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ABSTRACT: The main protease (Mpro) plays a crucial role in
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
replication and is highly conserved, rendering it one of the most
attractive therapeutic targets for SARS-CoV-2 inhibition. Cur-
rently, although two drug candidates targeting SARS-CoV-2 Mpro

designed by Pfizer are under clinical trials, no SARS-CoV-2
medication is approved due to the long period of drug
development. Here, we collect a comprehensive list of 817
available SARS-CoV-2 and SARS-CoV Mpro inhibitors from the
literature or databases and analyze their molecular mechanisms of
action. The structure−activity relationships (SARs) among each
series of inhibitors are discussed. Additionally, we broadly examine
available antiviral activity, ADMET (absorption, distribution,
metabolism, excretion, and toxicity), and animal tests of these inhibitors. We comment on their druggability or drawbacks that
prevent them from becoming drugs. This Perspective sheds light on the future development of Mpro inhibitors for SARS-CoV-2 and
future coronavirus diseases.

1. INTRODUCTION

Developing effective drugs or therapies against severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is an urgent
task for scientific and pharmaceutical communities. SARS-CoV-
2 has an unprecedented high infection and prevalence rate, as
well as a long incubation period.1 Up to October 5, 2021, 236
million SARS-CoV-2 cases had already brought 4.8 million
deaths worldwide. This reminds us that although 21 distinct
SARS-CoV-2 vaccines have already been approved for full or
emergency use globally,2 the battle against SARS-CoV-2 is still
far from the end because of various vaccine escape mutations on
the spike protein.3 In comparison, mutations on enzyme active
sites are rare.4 Thus, to finally control SARS-CoV-2 and return
to normalcy, we must develop effective medications against the
virus.
However, there is no approved SARS-CoV-2 medication due

to the inherently long period of drug discovery. Pfizer has
released two drug candidates PF-07321332 and PF-07304814
inhibiting the SARS-CoV-2 main protease (Mpro), which are
now in clinical trials.5,6 Notably, PF-07321332 is now in phase 3
clinical trials and appears to be on its way to becoming the first
Mpro drug to treat SARS-CoV-2. Traditionally, developing a new
drug can take about 10−15 years,7 from initial design to entering
the marketplace. Considering the urgency of the current
pandemic, the drug discovery for SARS-CoV-2 must be
expedited.
SARS-CoV-2 is a β-coronavirus belonging to the Coronavir-

idae family. β-Coronaviruses seriously threaten human health.
During the first two decades of the 21st century alone, β-

coronaviruses have triggered three major outbreaks of deadly
pneumonia: SARS-CoV (2002), Middle East respiratory
syndrome coronavirus (MERS-CoV) (2012), and SARS-CoV-
2 (2019).8 SARS-CoV-2’s infection rate is even higher than
SARS-CoV and MERS-CoV.9,10

A great number of drug targets of SARS-CoV-2 have been
identified.11 Among them, Mpro, also called 3-chymotrypsin-like
protease (3CLpro), is an attractive target for small-molecule
inhibitors.12−20

First, Mpro is an indispensable enzyme for viral replication and
transcription. Coronaviruses possess the largest known RNA
genomes with a length of about 30 kb.21 Their genomes consist
of multiple open-reading frames (ORFs). Among them, two
overlapping ORFs (ORF1a and ORF1ab) are translated into
two large polyproteins, pp1a and pp1ab, via a −1 translation
frameshift mechanism. Then, Mpro and papain-like protease
(PLpro)22 cleave pp1a and pp1ab into 16 mature nonstructural
proteins (NSPs).23 Mpro formed from NSP5 cleaves the two
polyproteins at 11 recognition sites and creates NSP4 to NSP10
and NSP12 to NSP16 (NSP11 is the N terminal end of NSP12),
while PLpro cleaves the other 3 sites to generate NSP1 to NSP3.
Notably, NSP4 to NSP16 cleaved by Mpro contain many
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essential viral proteins, especially the RNA-dependent RNA
polymerase (NSP12), RNA binding proteins (NSP9), helicase
(NSP13), exoribonuclease (NSP14), and methyltransferase
(NSP16).24,25 Therefore, effectively blocking Mpro could stop
SARS-CoV-2 replication in human bodies and cure the disease.

Second, according to the data from the global initiative on
sharing all influenza data (GISAID), SARS-COV-2 Mpro is
highly conserved. The mutation rate on its binding domain is
lower than 0.001 (see section 3.2). Thus, mutations will not
broadly impact the efficacy of SARS-CoV-2 Mpro inhibitors.

Figure 1. 3D conformation alignment (a) and 2D sequence alignment (b) of SARS-CoV-2 and SARS-CoVmain proteases (Mpro). The sequences and
structures are from the Protein Data Bank (PDB) ID 7C6S (SARS-CoV-2 Mpro, cyan in part a) and 2A5I (SARS-CoV Mpro, green in part a).

Figure 2. Overall scheme of SARS-CoV/SARS-CoV-2 Mpro catalytic mechanism by Cys145 and His41 at the active site.
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Last but not least, the Mpro enzymes of SARS-CoV-2 and
SARS-CoV share a very high 2D sequence identity of 96.1% and
a very low 3DRMSD of 0.42 Å (see Figure 1). Their binding-site
sequence identity is even as high as 100%.26 Therefore, previous
SARS-CoV Mpro inhibitors are still effective against SARS-CoV-
2 Mpro, providing a useful resource for developing SARS-CoV-2
Mpro drugs. For instance, PF-00835231, a SARS-COV-2 Mpro

inhibitor currently in clinical trials, was originally designed by
Pfizer during the 2002−2003 outbreak of SARS-CoV to target
SARS-CoV Mpro.6

The active site of SARS-CoV-2 and SARS-CoV Mpro consists
of Cys145 and His41, which form a catalytic dyad. Cys145 is the
common nucleophile in the proteolytic process.17,27 Figure 2
depicts the five-step process ofMpro hydrolyzing a substrate. The
first step is the deprotonation of the Cys145-thiol, in which the
proton of Cys145-thiol is transferred to His41. In the second
step, the resulting anionic sulfur nucleophilically attacks the
substrate carbonyl carbon to form a C−S bond. Then, in the
third step, the peptide substrate is protonated and cleaved, and
the product with an amino terminus is released, leaving the
His41 in its deprotonated form. Next, in the fourth step, the
resulting thioester is hydrolyzed to release a carboxylic acid. In
the last step, the free enzyme is formed again.
The subsite nomenclature is a popular representation of a

proteolytic enzyme and its interactions with a peptide substrate
or inhibitor (Figure 3). From N-terminus to C-terminus, the

amino acids in a substrate are numbered as P3, P2, P1, P1′, P2′,
etc. The amide bond between P1 and P1′ represents the scissile
bond, where peptide substrates are hydrolyzed.17 The protease
active sites are correspondingly numbered as S3, S2, S1, S1′, and
S2′. This work adopts this subsite nomenclature.
Notably, for covalent inhibitors of SARS-CoV-2 and SARS-

CoVMpro, the kinetic scheme of covalent inhibition is illustrated
as follows:

E I EI E I
k

k k

2

1 3F+ → −

where E, I, EI, and E−I represent enzyme, inhibitor, enzyme−
inhibitor complex, and covalently bonded enzyme and inhibitor,
respectively. At first, the inhibitor binds to the protease
noncovalently. Then, a nucleophilic attack by Cys145 triggers
the protease to form a stable covalent bond with the
inhibitor.28,29 Therefore, the rate of the interaction is
determined by both the equilibrium-binding constant ki
(designated as k1/k2) and the inactivation rate constant for
covalent bond formation k3. For a covalent inhibitor, the

reported binding affinity refers to the one from the noncovalent
binding in the first step.
Additionally, the existing crystal structures of SARS-CoV-2

Mpro and inhibitor complexes reveal many inhibitor binding
sites. However, the major inhibitory site is at the enzyme
catalytic center.30

Motivated by the pressing need for effective SARS-CoV-2
medications and the data in machine learning-based drug
repositioning and generation for Mpro inhibitors,30−32 we
collected 817 available SARS-CoV-2 and SARS-CoV Mpro

inhibitors from the literature or databases in this Perspective.
The inhibitors with enzyme inhibitory activities in sub-
micromolar range are highlighted. We classify these inhibitors
into different categories based on their binding mechanisms and
illustrate their covalent or noncovalent binding interactions with
Mpro. In each category, the structure−activity relationship
(SAR) of the inhibitors and the potential path to improve
potency are analyzed. Since the antiviral activities of the
inhibitors are also critical, we analyze their antiviral potentials
and the relationships with enzymatic activities. Moreover, we
analyze their ADMET (absorption, distribution, metabolism,
excretion, and toxicity), pharmacokinetics (PK), druggability
data, and in vivo results, when available. More importantly, we
comment on their druggable potential and possible issues
preventing them from becoming drugs. Finally, we forecast the
Mpro mutation impact on inhibitor efficacy as well. The data
collection and perspectives in this work will provide a starting
point to screen and discover drug candidates against SARS-
CoV-2 Mpro.

2. SARS-COV-2 AND SARS-COV MPRO INHIBITORS
WITH INHIBITORY POTENCY IN SUB-MICROMOLAR
RANGE
2.1. Peptidomimetic Covalent Inhibitors. 2.1.1. Ketone-

Based Covalent Inhibitors. So far, the SARS-CoV-2 and SARS-
CoV Mpro inhibitors with the strongest enzyme inhibitory
activities are among the ketone-based covalent inhibitors
developed by Hoffman et al. from Pfizer,26 especially the P2-
modified hydroxymethylketone (HMK) inhibitors.

2.1.1.1. P2-Modified Hydroxymethylketone (HMK) Inhib-
itors. A series of P2-modified HMK inhibitors developed by
Hoffman et al.26 show strong inhibition of SARS-CoV-2 and
SARS-CoV Mpro (Figure 4). HMKs are reversible cysteine
protease inhibitors.
Notably, among them, 2 (PF-00835231) is the most potent

SARS-CoV-2 and SARS-CoVMpro inhibitor in enzymatic assays
so far. Actually, PF-00835231 is the active metabolite of its
prodrug PF-07304814 (1). PF-07304814 contains a phosphate
group to improve the solubility of the compound. After entering
into tissues, the phosphate group is cleaved by alkaline
phosphatase enzymes and active antiviral PF-00835231 is
released. Pfizer chemists originally designed it to target SARS-
CoVMpro during the 2002−2003 outbreak of SARS-CoV. At the
end of the 2003 pandemic, its clinical advancement was
suspended. Recently, the prodrug PF-07304814 completed a
phase 1 clinical trial to treat SARS-CoV-2. PF-00835231
demonstrates efficacy against multiple strains of SARS-CoV-2
as a single agent and even demonstrates additive/synergistic
activity in combination with remdesivir. Its drawbacks include
its route of administration (intravenously) and its relatively high
effective dose.6

PF-00835231 has an IC50 of 0.004 μM against SARS-CoV
Mpro. A recent survey reported even higher efficacy against

Figure 3. Subsite nomenclature for proteolytic enzymes. Amino acid
residues to the left of the polypeptide scissile amide bond are numbered
sequentially, beginning with P1 and increasing toward the N-terminus.
Amino acid residues to the right of the scissile bond are numbered
sequentially, beginning with P1′ and increasing toward the C-terminus.
Complementary regions of the protease active site employ the
corresponding S numbering.
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SARS-CoV-2 Mpro with an IC50 of 0.00027 μM.26 However, its
antiviral activity toward SARS-CoV is much lower, with an EC50
of 4.8 μM. Other in vitro and in vivo assays indicated that PF-
00835231 possesses high metabolic stability in liver microsomes
(half-life time = 107 min), acceptable solubility (4.6 mg/mL),
and low clearance (20.6 (mL/min)/kg in monkeys).
The crystal structures of 2 bound to the SARS-CoV Mpro and

SARS-CoV-2 Mpro were solved at 1.47 and 1.26 Å resolutions
(PDB ID 6XHL and 6XHM, respectively).26 As expected, since
the ligand-binding domains of SARS-CoVMpro and SARS-CoV-
2 Mpro are highly conserved, their interactions with 2 are also
very similar. Figure 5 shows the covalent adduct of 2with SARS-
CoV-2 Mpro. The electrophilic carbonyl C atom of 2 forms a
covalent bond with the S atom of the Mpro active-site Cys145,
which leads to a tetrahedral hemithioketal adduct (The C−S
bond is 1.86 Å). Bridged by a water molecule, hydrogen bonds

are formed between the carbinol hydroxyl of 2 and the amide
NH group of Gly143, as well as the backbone NH group of
Cys145. Another essential hydrogen bond is between the
primary alcohol moiety of the compound and catalytic His41.
Additionally, the lactam carbonyl of 2 forms a strong hydrogen
bond (2.72 Å) with the side chain of His163. The NH and C2-
carbonyl of the indole in the compound interact with the
backbone carbonyl and NH of Glu166 via β-sheet-like hydrogen
bonds. The NH group of its P2 Leu accepts a hydrogen bond
(3.01 Å) from the side chain of Gln189. Another NH group of 2
also has a strong hydrogen bond (2.89 Å) with the backbone
carbonyl of His164.
Hoffman et al. also analyzed the structure−activity relation-

ship (SAR) of these inhibitors. Notably, as revealed by Figure 4,
7 and 2 only differ by a CH3 group at the P2 site. However, the
binding affinity of 7 is largely attenuated (IC50 from 0.004 μM to
0.083 μM). The explanation is, first, in the crystal structure in
Figure 5, the NH group at the P2 site of 2 has a hydrogen bond
with the side-chain amide of Gln189, but the CH3 substitution in
7 prevents the formation of this hydrogen bond. Second, this
CH3 substitution deforms the 4-methoxy indole cap and, thus,
perturbs the whole Mpro−ligand hydrogen bond network
present in 2. Other potency reduction from 3 to 6 and 8
suggests a preference of smaller groups at the P2 moiety (the R1
group in Figure 4). This is probably because the S2 pocket of
Mpro more easily accommodates smaller groups as seen from the
crystal structure in Figure 5. Larger groups could lead to spatial
contradiction and thus loosen the binding.
The antiviral activities of 2−8 reported by Hoffman et al.26 in

terms of EC50 are shown in Figure 4 as well. It turns out that 2
has the lowest IC50 as well as the lowest EC50. These data also
indicate that the antiviral EC50/enzyme IC50 ratios of 2−8 are
high due to poor cell permeability. These HMK inhibitors
exhibit very low permeability and high levels of efflux beyond the
sensitivity of the Caco-2 in vitro assay. Currently, efforts to
reduce efflux by active transporters, such as P-glycoprotein, are
being attempted to decrease high EC50/IC50 ratios. An analysis
of the physicochemical properties of 2 suggests that increasing
log P, reducing polar surface area, and reducing the number of
hydrogen bond donors and acceptors are feasible strategies to
improve its cellular permeability and reduce efflux.26

2.1.1.2. Acyloxymethylketone Inhibitors. Substituting the
hydroxyl group of aHMK inhibitor with an acyloxy group results

Figure 4. P2-modified hydroxymethylketone (HMK) covalent
inhibitors.

Figure 5. Cocrystal structure of the covalent adduct of 2 bound to SARS-CoV-2 Mpro (PDB ID 6XHM) (a) and its corresponding 2D interaction
diagram (b).
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in an acyloxymethylketone inhibitor. Since the nucleophilic
attack of a cysteine protease detaches the acyloxy group of an
acyloxymethylketone inhibitor, acyloxymethylketone inhibitors
are irreversible. As depicted in Figure 6, the acyloxymethylke-

tone inhibitors reported by Hoffman et al.26 exhibit strong
enzymatic potency against SARS-CoV Mpro. Especially, 9
possesses the lowest IC50 of 0.017 μM against SARS-CoV.
The crystal structure (PDB ID 6XHN) of 9 in complex with
SARS-CoV Mpro is depicted in Figure 7.
In stark contrast to HMK inhibitors, here 9 is bound to the S

atom of Mpro Cys145 via an irreversible covalent bond (1.88 Å
C−S bond length) at its α-methylene. The inactivation of
cysteine proteases by these acyloxymethylketones can proceed
via two possible mechanisms. One possibility is the direct
displacement of the cyanobenzoate group by the cysteine to
form the covalent thioether adduct. The second possibility
involves the formation of the hemithioketal, followed by a three-
membered sulfonium intermediate that rearranges to form the
thioether adduct.33 The cyanobenzoate moiety serves as the
leaving group. As shown in Figure 6, increasing electron density
of the leaving group decreases enzymatic activity. Other critical

interactions include the hydrogen bonds of the ketone carbonyl
inside the oxyanion hole with the backbone NH groups of
Gly143 and Cys145.

2.1.1.3. P3- and P2-Modified HMK and Alkoxymethylketone
Inhibitors. The P3- and P2-modified HMK and alkoxymethylke-
tone inhibitors also from Hoffman et al.26 are illustrated in
Figure 8.
Considering the poor leaving group ability of the alkoxy

moiety, it is likely that the attack of Cys145 is on the carbonyl C
atom as seen with the HMK inhibitors. The comparison
between the compounds in Figures 8 and 4 suggests that, first, a
noteworthy reduction in enzymatic and antiviral potency can be
found for each hydroxymethylketone derivative and its
corresponding ether counterpart, such seen with 22 vs 3, 26
vs 21, 24 vs 2, and 28 vs 23. Second, removing the methoxy
group from the indole while maintaining the two optimal P2
residues (Leu and β-tert-butyl-Ala) generally leads to slightly
weaker potency in both the enzymatic and antiviral assays, such
as seen with 21 vs 3, 26 vs 22, 28 vs 24, and 23 vs 2. Overall, the
findings reveal that the 4-methoxy group in the indole does not
play a very significant role in the P3 cap other than improving the
solubility characteristics of the inhibitors.

2.1.1.4. α-Ketoamide Inhibitors. Zhang et al. designed and
synthesized several peptidomimetic α-ketoamides as broad-
spectrum inhibitors against β-coronavirus, α-coronavirus, and
enterovirus Mpro enzymes.34,35 The ones with both high Mpro

enzymatic activity and high antiviral activity against SARS-CoV
and SARS-CoV-2 are depicted in Figure 9.
Zhang et al.35 performed the SAR analysis. Comparing 29, 30,

and 31, which differ only in terms of the nature of the P2 groups,
suggests that the binding affinities depend on the size of the P2
substituent. Unlike the enterovirus Mpro, the S2 pocket of SARS-
CoV-2 Mpro displays substantial plasticity and can adapt to the
shape of a smaller cyclopropane moiety. The smaller P2 group
leads to lower IC50 and consequently higher efficacy. To
lengthen the half-life time in plasma and prevent cellular
proteases from accessing and cleaving the bond, the P3−P2
amide bond is hidden inside a pyridone ring. In addition, to
increase the solubility in plasma and to reduce the binding to
plasma proteins, the hydrophobic cinnamoyl moiety is replaced
by a Boc-substituted amino-pyridone.
The crystal structures of 29 and 32 bound to SARS-CoV or

SARS-CoV-2 Mpro are available with PDB ID 5N5O and 6Y2G,
respectively (see Figure 10). These crystal structures reveal that
the nucleophilic attack of Mpro Cys145 onto the α-keto group of
an α-ketoamide inhibitor results in a hemithioketal. The
hydroxyl group of this hemithioketal is stabilized by a hydrogen
bond with His41. In addition, the carbonyl O atom of the amide
accepts a hydrogen bond from the main-chain amide of Cys145.
The amide O atom of 29 also forms a hydrogen bond with the
main-chain amide of Gly143. This is a great merit of the α-
ketoamides. Their warhead could generate multiple hydrogen-
bonding interactions with the catalytic center of the target
proteases, which may add an advantage over other warheads
such as aldehydes36 or Michael acceptors.37

To determine the ADMET properties of 32, mice were
administered 32 subcutaneously at 20 mg/kg. The mean
residence time is 2.7 h, and the plasma half-life is 1.8 h.
Especially, its lung tissue level is promising. After 4 h, 32 still has
a concentration at approximately 13 ng/g in lung tissue, which is
quite beneficial since COVID-19 infects lungs. Mice do not
show any adverse effects after inhalation, which suggests that 32
could be administrated directly to the lungs.35

Figure 6. Acyloxymethylketone covalent inhibitors against SARS-CoV
Mpro.
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2.1.1.5. Benzothiazole-Containing Ketone Inhibitors. Hay-
ashi et al.38−40 developed tens of benzothiazole-containing
ketone inhibitors against SARS-CoV Mpro. Compounds 33−52
with enzyme inhibitory potency in sub-micromolar range are
shown in Figures 11 and 12.
Hayashi et al. explored the SAR of this class of compounds.38

As a starting point for the compounds in Figure 11, 39 exhibits
promising inhibition with aKi value of 0.022 μM, which suggests
that the benzothiazole unit is a suitable chemical warhead group
for occupying the S1′-site. Thus, 39 was advanced as a lead

compound for further development of 33−38. The phenyl
group of the P4-moiety of 39 was functionalized with various
electron-donating and -withdrawing groups. The inhibitors that
contain electron-donating substituents such as methoxy,
hydroxyl, or N,N′-dimethylamino at the o-, p- or m-positions
were found to bemore active than 39. Especially, them-methoxy
and p-N,N′ dimethylamino substituted analogs were found to
strongly inhibit SARS-CoV Mpro. Notably, the m-N,N′-
dimethylamino derivative 33 has a Ki of 0.003 μM and is the
most potent inhibitor of this series. These results confirm that an

Figure 7.Cocrystal structure of the covalent adduct of 9 bound to SARS-CoVMpro (PDB ID 6XHN) (a) and its corresponding 2D interaction diagram
(b).

Figure 8. P3- and P2-modified HMK and alkoxymethylketone covalent inhibitors.
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electron-donating substituent on the phenyl ring of the P4-
moiety typically increases the activity of the compounds. In the
case of the 4-N,N′-dimethylamino phenoxy acetyl group,
Hayashi et al.’s docking studies suggested a different folding

conformation allowing a new hydrophobic interaction with
Ala191 at the P4 position.
In Figure 12, Hayashi et al.39 selected 44 as a lead compound

for further optimization. First, they substituted the 5-position of
the indole unit in 44 with 5-methoxy, 5-chloro, and 5-hydroxy,
which creates 45, 46, and 51, respectively. Among them, the 5-
chloro substituent 46 yielded a betterKi than the lead 44. Next, a
methoxy was introduced into the 6-position of the indole unit of
44, which forms 48. However, this regioisomer (48) displayed
significantly lower activity. Third, the P3 indole unit of 44 was
replaced by benzimidazole, benzothiazole, benzofuran, and
indoline scaffolds. The benzimidazole 41 exhibits 3 times the
potency of 44. However, the replacement of the indole with an
indoline (52) or benzothiazole (49) provided less potent
analogues. Fourth, Hayashi et al. also attempted placing a
carbonyl substitution at the 3-position of the indole of 50, which
leads to a 10-times potency decrease compared to the 2-
substituted indole. Molecular docking suggested that this
substitution may prevent critical hydrogen-bond interactions
with Mpro.39

Notably, the methoxy substitution at the 4-position of the
indole unit (40) exhibits excellent inhibitory activity with 10-
and 55-fold increase compared to the 5-methoxy (45) and 6-
methoxy (48) derivatives, respectively. This finding reveals that
the methoxy at the 4-position of the indole unit plays a vital role
in the inhibitor−Mpro interaction. Konno et al.’s recent report41

suggested that 40 (YH-53) has drug development potential

Figure 9. α-Ketoamide covalent inhibitors.

Figure 10. Cocrystal structures of the covalent adducts of 29 (a, b) and 32 (c, d) bound to SARS-CoV or SARS-CoV-2 Mpro (PDB ID 5N5O and
6Y2G).
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against SARS-CoV-2, which will be discussed in section 2.1.1.7.
The activity of the 4-methoxy group at the indole unit of 40 was
further verified by substitutions with 4-isopropoxyl (43), 4-
isobutyloxyl (47), and 4-hydroxyl (42) moieties. The decrease
in activities of these analogues compared to 40 strongly suggests
that the methoxy group at the 4-position is superior to the
isopropoxy, isobutyloxy, or hydroxyl groups at the 4-position.
Konno et al.41 also determined the crystal structure of 40

bound to SARS-CoV-2Mpro, which is shown in Figure 13. In this
crystal structure, 40 exhibits an extended conformation. The
Cys145 of Mpro forms a tetrahedral hemithioketal bond with the
carbonyl C atom at the P1 position of 40. The pyrrolidin-2-one
group of 40 is completely buried in the S1 pocket of M

pro. The
carbonyl and amine groups of the pyrrolidine-2-one group
accept hydrogen bonds from the side chains of His163 and
Glu166, respectively. Additionally, the N and S atoms of the
benzothiazole form a hydrogen bond network with water and
His41 in the active site, respectively. More interestingly, the
binding of 40 shifts a loop region (residues 188−194) of Mpro

toward the inhibitor by approximately 2.5 Å. Thus, Thr190,
Gln189, and Glu166 are close to the 4-methoxy-indole group at
the P3 position of 40, which is important for the enhanced
inhibitory activity. The side chain carbonyl of Gln189 also forms
a hydrogen bond with the main chain amide group at the P2
position.
2.1.1.6. Thiazole-Containing Ketone Inhibitors. Konno et

al.38 and Thanigaimalai et al.40 also replaced the benzothiazole
moiety at P1′ by 5-substituted thiazoles (Figure 14). However, 5-
substituted thiazole replacements generally compromise inhib-
itory potency. The crystal structure of benzothiazole-containing
ketone inhibitor 40 with SARS-CoV-2 Mpro (PDB ID 7E18, see
Figure 13) reveals that the substituent in the 5-position of the
thiazole at P1′ may sterically interact with the S1 pocket of M

pro

thereby reducing the binding affinity of the thiazole-containing
ketone inhibitors with Mpro. This comparison suggests that the
benzothiazole unit is a more suitable substituent on the ketone
warhead group for the P1′ moiety.

2.1.1.7. Perspectives on SARS-CoV-2 Ketone-Based Inhib-
itors. One of the most promising ketone-based inhibitors is PF-
00835231 (2). Currently its phase 1 clinical trial has been
comple t ed (ht tp s ://c l in i c a l t r i a l s . gov/c t2/show/
NCT04627532?term=PF-00835231&draw=2&rank=1). It is
potent in blocking SARS-CoV-2 Mpro. Importantly, the in vitro
and in vivo studies in rats indicate that both PF-00835231 and
prodrug PF-07304814 exhibit no organ toxicity and minimal
side effects. In addition, their work found that these compounds
do not block the hERG channel.42

Another ketone-based inhibitor with drug development
potential is 40 (YH-53), which has a different warhead from
2. Positives include its stability in plasma and no obvious
toxicity, mutagenicity, or other side effects with regards to hERG
and CYP activity. However, even though in vitro assays
suggested promising ADMET properties, some irregular
absorption was detected by in vivo pharmacokinetic studies.41

Nonetheless, 40 could provide a valuable lead compound for
further optimization.

Figure 12. Benzothiazole ketone-containing inhibitors 40−52.

Figure 11. Benzothiazole ketone-containing inhibitors 33−39.
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2.1.2. The Nitrile-Containing Drug Candidate from Pfizer.
One of the most advanced drug candidates targeting SARS-
CoV-2 Mpro currently is nitrile-containing inhibitor PF-
07321332 (59 in Figure 15), which was developed by Pfizer
during this pandemic and disclosed at the American Chemical
Society Spring 2021 meeting. PF-07321332 is now in phase 3
clinical trials (https://clinicaltrials .gov/ct2/show/
NCT04960202?term=PF-07321332&draw=2&rank=3). It is
the first orally administered SARS-CoV-2 inhibitor. According
to a recent report from Pfizer,43 its enzymatic activity and
cellular antiviral activity against SARS-CoV-2 are both high with
Ki = 0.00311 μM and EC50 = 0.0745 μM. Especially, its EC50 is
the lowest among all the current Mpro inhibitors, suggesting an
optimal cell permeability. In mouse models, PF-07321332 can

protect lung tissue well from being damaged by virus
replication.43

More importantly, PF-07321332 demonstrates low toxicity
and side effects and does not block the hERG channel. Its
ADMET properties are promising as well. For example, its
plasma clearance is moderate with elimination half-lives of 5.1
and 0.79 h in rats and monkeys, respectively.
According to Pfizer’s recent report,43 the nitrile of PF-

07321332 forms a covalent bond with SARS-CoV-2 Mpro in the
crystal structure. However, this crystal structure has not been
released to the public yet.

2.1.2.1. Perspectives on PF-07321332. PF-07321332 is on its
way to becoming the first Mpro drug to treat SARS-CoV-2. It may
reach the market by the end of 2021.44 One of its major
advantages is that it could be taken orally as a pill or capsule and,
thus, be administrated outside of hospitals.5

2.1.3. Aldehyde-Based Inhibitors. 2.1.3.1. Bicycloproline-
Containing Aldehyde Inhibitors. Derived from approved
protease inhibitor telaprevir or boceprevir, 32 bicycloproline-
containing SARS-CoV-2 Mpro inhibitors were prepared by Qiao
et al.45 They incorporated an aldehyde in the P1 position as the
warhead to form a covalent bond with Cys145 of SARS-CoV-2
Mpro. Additionally, they adopted a bicycloproline moiety from
either boceprevir or telaprevir for P2 and used various
hydrophobic aryl subgroups for P3 to improve the potency
and pharmacokinetic properties. As a result, all their compounds
show potent SARS-CoV-2 Mpro inhibition in the FRET assay
with IC50 values below 1 μM.

Figure 13. Cocrystal structures of the covalent adducts of 40 bound to SARS-CoV-2 Mpro (PDB ID 7E18) (a) and its corresponding 2D interaction
diagram (b).

Figure 14. Thiazole ketone-containing inhibitors from Konno et al.38

and Thanigaimalai et al.40

Figure 15. Nitrile-containing drug candidate from Pfizer (PF-
07321332).
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Compounds 60−91 in Figures 16 and 17 are the bicyclopro-
line-containing inhibitors derived from telaprevir and bocepre-
vir, respectively. Among them, 60, which is derived from

telaprevir, has the highest Mpro binding affinity with IC50 =
0.0076 μM. To illustrate the detailed binding mode of these
compounds with SARS-CoV-2 Mpro, Qiao et al.45 determined
the structure of 60 in complex with SARS-CoV-2 Mpro (PDB ID
7D3I) as shown in Figure 18.
In this crystal structure, the carbonyl C atom of the aldehyde

warhead of 60 reacts with the S atom of Cys145 to form a 1.77 Å
covalent bond. Moreover, the O atom of the hemithioketal
interacts with the main-chain amide of Cys145 by a hydrogen
bond of 2.89 Å. The P1 γ-lactam ring of 60 resides deep in the S1
pocket. The O and N atoms of the lactam form hydrogen bonds
with the side chain of His163 (2.77 Å) and the main chain of
Phe140 (3.26 Å), respectively. The main-chain amide of P1 also
accepts a 2.88 Å hydrogen bond from the backbone O atom of
His164. Due to the conformational constraints inherent from
the structure of proline,46 the rigid P2 bicycloproline of 60 is
restrained in a trans-exo conformation with limited NCα bond
rotation. As a result, the bicycloproline group stays close to the
hydrophobic S2 pocket and forms hydrophobic interactions with
His41, Met49, Met165, Asp187, Arg188, and Gln189 of Mpro.
The backbone carbonyl O atom of P3 of 60 forms a 2.91 Å
hydrogen bond with the backbone amide of Glu166. The 1-
ethyl-3,5-difluorobenzene moiety of P3 occupies the S4 site with
an extended conformation and forms hydrophobic interactions
with Leu167, Pro168, and Gln189.45 Additionally, one F atom
on the tail of 60 could form dipole−dipole interactions with the
Cα atom of Pro168.

The SAR between different bicycloproline-containing inhib-
itors suggests the two different bicycloproline moieties at P2 do
not largely impact their binding affinities to SARS-CoV-2 Mpro,
such as 84 (IC50 = 0.0165 μM) vs 61 (IC50 = 0.0076 μM), 86
(IC50 = 0.019 μM) vs 62 (IC50 = 0.0092 μM), and 79 (IC50 =
0.013 μM) vs 63 (IC50 = 0.0172 μM). Moreover, the
compounds with F or Cl atoms on the tail can be more active
than others because these halogen atoms could form dipole−
dipole interactions with Mpro such as with the Cα atom of
Pro168.
In addition to the enzymatic activity, the cellular antiviral

activity of 60−68 and 78−88 was also tested in cell protection
assays,45 which are shown in Figures 16 and 17 in terms of the
EC50. Among them, six compounds, namely, 86 (EC50 = 0.53
μM), 63 (EC50 = 0.54 μM), 79 (EC50 = 0.66 μM), 62 (EC50 =
0.67 μM), 66 (EC50 = 0.83 μM), and 83 (EC50 = 0.86 μM),
exhibit sub-micromolar or low micromolar EC50 values.
Notably, probably due to the poor cell membrane permeability
caused by the relatively low lipophilic nature of the groups in the
P3 position,

47 some compounds such as 64 and 68 lack activity
in the cell protection assays despite potent enzymatic inhibition.
Compounds 63 and 83 exhibit promising pharmacokinetics

properties with oral bioavailability of 11.2% and 14.6% in the
experiments in Sprague−Dawley rats. In light of that, Qiao et
al.45 further evaluated their toxicity and antiviral activity in vivo.
Determination of tolerance in rats was evaluated at 100 and

200 mg/kg twice daily for 7 consecutive days. No noticeable
toxicity was found for 63 and 83. Moreover, the in vivo antiviral
activity of the compounds was assayed in a human angiotensin-
converting enzyme 2 transgenic mouse model. Compounds 63
(50 mg/kg once daily) and 83 (50 mg/kg twice daily or 50 mg/
kg once daily) were administered starting at 1 h prior to virus
inoculation and lasting until 5 days postinfection (5 dpi). During
this period, no abnormal behavior or body-weight loss was
observed in the mice. More importantly, at 5 dpi, the viral RNA
loads in the lung tissues of treatment groups were almost
undetectable. This result suggests that 63 and 83 could
efficiently inhibit SARS-CoV-2 replication and ameliorate
SARS-CoV-2 induced lung lesions in vivo.

2.1.3.2. Other Aldehyde-Based Inhibitors. In some
designs,48−53 an aldehyde is selected as the warhead in the P1
moiety to form a covalent bond with Cys145 of SARS-CoV-2
and SARS-CoV Mpro (see Figure 19). In addition, most of these
inhibitors are functionalized with an (S)-γ-lactam ring that
occupies the S1 site of Mpro, which was already suggested by
Zhang et al.34 As expected, many of them show potent IC50 orKi
values against Mpro, especially 92 and 93with IC50 values of 0.04
μM and 0.053 μM, respectively.
Some of these aldehyde-based inhibitors have available crystal

structures with SARS-CoV-2 or SARS-CoVMpro in PDB, such as
92 (PDB ID 6M0K), 93 (PDB ID 6LZE),48 96 (GC373, PDB
ID 6WTK),50 104 (PDB ID 6LO0),52 and 105 (PDB ID
2GX4).53

As an example, the crystal structure of 92 bound to SARS-
CoV-2 Mpro is chosen to depict the binding mode (Figure
20a,b). In this crystal structure, the C atom of the aldehyde
group of 92 forms a standard 1.81 Å C−S covalent bond with
Cys145 of SARS-CoV-2Mpro, and the conformation is stabilized
by the 2.83 Å hydrogen bond between the O atom of the
hemithioketal group and the backbone of Cys145 in the S1′ site.
The (S)-β-lactam ring of 92 at P1 fits well into the S1 site. The O
atom of the (S)-β-lactam ring accepts a 2.71 Å hydrogen bond
from the side chain of His163. The main chain of Phe140 and

Figure 16. Bicycloproline-containing SARS-CoV-2 Mpro inhibitors
derived from telaprevir.

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://doi.org/10.1021/acs.jmedchem.1c00409
J. Med. Chem. 2021, 64, 16922−16955

16931

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00409?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00409?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00409?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00409?fig=fig16&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the side chain of Glu166 also stabilize the (S)-β-lactam ring via a
3.26 Å hydrogen bond and a 2.96 Å hydrogen bond with its NH
group, respectively. Additionally, the amide bonds in the main
chain of 92 form two hydrogen bonds with the main chains of
His164 (3.29 Å) and Glu166 (2.81 Å). The 3-fluorophenyl
moiety at P2 of 92 inserts deeply into the S2 site of M

pro, stacking
with the imidazole ring of His41. The side chains of Met49,
Met165, Val186, Asp187, and Arg188 are near the 3-
fluorophenyl group, leading to extensive hydrophobic inter-
actions. Just like 4 and 9, the indole group at the P3 position of
92, which is exposed to solvent, is stabilized by a 2.57 Å
hydrogen bond with Glu66.Moreover, the side chains of Pro168

and Gln189 have hydrophobic interactions with the indole
group of 92. Compound 95 shares with 92 a similar inhibitor
binding mode (Figure 20c,d). The binding mode of GC373
(96) is as the same as that of GC376 (110) and will be illustrated
in section 2.1.3.3.
Comparing the enzymatic activities of these aldehyde-based

inhibitors reveals that 92 and 93 are the most potent. This is
because the NH group of their indole can form a hydrogen bond
with the backbone carbonyl of Glu166, just like 4 and 9. This
confirms that indole is an optimal design for the P3 position of
Mpro inhibitors. Another finding from the comparison is the
reason why 94 and 95 are the second most potent compounds.

Figure 17. Bicycloproline-containing SARS-CoV-2 Mpro inhibitors derived from boceprevir.

Figure 18. Crystal structure of 60 covalently bound to SARS-CoV-2 Mpro (PDB ID 7D3I) (a) and its corresponding 2D interaction diagram (b).
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The hydrophobic tails in their P3 sites could form hydrophobic
interactions with the hydrophobic amino acids in the Mpro S3
pocket, such as Met165 and Leu167.
In addition to enzymatic activity, the cellular antiviral activity

of 92−98 and 105 against SARS-CoV-2 or SARS-CoV was also
assayed in terms of the EC50. All of them have strong antiviral

activity with EC50 values ≤1.5 μM (see Figure 19). To further
examine the antiviral activity within a large dynamic range,
quantitative reverse transcription polymerase chain reaction
(RT-PCR) was performed on cultures treated with 92, 93,
GC373 (96), and its prodrug GC376 (110), which revealed
good antiviral effect against SARS-CoV-2.48,50 Particularly,

Figure 19. Other aldehyde-based inhibitors.
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GC373 and GC376 were reported to decrease viral titers by 3-
log values.50

The toxicity of 92−99 and prodrugGC376 (110) was assayed
in Huh-7, CRFK, or L929 cells. Except for 94, which has a CC50

= 63.3 μM,49 none of these compounds cause obvious
cytotoxicity. The CC50 values of 92, 93, and 95−99 are higher
than 100 μM,48,49 and the CC50 values of 105, GC373, and
GC376 are over 200 μM.50,53 More importantly, no obvious in
vivo toxicity of 92 and 93 was observed during the animal tests
on Sprague−Dawley rats and beagle dogs.48

Since no obvious in vivo toxicity was observed, the
pharmacokinetics properties of 92 and 93 were further assessed
by Dai et al.48 Compound 92 exhibits long T1/2 values
(Sprague−Dawley rat, 7.6 h; beagle dog, 5.5 h), low clearance
rates (rat, 4.01 (mL/min)/kg; dog, 5.8 (mL/min)/kg), and high
AUC values (rat, 41 500 h·ng/mL; dog, 14 900 h·ng/mL). Its
potent enzymatic and antiviral activities as well as satisfying
pharmacokinetic properties indicate that 92 warrants further
optimization toward potential drug candidates.
2.1.3.3. Water-Soluble Aldehyde Bisulfite Adducts. The

aldehyde bisulfite adducts are prodrugs of the aldehyde-based
inhibitors introduced in the last sections created to improve

water solubility.50 Aldehyde bisulfites can have improved
pharmacokinetic properties compared to their aldehyde
counterparts, but they are typically rapidly hydrolyzed and
converted to the corresponding aldehydes.54

Rathnayake et al.,49 Vuong et al.,50 and Ma et al.55 reported a
series of aldehyde bisulfite adducts (see Figure 21). Notably, the
crystal structure of GC376 (110) with SARS-CoV-2 Mpro is
available with PDB ID 6WTJ (see Figure 22). GC376 is the
prodrug of GC373 (96 in Figure 19). GC376 eliminates its
bisulfite group and turns into GC373 before binding to Mpro,
then the aldehyde warhead of GC373 forms a covalent bond
with Cys145 of Mpro.50,55 For other interactions, GC373 mimics
the peptide substrate cleaved by the protease.35 The glutamine
surrogate γ-lactam ring of GC373 derived from the P1 glutamine
side chain always occupies the S1 site. This ring forms hydrogen
bonds with the His163 and Glu166 side chains and the Phe140
main chain. An amide bond attaches the γ-lactam side chain to
the isobutyl moiety of the hydrophobic S2 site formed by His41,
Met49, andMet169. A carbonate bond in GC373, which accepts
hydrogen bonds from the main chain of Glu166 and the side
chain of Gln189, attaches the P2 isobutyl group to a
phenylmethyl ester that interacts with the aliphatic S4 site.

55

Figure 20. Cocrystal structures of the covalent adducts of 92 (a, b) and 105 (c, d) bound to SARS-CoV or SARS-CoV-2 Mpro (PDB ID 6M0K and
6LO0).
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GC376 (110) is an investigational veterinary drug to cure
feline infectious peritonitis (FIP).56−58 Its target is the viralMpro.
Researchers also found that GC376 is a broad-spectrum
coronavirus protease inhibitor, which is active toward the Mpro

enzymes of multiple coronaviruses, including FIPV, MERS-
CoV, and norovirus.56,57 In light of its broad-spectrum activity,
preclinical studies have been started to examine its potential in
treating COVID-19.59 Different groups have reported incon-
sistent but promising potency.
In the FRET enzyme assays conducted by Rathnayake et al.,49

the IC50 values of GC376 are 0.62 μMand 2.2 μMagainst SARS-

CoV-2 Mpro and SARS-CoV Mpro, respectively. By the same
technique, Vuong et al.50 achieved IC50 values of 0.19 μM and
0.05 μM against SARS-CoV-2 Mpro and SARS-CoV Mpro,
respectively. While Ma et al.55 reported an IC50 value of 0.03 μM
against SARS-CoV-2 Mpro. It was also reported that GC376 and
its variants could increase survival of mice infected with SARS-
CoV-2.60

For aldehyde bisulfite adducts such as GC376, it is their
corresponding aldehydes that interact with Mpro and their
binding affinities are almost identical to those of their
corresponding aldehydes. For example, as shown in Figure 21,
the SARS-CoV-2 Mpro IC50 values of 106, 107, 108, 109, and
111 are 0.2 μM, 0.23 μM, 0.41 μM, 0.45 μM, and 0.65 μM,
respectively, while the IC50 values of their corresponding
aldehydes 94, 95, 97, 98, and 99 are 0.17 μM, 0.28 μM, 0.43 μM,
0.48 μM, and 0.82 μM, respectively. Just like their corresponding
aldehydes, the high enzymatic activity of 106 and 107 is also
probably due to the hydrophobic tails in their P3 positions
forming hydrophobic interactions with the hydrophobic amino
acids in the Mpro S3 pocket.
Similar to their corresponding aldehydes, the cytotoxicity of

these bisulfite adducts is also weak,49,50 except for 106, which
exhibits a CC50 of 59.1 μM. All the other bisulfite adducts have
CC50 values over 100 μM and GC376 (110) even has a CC50

larger than 200 μM.
2.1.3.4. Drawbacks of the Aldehyde and Aldehyde Bisulfite

Inhibitors. Aldehyde bisulfite GC373 has shown promising
antiviral activity in vivo. The bisulfite prodrugs may have
improved chemical stability and pharmacokinetic properties,
which make them often superior drug candidates over the free
aldehydes. However, considering the highly reactive nature of
the electrophilic warhead, both the aldehydes and the aldehyde
bisulfite prodrugs may suffer from substrate promiscuity.
Reactive aldehyde species are often considered toxic, due to
their formation of various Schiff bases andDNA adducts, and are
known to also induce oxidative stress and inflammation.61,62 For
example, GC373 and its prodrug GC376 are active against
proteins cathepsin B and L with IC50 values in the micromolar
range.63 Therefore, whether these types of warheads offer an

Figure 21. Covalent inhibitors with aldehyde bisulfite warhead. The
IC50 values of 106−109 and 111 were reported by Rathnayake et al.49
For 110 (GC376), the IC50 values of 0.62 μM and 2.2 μM for SARS-
CoV-2 and SARS-CoVMpro were given by Rathnayake et al.49 The IC50
values 0.19 μMand 0.05 μM to SARS-CoV-2 and SARS-CoVMpro were
reported by Vuong et al.50 The IC50 value 0.03 μMagainst SARS-CoV-2
Mpro was given by Ma et al.55

Figure 22. Cocrystal structures of the covalent adduct of 110 (GC376) bound to SARS-CoV-2 Mpro (PDB ID 6WTJ) (a) and its corresponding 2D
interaction diagram (b).
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advantage over ketone-based covalent inhibitors, including
HMK inhibitors, still needs to be investigated carefully.
2.1.4. Michael Acceptor-Based Inhibitors. Several Michael

acceptor-based inhibitors active against SARS-CoV-2 Mpro or
SARS-CoV Mpro were reported53,64−67 and are depicted in
Figure 23.
As a Michael acceptor, each of 112−116 contains an α,β-

unsaturated ester with the double bond at the P1′ position to
form a covalent bond with Cys145 of Mpro28 (see Figure 24b,d).

However, not all Michael acceptor-based inhibitors are
peptides. Ryu et al.67 extracted four quinone-methide
triterpenoid derivatives from Tripterygium regelii (a woody
vine). Among them, 117 has sub-micromolar potency.
According to Sreeramulu et al.’s study,68 the nucleophilic
group of Mpro reacts with the quinone-methide of 117 or other
derivatives through a Michael addition, resulting in the
formation of an adduct at C6 (see 117 in Figure 23).
The crystal structures of 113 bound to SARS-CoV-2Mpro and

112, 113, and 114 bound to SARS-CoV Mpro are available with
PDB ID 7JT7, 2ZU4, and 2ZU5, respectively,64,65 which are
depicted in Figure 24. Their binding modes are almost identical.
Mpro Cys145 attacks the Cβ atom of the α,β-unsaturated ketone
at the P1′ position to form a covalent C−S bond (1.87 Å, 1.78 Å,
and 1.94 Å, respectively), and hydrogen bonds are formed
between the ketone O atom and the NH groups of Gly143 and
Cys145 in the S1′ pocket. In the S1 site, the carbonyl O atom and
the five-membered lactam ring’s N atom at the P1 position
accept hydrogen bonds from His163 and Glu166. The P2 side
chain of each compound is inside a hydrophobic S2 pocket, while
the P3 group is toward the bulk solvent. The benzoxy group at
the P4 position is in the S4 pocket with its phenyl ring parallel to a
flat surface near Ala191. The peptide NH groups of residues P1,
P2, and P3 also have four hydrogen bonds with the backbone

carbonyl groups of His164 and Glu166 and the side chain of
Gln189. Moreover, the carbonyl group of P3 interacts with the
NH group of Glu166.
The SAR analysis of these analogues (113−116) indicates

that the introduction of a lipophilic tert-butyl group at the P2 site
increases binding affinity by over 10-fold. The possible
explanation could be found in the crystal structure of 113
binding to Mpro (see Figure 24d). The tert-butyl group of the
compound turns to the P4 site and forms hydrophobic
interactions with the phenyl ring in the benzoxy group of the
compound itself. Moreover, the phenyl ring of the compound
interacts with Mpro and faces the P3 site directing the methylene
group in a small corner pocket near Ala191.
The antiviral activity and cytotoxicity of 113 and 115 were

assayed. The EC50 of 113 against SARS-CoV-2 is 2.883 μM, and
the EC50 of 115 against SARS-CoV is 0.18 μM. Compound 115
also has a CC50 value over 200 μM,making 115 a promisingMpro

inhibitor for further studies.
2.1.4.1. Perspectives on Michael Acceptor-Based Mpro

Inhibitors. Although with a risk of presumed indiscriminate
reactivity, the covalent modification of targets using an
irreversible hetero-Michael addition with a cysteine residue
has gained some recent validation with the FDA approval of
multiple Michael-acceptor-based drugs.69 Developing Michael
acceptors could be a possible promising direction for
discovering SARS-CoV-2 drug candidates. However, careful
evaluations of safety and side effects are required.

2.1.5. Calpain Inhibitors. Ma et al.55 found that calpain
inhibitor XII (118) and calpain inhibitor II (119) are also potent
against SARS-CoV-2 Mpro (Figure 25). A biphasic enzymatic
progression curve of the inhibitors suggests a slow covalent
binding. Notably, calpain inhibitors II and XII are dual inhibitors
targeting both SARS-CoV-2 Mpro and human cathepsin L.
Cathepsin L plays an important role in SARS-CoV-2 viral entry
by activating the viral spike protein in the endosome or
lysosome.70,71 Studies have proven that cathepsin L inhibitors
can substantially weaken virus entry.72

The crystal structures of calpain inhibitors XII (118) and II
(119) with SARS-CoV-2 Mpro are available (PDB ID 6XFN and
6XA4),73 as shown in Figure 26. These two compounds adopt
an unusual binding mode compared with traditional Mpro

inhibitors. Specifically, calpain inhibitors XII and II possess
norvaline and hydrophobic methionine side chains at the P1
position, respectively, which challenges the previous experience
that a hydrophilic glutamine mimetic is necessary at the P1
position and suggests that S1 pocket of M

pro can accommodate
both hydrophilic and hydrophobic substitutions. This new
finding paves the way to design dual inhibitors targeting both
SARS Mpro and human cathepsin L.
In the crystal structure of calpain inhibitor XII with Mpro, the

length of the covalent bond between one ketone group of the
inhibitor and Cys145 is 1.71 Å. The P1′ pyridine is positioned in
the S1 site, while the P1 norvaline takes the S1′ site. The P2
leucine is toward the solvent near residues 45−51, and the
terminal carboxybenzyl group facing the S1 site forces Asn142
upward and forms a water-mediated hydrogen bond with
Glu166. The hydroxyl group establishes a strong hydrogen bond
(2.41 Å) with the catalytic His41. The ketoamide O atom of the
inhibitor forms a hydrogen bond with one residue in the
oxyanion hole (2.94, 3.14, and 3.16 Å to the backbone amino of
Gly143, Ser144, and Cys145, respectively), while the N atom
accepts a hydrogen bond (3.04 Å) from the main chain carbonyl
of His164 (Figure 26a). In the crystal structure of calpain

Figure 23. Michael acceptor-based inhibitors.
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inhibitor II with Mpro, the length of the covalent bond between
the aldehyde group and Cys145 is 1.70 Å. Like other
peptidomimetic aldehyde inhibitors, the thiohemiacetal of
calpain inhibitor II occupies the oxyanion hole consisting of
the backbone amide groups of Gly143, Ser144, and Cys145. The
inhibitor extends the length of the substrate-binding channel

with its side chains placed in their respective recognition
pockets. The P2 leucine side chain of the inhibitor forms
hydrophobic interactions in the S2 pocket, while the P3 leucine
occupies the solvent-accessible S3 position. Multiple hydrogen
bonds form between the amide backbone of the inhibitor and
the main chain of His164 and Glu166.

Figure 24.Cocrystal structures of the covalent adducts of 112 (a, b), 113 (c, d), and 114 (e, f) bound to SARS-CoVMpro or SARS-CoV-2 Mpro (PDB
ID 2ZU4, 7JT7, and 2ZU5).
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The antiviral activity and cytotoxicity of the two calpain
inhibitors are also available. The EC50 values of calpain
inhibitors XII and II against SARS-CoV-2 are 0.49 μM and
2.07 μM, respectively. Additionally, their CC50 values are both
over 100 μM, representing low cytotoxicity.55

2.1.5.1. Perspectives on Calpain Inhibitors. The calpain
inhibitors represent an interesting class of inhibitors considering
their potential dual role as Mpro and cathepsin L inhibitors.
Whereas many peptidic Mpro inhibitors place a pyrrolidinone
moiety in the P1 position to form a hydrogen bond interaction
with His163, the pyridine moiety of calpain inhibitor XII was
shown to be a suitable replacement. A decrease in activity is seen
with calpain inhibitor II, in which this side chain is replaced with

a methionine, which does not appear to be involved with a
specific binding interaction according to the crystal structure. As
seen with many peptide-aldehydes, the possible promiscuity of a
reactive aldehyde functionality in inhibitor II may render the
ketoamide XII the better lead agent in this series for further
evaluation.

2.2. Non-peptidomimetic Covalent Inhibitors. Current
existing non-peptidomimetic covalent inhibitors were devel-
oped by Ghosh et al.,74 Wu et al.,75 Zhang et al.,76 and Niu et
al.77 Interestingly, all these inhibitors belong to the class of
esters: 3-chloropyridine, 3-chloropyridyl, or benzotriazole esters
(see Figures 27 and 28).
Based on their mass spectrometry experiments, Wu et al.75

proposed an inhibition mechanism of these ester-derived
inhibitors, which is depicted in Figure 29. Upon binding to
Mpro, the ester is attacked by the nucleophilic cysteine (Cys145).
The acyl group of the ester-derived inhibitor subsequently
acylates the thiol of Cys145 and generates an inactive acylated
Mpro. This mechanism is further confirmed by a recent crystal
structure of MAC-5576 (152) bound to SARS-CoV-2 Mpro (see
Figure 30).65 In this crystal structure, the activated group of
MAC-5576 acylates Cys145.
Compounds 124 and 129−135 in Figure 27 are a series of

benzotriazole esters synthesized by Wu et al. Their Ki values
against SARS-CoV Mpro surveyed by the authors are also

Figure 25. Calpain inhibitors.

Figure 26. Crystal structures of the covalent adducts of 118 (a, b) and 119 (c, d) bound to SARS-CoV-2 Mpro (PDB ID 6XFN and 6XA4).
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included in Figure 27. Especially 124 exhibits aKi value as low as
0.0075 μM.75 Additionally, Wu et al.’s cell-based assays at 100
μM suggested that these esters are not toxic to Vero E6 cells.78

Notably, benzotriazole esters are well-known for their lability
toward various nucleophiles, but the authors found that the
compounds are relatively stable over 24 h in pH 5.0−8.0 at room
temperature.75

Ghosh et al.74 also focused on 124 and its derivatives.
Consistent with the reported low Ki value,

78 124 has a potent
IC50 value of 0.2 μM against SARS-CoV Mpro. However, as a
drawback, the cell-based experiments suggested that 124 does
not exhibit any SARS-CoV antiviral activity (see Figure 27, NI =
no inhibition). Thus, Ghosh et al. developed more 3-
chloropyridine esters derived from 124, namely, 120−123 and
125−128 in Figure 27. Replacing the benzotriazole unit with a
3-chloropyridine unit, 126 shows comparable enzymatic
inhibitory potency (IC50 = 0.31 μM) with that of 124. More

importantly, 126 has antiviral activity with an EC50 of 24 μM.
With the indole N atom acetylated, the resulting 128 remains
potent against SARS-CoV Mpro (IC50 = 0.4 μM) but without
antiviral activity. Compound 127 contains a tosylated indole and
has a IC50 = 0.37 μM against SARS-CoV Mpro. Interestingly, its
nitrobenzenesulfonamide analog 122 indicates a quite improved
IC50 value of 0.089 μM. The tetrahydroisoquinoline derivative
123 shows an IC50 value of 0.14 μM.
Additional studies suggested that the carboxylic positions on

the benzene ring of indole are critical for inhibitory potency
against Mpro. Accordingly, carboxylate substitutions on indole
rings at the 5-, 6-, 4-, and 7-positions result in chloropyridine
esters 126, 125, 120, and 121, respectively. Of this series,
inhibitor 120, which contains a carboxylate at the 4-position, is
the most potent inhibitor so far among all the existing non-
peptidomimetic Mpro inhibitors with an IC50 value of 0.03 μM, a
10-fold potency enhancement over 126, which contains a
carboxylate at the fifth position. Compound 121 is substituted
with a carboxylate at the 7-position and exhibits an IC50 value of
0.08 μMas well. Encouragingly, 120 and 121 show high antiviral
activity with EC50 values of 6.9 μM and 12.1 μM, respectively.
MAC-5576 (152 in Figure 28) is another non-peptidomi-

metic inhibitor widely investigated. Its IC50 against SARS-CoV
Mpro is 0.5 μM.79 A recent study found that it is even more
potent against SARS-CoV-2 Mpro with an IC50 of 0.081 μM.
However, it does not block SARS-CoV-2 viral replication in
cellular assays.65 With MAC-5576 as the lead compound, Zhang
et al.76 and Niu et al.77 developed tens of 5-chloropyridyl ester
based inhibitors. Compounds 136, 137, 139−141, 146, 148,
and 150 were synthesized by Zhang et al.76 Among them,
compound 136 has an IC50 of 0.05 μM against SARS-CoVMpro.
Through electrospray mass spectrometry experiments, they also
suggested an inhibition mechanism identical to that from Wu et
al.75 as shown in Figure 29. Compounds 138, 139, 142−145,
147, 149, 151, and 153−155 are 5-chloropyridyl ester-based
inhibitors developed by Niu et al.77 Interestingly, these two
research groups both reported that 138 has an IC50 value of 0.63
μM. However, the antiviral activity of these compounds was not
reported.
The SAR studies by Zhang et al.76 and Niu et al.77 of the

compounds in Figure 28 indicate, besides a pyridinyl ring, a
second aromatic ring (furan or thiophene) is also a key
component for inhibiting SARS-CoV-2 and SARS-CoV Mpro

potently.76 More importantly, the positions of the electron-
withdrawing substituents on the terminal aromatic rings
dramatically impact inhibitory potency. Consistent with the
mechanism shown in Figure 29, stronger electron-withdrawing
R-groups, through either resonance or inductive effects, render a
more electrophilic carbonyl of the ester warhead, resulting in
stronger reactivity toward Cys145. For example, the difference
in the positions of the N atom of the pyridine moiety relative to
the carbonyl group in 145 and 155 causes a 4-fold disparity in
their IC50 values. Compound 138 has a nitro group at the para
position relative to the furan group. Changing the nitro group of
138 to either the ortho (147) or the meta (153) position leads
to a 3-fold or 8-fold increase in the IC50 values, respectively. By
contrast, 149, 151, and 154 bear a chloro- or a nitro-substituent
on the benzene ring directly connected to the central ester group
at the para, ortho, and meta positions relative to the ester bond,
respectively. The position of the substituents in these three
compounds has less impact on inhibiting SARS-CoV Mpro,
although the meta-substituted 154 is a markedly weaker
inhibitor than either 149 or 151. Unlike the ketone and

Figure 27. 5-Chloropyridine ester and benzotriazole ester derived non-
peptidomimetic covalent inhibitors from Ghosh et al.74 and Wu et al.75

NI represents no inhibition.
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aldehyde-based inhibitors, these activated esters suffer from the
elimination of a relatively large leaving group that may exhibit
undesirable activities itself.
Very recently, Sun et al.80 developed a series of ebselen and

ebsulfur derivatives inhibiting SARS-CoV-2 Mpro as shown in
Figures 31 and 32. The kinetic progression curves of these
isothiazolone-type covalent modifiers showed a biphasic
character, indicating that the inhibition follows pseudo-first-
order rate kinetics and implying ebselen, ebsulfur, and their
derivatives covalently bind to Mpro. Moreover, their assays also
showed that these compounds irreversibly inhibit Mpro and do
not have significant activity recovery. Ebselen and ebsulfur are
the most potent among these compounds with IC50 values of
0.074 μM and 0.11 μM, respectively. Their Ki values are 0.031

μM and 0.078 μM, respectively. Other experiments confirmed
that ebselen potently inhibit SARS-CoV-2 with an IC50 of 0.67
μM.81,82 Additionally, Jin et al.81 reported that ebselen has
antiviral activity against SARS-CoV-2 with an EC50 of 4.67 μM.
The cytotoxicity of ebselen is also extremely low (the oral
median lethal dose in rats is >4600 mg/kg).83 Remarkably, the
clinical evaluation of ebselen was recently initiated.84

2.2.1. Drawbacks of the Current Non-peptidomimetic
Covalent Inhibitors. It should be noted that the current non-
peptidomimetic covalent inhibitors lack specificity. The current
non-peptidomimetic covalent inhibitors all contain isothiazo-
lones. Isothiazolones have been labeled as some of the worst
offenders as pan-assay interference compounds (PAINS) due to
their high promiscuity.85 Recent assays found that ebselen and
some other non-peptidomimetic inhibitors interact with a panel
of cysteine proteases.82 Therefore, these leads should be
carefully scrutinized to ensure that off-target effects do not
cause serious consequences and that the proposed mechanism is
responsible for the efficacy observed.

2.3. Noncovalent Mpro Inhibitors. Since drugs acting
through covalent modifications to the target may be associated
with off-target liability and consequent potentially toxic
effects,12 research efforts have also been devoted to discovering
noncovalent Mpro inhibitors.

Figure 28. 5-Chloropyridyl or 5-chloropyridine ester derived non-peptidomimetic covalent inhibitors from Zhang et al.76 and Niu et al.77

Figure 29. Proposed mechanism of the SARS-CoV Mpro inhibition by
acylation with ester-based inhibitors.
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2.3.1. Aryl Boronic Acid Derivatives. Some aryl boronic acid
derivatives were found to be potent against SARS-CoV Mpro.
Compound 183 (Figure 33), bearing anilide linkages, is the best
performing compound among aryl boronic acid derivatives (Ki =
0.04 μM).86

2.3.2. Isatin Derivatives. Lai et al.87,88 and Juang et al.89

focused on developing N-substituted isatin derivatives as
noncovalent SARS-CoV-2 and SARS-CoV Mpro inhibitors (see
Figure 34).
Compounds 184−186 are highly potent isatin inhibitors

against SARS-CoV-2 Mpro synthesized by Liu et al.87 For
instance, 184 has IC50 of 0.045 μM against SARS-CoV-2 Mpro.
Lai et al.88 revealed that 184 inhibits SARS-CoV Mpro with IC50
= 0.37 μM as well. Juang et al.89 also synthesized a series of N-

substituted isatin derivatives. Compounds 187 and 188 were
found to have promising IC50 values against SARS-CoV.
The extensive SAR investigation by Liu et al.87 provided some

suggestion concerning their binding requirements. First, due to
space limitation in the Mpro active site, substituents at R1 and R2
must be small. Second, hydrophobic groups at the R1 position
are necessary to ensure inhibitory effect. Finally, the
carboxamide group at the R2 position is essential for high
potency (see Figure 34).

2.3.3. Noncovalent Inhibitors Containing Benzotriazole.
Turlington et al.90 developed a series of noncovalent Mpro

inhibitors containing benzotriazole based on their screening
against the NIH molecular libraries sample collection. The
potent ones are shown in Figure 35.
Notably, based on the crystal structure of SID24808289 with

SARS-CoV Mpro (PDB ID 4MDS), Turlington et al.’s SAR
study90 suggested that a 3-pyridyl heterocycle (see 190 and 191)
has potential to engage a side-chain interaction with the
hydroxyl group of Thr24 or Thr25 of Mpro. As a result, 190 and
191 inhibit SARS-CoV Mpro with IC50 values of 0.70 μM and
0.97 μM, respectively. Moreover, Turlington et al.90 unexpect-
edly found that the parent simple phenyl biaryl (see 189)
increases activity by over 700-fold relative to 190 and 191 and
represents the first sub-100 nM inhibitor in the series (IC50 =
0.051 μM). This is probably because some unexpected
hydrophobic interactions are formed. For example, our docking
study suggested that the ring of the diaryl could form
hydrophobic interactions with Ala46, Ile43, and Val42 of Mpro.

2.3.4. Anilide Based Inhibitors. Among anilide based
inhibitors, 192 (JMF1507) in Figure 36 displays the best
potency with an IC50 of 0.06 μM against SARS-CoV Mpro. It is a
competitive noncovalent inhibitor.91

2.3.5. Noncovalent Aldehyde Peptide Inhibitors. In addition
to covalent aldehyde inhibitors described in section 2.1.3, there
are also some noncovalent aldehyde peptide inhibitors reported
by Akaji et al.92 Covalent bonds are not formed with these
inhibitors because the aldehyde groups are too far from the
catalytic site Cys145 of SARS-CoVMpro in the crystal structures.
For example, in the crystal structure of 193with SARS-CoVMpro

(PDB ID 3AVZ, Figure 38a,b), the C atom of the aldehyde
group is 2.23 Å from the S atom of Cys145, while for 194 (PDB

Figure 30.Crystal structure of the covalent complex of 152 (MAC-5576) with SARS-CoV-2Mpro (PDB ID 7JT0) through the acylation of Cys145 (a)
and its corresponding 2D interaction diagram (b).

Figure 31. Ebselen derived non-peptidomimetic covalent inhibitors.
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ID 3ATW, Figure 38c,d), this distance is 2.48 Å (see Figure 38).
Considering that the length of a regular C−S bond is around 1.8
Å, their distances are not close enough to form strong covalent
interactions.
Some of these noncovalent aldehyde inhibitors are still potent

against SARS-CoV Mpro (Figure 37). Akaji et al.92 designed
these noncovalent aldehyde inhibitors via SAR analysis. First,
they found that a bulky group at the side chain of the P2 site
could fit into the S2 pocketmore tightly than other groups, which
leads to 193 and 197 with IC50 values of 0.065 μM and 0.39 μM,
respectively. Notably, the comparison between 193 and 197
suggests that the substitution with a cyclohexyl group is more
effective than that with a planar aromatic group. This is probably
because a cyclohexyl group is more adjustable to more strongly
interact with the S2 pocket. Second, the outwardly directed P5
site could be removed to lower the molecular weight of the

inhibitors since no interactions of the corresponding side chains
to the protease are detected. This strategy resulted in 195, whose
activity is a bit better than that of 197. Third, to attach the P5
site-deleted inhibitors to the active-site cleft more tightly, a
secondary alcohol moiety was introduced into the side chain of
the P4 site to form more hydrogen bonds with Mpro, which
results in 194. Compound 194 has almost the same activity

Figure 32. Ebsulfur derived non-peptidomimetic covalent inhibitors.

Figure 33.Most potent noncovalent Mpro inhibitor among aryl boronic
acid derivatives.

Figure 34.N-Substituted isatin derivatives as noncovalent SARS-CoV-
2 and SARS-CoV Mpro inhibitors.
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(IC50 = 0.098 μM) as 193 (IC50 = 0.065 μM), while the
molecular weight is reduced (534 vs 591).
The potent inhibition of these compounds against Mpro is due

to their tight hydrogen-bond interactions with Mpro.92 As shown
in the crystal structures of 193 and 194 with SARS-CoV Mpro

(see Figure 38), the imidazole N atom at the P1 site accepts a
hydrogen bond from Mpro His163. As a result, the other side of
the imidazole inserts into the S1 pocket formed by the side
chains of Phe140, Leu141, and Glu166. The cyclohexyl group at
the P2 site occupies most of the sizable S2 pocket consisting of
His41, Met49, Met165, and Asp187. The amide-bound N and
carbonyl O atoms of the P3 site have hydrogen bonds with the

main chain of Glu166. The amide-bound N atom of the P4 site
also accepts another hydrogen bond fromThr190 ofMpro. In the
structure of 193 with Mpro, an additional hydrogen bond (3.19
Å) can also be found between the side-chain O atom at the P4
site and Thr190. Notably, along with a secondary alcohol moiety
introduced at the P4 site, a strong hydrogen bond (2.69 Å) is
formed between this alcohol moiety and Thr190 of Mpro, which
agrees with the SAR analysis by Akaji et al.92

2.3.5.1. Drawbacks of Noncovalent Aldehyde Peptide
Inhibitors. Ample evidence suggests that the aldehyde in these
agents does not form a stable covalent bond with the protease.
Considering the reactive and promiscuous nature of aldehydes
in general, it may be advantageous to replace this liability.
Compared to the nonpeptidic and noncovalent inhibitors, these
peptide-based inhibitors may also be limited by their in vivo
instability and poor membrane permeability.

2.3.6. Symmetric Peptides and Molecules. TL-3 (200 in
Figure 39) is a C-2 symmetric peptide-based dimer that was
identified as a human immunodeficiency virus (HIV) protease
inhibitor. Wu et al.78 found that it is also active against SARS-
CoV Mpro with a Ki value of 0.6 μM.
With TL-3 as the lead structure, Shao et al.93 developed

several symmetric peptide-based SARS-CoV Mpro inhibitors.
Among them, 198 and 199 in Figure 39 have stronger efficacy
than TL-3 with Ki values of 0.073 and 0.34 μM, respectively.
Besides symmetric peptides, other symmetric molecules were

also identified as SARS-CoV-2 and SARS-CoV Mpro inhibitors.
For instance, recently Coelho et al.94 have found that Evans blue,
a sulfonic acid-containing dye, is highly active against SARS-
CoV-2Mpro with IC50 = 0.2 μMandKi = 0.21 μM(201 in Figure
39). Interestingly, Evans blue has been previously reported to
inhibit HIV95 and hepatitis B virus (HBV).96 In addition,
symmetric inhibitor 202, as one of a series of diarylsulfonyl
compounds in Figure 39, has a reported IC50 = 0.9 μM against
SARS-CoV Mpro97. However, the acylated phenol 201 is likely
susceptible to hydrolysis or other nucleophiles, which may
compromise its cellular and in vivo efficacy.

2.3.7. Aromatic-Disulfide Based Inhibitors. Wang et al.98

synthesized a series of novel aromatic disulfides and evaluated
their enzymatic activities against SARS-CoV Mpro. Notably,
disulfide compounds have the potential to react with other
thiols, including Cys145, and form new -S−S- covalent bonds.
However, according to their experiments,98 different aryl thiols
derived from the disulfides exhibit no efficacy against SARS-CoV
Mpro even at very high concentration. Also, no molecular weight
change of Mpro was detected before and after the reactions.
These two results suggest that the interaction of Mpro to their
aromatic-disulfide based inhibitors is of a noncovalent nature.
Aromatic disulfide-based inhibitors with potency in the

micromolar range are illustrated in Figure 40. The best IC50
value among them is 0.516 μM (203).

2.3.7.1. Drawbacks of Aromatic-Disulfide Based Inhibitors.
No cellular activity was reported for the aromatic-disulfide based
inhibitors. It would be interesting to see the translational efficacy
of these agents as multiple reductases and high levels of
endogenous glutathione are known to readily clean disulfides in
vivo, which may significantly affect the overall efficacy of
aromatic-disulfide based inhibitors.99 These electrophilic aryl
disulfide-based species are also prone to nucleophilic attack by
other species, and therefore, undesirable sulfenylation events are
likely to occur.

2.3.8. Other Noncovalent Mpro Inhibitors. Walrycin B (208
in Figure 41) is an analog of toxoflavin. Recent repurposing

Figure 35. Noncovalent Mpro inhibitors containing benzotriazole.

Figure 36. Most potent anilide based inhibitor.

Figure 37. Noncovalent aldehyde inhibitors.
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work100 found that walrycin B also strongly inhibits SARS-CoV-
2 Mpro with IC50 = 0.26 μM and more importantly shows potent
antiviral activity against SARS-CoV-2 with EC50 = 3.55 μM.
However, its CC50 of 4.25 μM suggests it may be highly
cytotoxic.
Compound 209 was identified from high-throughput screen-

ing performed by Lu et al.97 and has IC50 = 0.3 μM against
SARS-CoV Mpro. Compound 210 belongs to a series of keto-
glutamine analogs synthesized by Jain et al.101 and displays
reversible inhibition against SARS-CoV Mpro with IC50 = 0.6
μM. The flavonoid baicalein (211) is one ingredient of
traditional Chinese medicine shuanghuanglian. Su et al.102

reported that it also exhibits activity against SARS-CoV-2 Mpro

with an IC50 of 0.94 μM and antiviral activity with an EC50 of
2.94 μM. However, its cytotoxicity was reported with CC50 = 86
μM in Vero cells.103

The crystal structures of 209 and 211 (baicalein) bound to
SARS-CoV or SARS-CoV-2 Mpro are available with PDB ID
2GZ7 and 6M2N, respectively. In crystal structure 2GZ7
(Figure 42a,b), 209 occupies the S3−S5 pockets of SARS-CoV
Mpro. The 2,4-dichloro-5-methylbenzene group sits deeply
inside the hydrophobic pocket consisting of Pro39, His41,
Cys145, His163, His164, Phe181, Tyr182, and Phe185. The
phenyl ring of 208 has strong π−π interactions with the side
chain of His41, while the dicholoro and methyl groups are close
to Cys145, His164, Pro39, and Leu27. Moreover, the 1,3-

dinitro-5-(trifluoromethyl) benzene group forms strong hydro-
gen-bond interactions with Mpro. In particular, one nitro group
has a hydrogen bond with the N atom in the side chain of His41
and two hydrogen bonds withMet49 and His41 through a water
molecule. The trifluoromethyl substituent generates a weak
hydrogen bond with Gln192 and is adjacent to Gln192, Gln189,
Leu167, and Met165. Moreover, the benzene group forms
hydrophobic interactions with Met165, while the sulfone group
has hydrogen-bond interactions with a water molecule.97

In the crystal structure of baicalein (211) in complex with
SARS-CoV-2 Mpro, the baicalein binds to the surface of the
protease between domains I and II, which is the core region of
the binding site (Figure 42c,d). Three phenolic hydroxyl groups
of baicalein form multiple hydrogen bonds with the main chains
of Leu141 andGly143 and the side chains of Ser144 andHis163.
The carbonyl group of baicalein leads to a hydrogen bond with
the main chain of Glu166, while the free phenyl ring is inside the
S2 subsite and forms hydrophobic interactions with Gln189,
Arg188, Met49, Cys44, and His41. Notably, in addition to the
hydrophobic interactions, the catalytic His41 and Cys145 also
establish S−π and π−π interactions with the aromatic rings of
baicalein. The side chain of Asn142 also forms NH2−π
interactions with baicalein. These interactions, together with
the interactions from Cys145, sandwich the phenyl ring of
baicalein with three OH groups between Asn142 and Cys145.
Moreover, Met165 has hydrophobic interactions with the

Figure 38. Crystal structures of 193 (a, b) and 194 (c, d) bound to SARS-CoV Mpro (PDB ID 3AVZ and 3ATW).
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middle ring of baicalein. As a result, baicalein blocks two
catalytic residues, as well as the oxyanion loop (residues 138−
145), Glu166, and the S1 and S2 subsites, thereby preventing
Mpro from recognizing substrates.
2.3.8.1. Drawbacks ofWalrycin B and Baicalein.Walrycin B

(208) is not only highly cytotoxic but also an analog of
toxoflavin, which is a well-known offender in the arena of
PAINS.85 Considering its promiscuous reactivity, the observed
efficacy and how it correlates to a proposed mechanism should
therefore be treated with severe caution. Baicalein (211) is also
reported to have some cytotoxicity. More importantly, baicalein
has promiscuity risks and is known to inhibit numerous
substrates.102

2.4. Metal Conjugated SARS-CoV-2 or SARS-CoV Mpro

Inhibitors. As shown in Figure 43, 212−218 with conjugated
Zn2+ or Hg2+ ions also show inhibitory potency in the sub-
micromolar range against SARS-CoV-2 Mpro or SARS-CoV
Mpro.94,104,105 Notably, the crystal structures of metal conjugated
inhibitors bound to Mpro reveals that, after binding, the
inhibitors are always dissociated and the metals covalently
attach to Mpro residues such as Cys145 (see Figure 44).
Compounds 212−214 are good examples to depict their

binding modes to Mpro. In the Mpro−JMF1586 (212) complex
(Figure 44a,b), His41, Cys145, and two N atoms of the
compound make up the Zn-centered tetrahedral coordination,
in which two N and two O atoms chelate the Zn atom. In the
Mpro−JMF1600 (213) complex (Figure 44c,d), His41, Cys145,
one N atom, and a water molecule participate in the Zn
coordination. The Zn atom is chelated by one N and three O
atoms of JMF1600. A Zn−N bond is stronger than a Zn−O
bond, which is consistent with the lower Ki value of JMF1586
than JMF1600. Both these 3D structures indicate that the
metal−O bonds of JMF1586 and JMF1600 must be broken
before being replaced by His41 and Cys145 to form the Zn-
centered complex. In the Mpro−phenylmercuric acetate (214)
complex structure (Figure 44e,f), the phenyl-bound mercury is
bound to the S atom of Cys44 with a bond distance of 2.47 Å.
The phenolic O atom of Tyr54 is another site to accept a 2.56 Å
Hg−O bond from 214, while its acetate group is dissociated and
substituted by protein residues.

Figure 40. Aromatic-disulfide based inhibitors.

Figure 41. Other noncovalent Mpro inhibitors.

Figure 39. Symmetric peptides and molecules.
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2.4.1. Perspectives on Metal Conjugated Inhibitors. Metal
conjugated inhibitors provide an interesting class of lead agents
and are often improperly labeled as toxic agents. However,
phenylmercuric acetate and thimerosal are used as pharmaceut-
ical excipients, and several other metal conjugates have been
used as topical antimicrobial preservatives. The anticipated
toxicity of metals depends on many factors, including their
oxidation states.

3. DISCUSSION AND PERSPECTIVES

COVID-19 caused by SARS-CoV-2 is one of the most deadly
pandemics since the new millennium. It has overwhelmed the
worldwide healthcare system and devastated the global
economy. Currently, there is no approved medication against
the virus; thus it is imperative to discover potential therapeutic
agents against SARS-CoV-2.

Figure 42. Crystal structures of 209 (a, b) and 211 (c, d) bound to SARS-CoV-2 Mpro (PDB ID 2GZ7 and 6M2N).

Figure 43. Metal conjugated SARS-CoV-2 or SARS-CoV Mpro inhibitors.
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The main protease (Mpro) is not only critical for viral
replication but also highly conserved in viral evolution.
Therefore, Mpro is one of the most attractive targets for
developing antiviral therapies. A large number of Mpro inhibitors
have been reported since the outbreak of SARS-CoV in 2003. To
provide a whole landscape of the current status of SARS-CoV-2
and SARS-CoV inhibitors, here we collect all available SARS-
CoV-2 and SARS-CoV Mpro inhibitors so far from literature or
databases. We highlight highly potent inhibitors, analyze their
structures and functions, and illustrate their covalent or
noncovalent binding interactions with Mpro. The optimization
of inhibitors to improve potency is also discussed. To serve as a
good starting point to design new drugs against SARS-CoV-2,

we classify Mpro inhibitors into different categories based on
their molecular mechanisms of action, such as small-molecule
covalent inhibitors, peptidomimetic covalent inhibitors, non-
covalent inhibitors, and metal conjugated inhibitors.

3.1. Drug Development Potential of Existing SARS-
CoV-2 and SARS-CoVMpro Inhibitors. So far, more than 800
SARS-CoV-2 and SARS-CoV Mpro inhibitors are available, and
this data set is provided in the Supporting Information. The
classification of these inhibitors is summarized in Table 1.
Considering that the binding sites of SARS-CoV-2 and SARS-
CoV Mpro are almost identical, SARS-CoV Mpro inhibitors are
also effective to SARS-CoV-2.

Figure 44. Crystal structures of 212 (a, b), 213 (c, d), and 214 (e, f) bound to SARS-CoV-2 Mpro (PDB ID 2Z9L, 2Z9K and 2Z9G).
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However, many Mpro inhibitors cannot be developed into
effective drugs due to their unqualified potency, promiscuity,
toxicity, side effects, or poor ADME properties. Current
inhibitors with drug development potential fall mostly in the
class of peptidomimetic covalent inhibitors. Themost promising
ones are nitrile-containing inhibitor PF-07321332 and HMK
inhibitor PF-00835231. Both of them are now in clinical trials. In
particular, PF-07321332 is projected to reach the market
relatively soon. Aldehyde bisulfite GC376 was also reported to
have druggable potential but may require further evaluation to
determine if aldehyde bisulfates offer the selectivity profile
needed for clinical development.
High-throughput screening efforts have identified many hits,

which have resulted in many rapid reports. Unfortunately, this
has also resulted in the identification of many known PAINS as
possible drug leads. For example, there are several non-
peptidomimetic covalent inhibitors that contain the classic
isothiazolone scaffold. These isothiazolones have also been
labeled as some of the worst offenders as PAINS due to their
high promiscuity. Toxoflavin is another well-known offender in
the arena of PAINS. A reactive aldehyde functionality could
possibly render promiscuity, too. Therefore, caution should be
taken in the pursuit of these agents as SARS-CoV-2 Mpro

inhibitors.
3.2. Mpro Mutation Impact on Inhibitor Efficacy. We

collected 1 983 328 complete SARS-CoV-2 sequences with
exact collection dates submitted to GISAID up to September 20,
2021. After applying the multiple sequence alignment (MSA)
technique, we obtained the single nucleotide polymorphism
(SNP) information on these 1 983 328 complete SARS-CoV-2
sequences, in which a total of 28 780 unique single mutations on
the whole SARS-CoV-2 genome were identified. Among them,
1395 unique single mutations were detected onMpro, where 906
unique single mutations were missense mutations and 489
unique single mutations were silent mutations.

Although SARS-CoV-2 Mpro admits more than ten different
inhibitor binding sites, there is only one major inhibition site.30

The crystal structure of SARS-CoV-2 Mpro in complex with
boceprevir is available with PBD ID 7C6S. We identify the
binding domain of Mpro to be the residues located in the sphere
of 10 Å radius around the center of small molecule boceprevir.
Then, the number of silent mutations (Nsilent) and missense
mutations (NMissense) in the binding domain can be found in
Table 2. A total of 78 missense mutations were detected in the

binding domain of Mpro, and we list the top 10 highest frequency
missense mutations in the binding domain and nonbinding
domain of Mpro in Table 3 and Table 4. It can be seen that the

Table 1. Classification of Current SARS-CoV-2 and SARS-
CoV Mpro Inhibitors

class subclass ref

covalent peptidomimetic ketone 26,34,35,38−40,106−112
peptidomimetic nitrile-
containing

43

peptidomimetic
aldehyde

45,48,49,51−53

peptides with aldehyde
bisulfite

50,65,113

peptidomimetic
michael acceptors

29,64,66,67,114−116

nonpeptidomimetic
covalent inhibitors

74−77,79,80,117

noncovalent aryl boronic acid
derivative

86

istin based 87−89,118
benzotriazole based 90
anilide 91
aldehyde 92
symmetric peptide or
molecule

78,93

aromatic disulfide 98
ketone 119
others 4,81,82,94,97,100−102,120−155

metal
conjugated

94,104,105

Table 2. Number of the Silent Mutations (Nsilent), Missense
Mutations (Nmissense), and Unique Single Mutations (Ntotal)
on the Mpro, Binding Domain of Mpro, and Non-binding
Domain of Mpro

location Nsilent Nmissense Ntotal

Mpro 489 906 1395
binding domain 59 78 137
non-binding domain 430 828 1258

Table 3. Top 10 Missense Mutations on the Binding Domain
of Mproa

SNP protein mutation total frequency ratio

10202C→T L50F 969 0.00049
10610G→T V186F 749 0.00038
10188C→T T45I 636 0.00032
10623C→T T190I 601 0.00030
10201G→T M49I 427 0.00022
10191C→T S46F 416 0.00021
10128C→T T25I 93 0.00005
10617G→A R188K 77 0.00004
10190T→C S46P 52 0.00003
10196G→A D48N 51 0.00003

aThe frequency is the number of complete SARS-CoV-2 sequences
that carry a specific mutation, and the ratio is defined by the
frequency of a specific mutation over the total number of complete
SARS-CoV-2 sequences.

Table 4. Top 10 Missense Mutations in the Nonbinding
Domain of Mproa

SNP protein mutation total frequency ratio

10319C→T L89F 60078 0.03029
10323A→G K90R 38117 0.01922
10097G→A G15S 9695 0.00489
10833C→T A260V 5068 0.00256
10376C→T P108S 4837 0.00244
10667T→G L205V 4135 0.00208
10193G→A E47K 3947 0.00199
10195A→T E47D 3880 0.00196
10277C→T L75F 2985 0.00151
10533G→T C160F 2904 0.00146

aThe frequency is the number of complete SARS-CoV-2 sequences
that carry a specific mutation, and the ratio is defined by the
frequency of a specific mutation over the total number of complete
SARS-CoV-2 sequences.
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frequency of missense mutations in the binding domain of Mpro

is much lower than that in the nonbinding domain of Mpro,
indicating that the binding domain is more conserved than the
nonbinding domain. The 10202C→T-(L50F) mutation with
the highest frequency in the binding domain of Mpro only has a
ratio of 0.00049.
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