-4CR synthetic methodology, which had
an ICs, value of 0.20 uM against SARS-CoV-2 3CLP™ and an
ECso value of 1.27 uM against SARS-CoV-2 in Vero E6 cells.
The co-crystallization of 15 with 3CLP™ revealed a ligand-
induced binding pocket between the S2 and S4 pockets,
which was not previously identified, and the benzyl group in-
serts into this binding pocket, enhancing the binding to
3CLP™ (Fig. 12). The novel binding model of 15 can be ap-
plied in the further design of 3CLP™ inhibitors.®” In addition,
a structural optimization of SARS-CoV-1 3CLP™ inhibitor
ML300 was carried out by Han et al., leading to the identifica-
tion of CCF0058981, with an ICs, value of 68 nM against
SARS-CoV-2 3CLP™. CCF0058981 exhibited potent antiviral ac-
tivity with ECs, values of 0.497 uM and 0.558 pM against
SARS-CoV-2 infected Vero E6 cells in the cytopathic effect
(CPE) inhibition assay and plaque reduction assay, respec-
tively. The co-crystallization of an analogue (16) of
CCF0058981 showed that the thiophene and benzotriazole
moieties occupy the S1 and S2g, (S2) pockets, respectively.
Significantly, the imidazole group occupies a newly formed
channel (S2.) located between the canonical S1' and S2,
pockets and forms two H-bonding interactions with Cys44
and The25. However, the high clearance and strong inhibi-
tion on CYP enzymes of CCF0058981 need to be improved in
further studies (Fig. 12).%°

Clyde et al. conducted a high-throughput virtual screening
(HTVS) of over 6.5 million compounds in the Mcule database
and identified MCULE-5948770040 (Fig. 12), with an ICs,
value of 0.68 puM against SARS-CoV-2 3CLP™. The co-
crystallization showed that the uracil moiety of MCULE-
5948770040 occupies the S1 pocket and forms a hydrogen
bond with His163, and the dichlorophenyl moiety occupies
the S2 pocket (Fig. 12).°” In the continuing study, Kneller

So W

13 14

SARS-CoV-2 3CLPICs, =45 nM SARS-CoV-2 3CLP®ICs, = 72.07 nM
ECsy (Vero E6 cells ) = 4.55 uM

Fig. 11 Non-covalent SARS-CoV-2 3CLP"™ inhibitor (masitinib and 13-14) (PDB code: 7JU7).
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SARS-CoV-2 3CLP®ICs, = 0.29 uM

Fig. 12 Non-covalent SARS-CoV-2 3CLP™ inhibitors (15, 16, CCF0058981, MCULE-5948770040, HL-3-68) and their co-crystallizations with 3CLP"™

(PDB code: 7KX5, 7LMF, 7LTJ, 7RLS).

et al. carried out the structural optimization of MCULE-
5948770040 to obtain HL-3-68 (Fig. 12), which exhibited more
potent inhibition on SARS-CoV-2 3CLP™ with an ICs, value of
0.29 uM than MCULE-5948770040. The co-crystallization of
HL-3-68 with 3CLP™ further revealed that the S2 pocket is
sensitive to small changes in the ligand properties and the
introduction of a chlorine atom at the 5-position of the phe-
nyl group rotates Met49 and creates a van der Waals interac-
tion with Cys44, enhancing the binding to 3CLP™ (Fig. 12).”°
Unoh et al. combined virtual screening, activity validation
and structure-based drug design strategies to discover a non-
covalent inhibitor with a triazine skeleton (S-217622, Fig. 13),
with an ICs, value of 13 nM against SARS-CoV-2 3CLP™ and
an ECs, value of 0.37 uM in SARS-CoV-2 infected Vero E6
cells (Fig. 13). S-217622 showed promising DMPK properties
and higher bioavailability in monkeys and dogs, suggesting
that S-217622 might be used for the once-daily oral treatment
of COVID-19 without requiring co-administration with a PK
booster. The co-crystallization of $-217622 with 3CLP™ re-
vealed that the two carbonyls of the center triazine moiety
form multiple hydrogen bonds with Glu166, Gly143 and
Cys145, the 1-methyl-1H-1,2,4-triazolyl moiety occupies the S1
pocket and forms a hydrogen bonding interaction with
His163, and the 2,4,5-trifluorobenzyl moiety occupies the hy-

\ NN_\\N g
,N \ o N
N
N oy "

N7 N/&O

F F
S-217622
Phase IVIII, Completed

SARS-CoV-2 3CLP® ICyy = 13 nM
ECsq (Vero E6 cells) = 0.37 uM

drophobic S2 pocket. The 6-chloro-2-methyl-2H-indazole at
the P1’ site establishes hydrogen bonding with Thr26 and hy-
drophobic interaction with Met49, respectively (Fig. 13).”*
These above multiple interactions and the high fit with the
catalytic pocket contribute to the excellent inhibitory activity
of $-217622 against 3CLP™. Currently, $-217622 is in phase II/
III clinical trial (JPRN-jRCT2031210350). Recently, Hou et al.
screened more than 49 billion compounds by DNA encoded
library (DEL) technology to identify a non-covalent small mol-
ecule SARS-CoV-2 3CLP™ inhibitor, WPVO01 (Fig. 13), with an
ICso value of 72 nM and an ECs, value of 12 nM against
SARS-CoV-2 in A549-hACE2 cells. In vivo antiviral activity
showed that WPV01 exhibited comparable anti-SARS-CoV-2
activity to PF-07321332 in K18-hACE2 mice. The co-
crystallization of WPV01 with 3CLP™ revealed that the iso-
quinoline ring inserts well into the S1 pocket and forms a hy-
drogen bond with His163. The carbonyl group at the 3-posi-
tion of the isoquinoline ring and the methylcarbamoyl group
form two hydrogen bonds with Asn142 and Glu166. The phe-
nyl ring forms an amino-n interaction with GIn189, and the
4-bromo of the phenyl ring extends to the S4 pocket, estab-
lishing a halogen bond with Thr190. Notably, the strongly
electron-withdrawing 6-nitro group extending to the S2
pocket provides an important contribution to the potency by

WPV01 (MPROSEVIR)
Approved for Clinical trials
SARS-CoV-2 3CLP* [C5o = 72 nM
ECjso (A549-hACE2 cells) = 12 nM

Fig. 13 Non-covalent SARS-CoV-2 3CLP™ inhibitors (5-217622 and WPV01) and their co-crystallizations with 3CLP™ (PDB code: 7VU6 and 7ENS).
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Fig. 14 Non-peptidomimetic covalent inhibitors (GRL-1720, Jun9-62-2R, Y180, and 17-19) and their co-crystallizations with 3CL°™ (PDB code:

7RBZ, 7RN1, 7FAZ, and 7Z59).

further enhancing the amino-n and halogen bond interac-
tions, which explains the decrease or loss of inhibitory activ-
ity when the nitro is replaced by other electron-withdrawing
groups or hydrogen (Fig. 13). WPVO01 has been approved for
clinical trials.”

5. Non-peptidomimetic covalent
inhibitors

Although the presence of an electrophilic warhead in 3CLP™
inhibitors contributes a longer duration of action in vivo, im-
proving the oral bioavailability of peptidomimetic inhibitors
remains a major challenge. Therefore, the development of
non-peptidomimetic covalent inhibitors containing an elec-
trophilic warhead provides the opportunity to discover 3CLP™
inhibitors with better druggability.

In 2021, a small-molecule compound (GRL-1720) contain-
ing an indoline moiety was reported by Hattori et al. as a
SARS-CoV-2 3CLP™ inhibitor with an ICs, value of 0.32 uM.”?
In the continuing study, a comprehensive structure-activity
relationship study of GRL-1720 was carried out by Ghosh
et al., leading to the identification of compound 17, which
showed more potent inhibitory activity against SARS-CoV-2
3CLP™ with an ICs, value of 73 nM than GRL-1720. The co-
crystallization of GRL-1720 with 3CLP™ revealed that the for-
mate ester at the P1’ site could react with the thiol group of
Cys145 in 3CLP™ to form an important covalent adduct
(Fig. 14).7*

Ma et al. explored a series of novel electrophiles for replac-
ing the P1’ furyl substitution in compound 15, a non-covalent
small molecule 3CLP™ inhibitor discovered in their group's
previous work (Fig. 14). Of these, Jun9-62-2R, containing
dichloroacetamide as a warhead, obtained using the Ugi
four-component reaction (Ugi-4CR), showed not only signifi-
cantly 3CLP™ inhibition (ICs, = 0.67 uM) and antiviral activity
(ECs0 = 0.90 uM in Vero E6 cells; ECso = 2.05 uM in Caco2-
hACE2 cells) but also remarkably improved target specificity
over caplain, cathepsins, caspase-3, and trypsin (ICs, > 20

This journal is © The Royal Society of Chemistry 2023

uM) (Fig. 14). The crystal structure of SARS-CoV-2 3CLP™ in
complex with Jun9-62-2R revealed that the binding pose is
very similar to that of 15, and the key distinction between
Jun9-62-2R and 15 is that the dichloroacetamide moiety
forms a covalent bond with the thiol group of Cys145, which
is consistent with the expectation (Fig. 14).”° In addition,
Quan et al. further used the Ugi-4CR to synthesize a series of
o-ketoamide-containing non-peptidomimetic covalent 3CLP™
inhibitors. The promising compound, Y180, inhibited SARS-
CoV-2 3CLP™ with an ICs, value of 8.1 nM and showed broad
antiviral activity in VeroE6-TMPRSS2 cells against WT SARS-
CoV-2, B.1.1.7, B.1.617.1 and P.3, respectively. Moreover, Y180
displayed satisfying PK properties and safety with oral bio-
availability of 92.9%, 31.9% and 85.7% in mice, rats and
dogs, respectively. The co-crystallization revealed that the ter-
minal carbonyl moiety of Y180 acts as an electrophilic war-
head to form a covalent bond with Cys145 in the S1’ pocket,
and the binding model of pyridyl, dibenzo(b,d)furanyl and
4-fluorophenyl of Y180 to the catalytic pocket is similar to
that of 15 and Jun9-62-2R (Fig. 14).”°

Recently, inspired by the p-lactam scaffold, a series of pen-
icillin derivatives as non-peptidomimetic covalent inhibitors
were reported by Malla et al. Of these, compound 18 had the
strongest inhibitory activity against SARS-CoV-2 3CLP™ with
an ICs, value of 0.5 uM. The co-crystallization of an analogue
(19) of 18 with SARS-CoV-2 3CLP™ revealed that the B-lactam
ring can be cleaved by reacting with Cys145 to form an im-
portant covalent adduct with 3CLP™ (Fig. 14), highlighting
the potential of B-lactams for use as a warhead of 3CLP™
inhibitors.””

6. Conclusions

3CLP™ has emerged as one of the most promising targets for
the treatment of COVID-19. In recent years, many SARS-CoV-2
3CLP™ inhibitors have been reported, mainly including
peptidomimetic covalent inhibitors, non-peptidomimetic cova-
lent inhibitors and non-covalent small molecule inhibitors.
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Peptidomimetic covalent inhibitors designed by mimicking the
3CLP™ hydrolysis substrate are the most widely reported and
exhibit significant inhibitory activity against 3CLP™, some of
which have a nanomolar level of inhibitory activity. However,
due to the presence of a highly reactive electrophilic warhead,
there is a potential safety issue caused by off-target for covalent
inhibitors, as well as the disadvantage of poor oral bioavailabil-
ity associated with the peptide structure, e.g. Nirmatrelvir re-
quires co-administration with a PK booster (Ritonavir) to im-
prove oral bioavailability. Non-covalent small molecule
inhibitors exhibit inhibitory activity mainly through weak re-
versible interactions with amino acid residues in the S1, S2
and S4 pockets of 3CLP™. Compared to the covalent inhibitors,
non-covalent small molecule inhibitors avoid the safety issue
associated with the off-target of the electrophilic warhead, and
their oral bioavailabilities have also been significantly im-
proved without the combination with a PK booster; S-217622
and WPVO0L1 are in clinical trial. Nevertheless, the lack of strong
interaction with 3CLP™ results in the risk that non-covalent
small molecule inhibitors may require prolonged or heavy dos-
ing, potentially leading to drug resistance. Non-
peptidomimetic covalent inhibitors that combine small mole-
cule features and the advantages of covalent inhibitor war-
heads show the potential for better druggability than
peptidomimetic covalent inhibitors, some of which were de-
signed by introducing the warhead at the P1’ site based on the
structures of reported non-covalent small molecule inhibitors,
such as Jun9-62-2R. However, there are few reports of these in-
hibitors and no compounds are currently in clinical trials.
Moreover, there is no known cysteine protease in humans with
a similar cleavage site to 3CLP™, suggesting that the develop-
ment of proteolysis-targeting chimera (PROTAC) degraders
targeting the catalytic pocket of 3CLP™ as anti-coronavirus
drugs would be an attractive and promising strategy. SARS-
CoV-2 is still spreading and mutating around the world, the
highly conserved 3CLP™ will continuously attract more atten-
tion from scientists and more novel and potent anti-
coronavirus drugs targeting 3CLP™ against SARS-CoV-2 will be
reported in the future.
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