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ABSTRACT: The novel coronavirus, SARS-CoV-2, has been
identified as the causative agent for the current coronavirus disease
(COVID-19) pandemic. 3CL protease (3CLpro) plays a pivotal role
in the processing of viral polyproteins. We report peptidomimetic
compounds with a unique benzothiazolyl ketone as a warhead
group, which display potent activity against SARS-CoV-2 3CLpro.
The most potent inhibitor YH-53 can strongly block the SARS-
CoV-2 replication. X-ray structural analysis revealed that YH-53
establishes multiple hydrogen bond interactions with backbone
amino acids and a covalent bond with the active site of 3CLpro.
Further results from computational and experimental studies, including an in vitro absorption, distribution, metabolism, and
excretion profile, in vivo pharmacokinetics, and metabolic analysis of YH-53 suggest that it has a high potential as a lead candidate to
compete with COVID-19.

■ INTRODUCTION

In December 2019, an outbreak of coronavirus disease-19
(COVID-19) emerged in Wuhan, China and evolved into a
pandemic with major effects on the public health care system
and the global economy. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has been identified as an
etiological agent1−4 and shares a very high RNA genome
(∼80%) similarity with that of SARS-CoV-1,2,5 a virus that
caused the SARS outbreak in 2003.6,7 As of March 5, 2021, more
than 110 million cases of COVID-19 and over 2.5 million deaths
have been reported. Recently, several vaccines protecting against
SARS-CoV-2 were approved in many countries. With respect to
the treatment of SARS-CoV-2, however, drug repositioning is a
promising approach to discovery of new indications from
existing clinical drugs since they can become available within a
short development period. Considering the seriousness and the
pandemic of SARS-CoV-2 infection, a huge effort has beenmade
to reposition approved drugs that are known to act against
related pathogens.8,9 Remdesivir, an inhibitor of RNA-depend-
ent RNA polymerase (RdRp), which was originally developed
for use against ebolavirus,10 has been approved for the treatment
of patients with severe COVID-19 as a directly acting antiviral
agent.11 The approved vaccines and drugs for treatment of
COVID-19 give us hope to cope with the pandemic, but the
variety of specific inhibitors which fight SARS-CoV-2 infection
with a different mechanism of action are urgently needed to
reduce the cases and also the severity and fatality rates. Examples

include α-ketoamide12 and aldehyde inhibitors13 with potent
anti-SARS-CoV-2 activity through their protease inhibition.
These compounds have good pharmacokinetics and no
significant toxicity.
Coronavirus is an enveloped, single-stranded, positive-sense

RNA virus that is manipulated directly by a host’s translational
system. Its replicase gene encodes for two large overlapping
polyproteins, pp1a and pp1ab, which are required for viral
replication and transcription.14 The functional proteins are
released from these polyproteins by extensive proteolytic
processing, predominantly by the 3C-like protease (3CLpro),
also referred to as the main protease (Mpro), and the papain-like
protease (PLpro).15−19 3CLpro, a cysteine protease that is active at
11 conserved sites within the large viral polyproteins pp1a and
pp1ab, is essential for viral replication and multiplication.20 The
indispensable role of 3CLpro in the viral life cycle and the absence
of closely related human homologues establish 3CLpro as an ideal
target for the development of antiviral agents for coronavirus
diseases.7,15,21 A large part of the drug discovery program for the
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control of SARS in 2003 and MERS in 2012 has therefore been
dedicated to the development of potent 3CLpro inhibitors.7,15,21

3CLpro of SARS-CoV-2 shows 99% homology and 96% identity
to that of SARS-CoV-1.10

We have been developing a series of substrate-derived
inhibitors of SARS-CoV-1 3CLpro since the outbreak of SARS
in 2003.22−27 Inhibitors SH-5, YH-53, and YH-71 (previously
designated as 2i, 5h, and 5n, respectively)25,27 that contain a
unique benzothiazolyl ketone as the P1′-directed warhead were
developed from a tetrapeptide inhibitor (1) by incorporation of
a trifluoromethylketone moiety. They are of particular interest
because they display potent SARS-CoV-1 3CLpro inhibitory
activities with Ki values of 4.1,

25 6.327 and 2227 nM, respectively
(Figure 1A). The electrophilic ketone warhead forms a
reversible covalent bond with the nucleophilic thiolate of the
active site Cys145 in SARS-CoV-1 3CLpro, resulting in a
hemithioketal intermediate that transiently inactivates the
enzyme (Figure 1B). The reversibility of this inhibition reduces
the chances of the nonspecific irreversible reaction of numerous
mammalian thiols and also the risk of clinically undesirable side
effects or immune reactions. Given the highly structural identity
of 3CLpro between SARS-CoV-1 and SARS-CoV-2, it is expected
that these inhibitors would show anti-SARS-CoV-2 activity
through 3CLpro inhibition.10 In the present study, we
repositioned and investigated the potential of our SARS-CoV-
1 inhibitors as anti-SARS-CoV-2 drugs. In particular, inhibitors
containing an indole moiety at the P3-position and the
benzothiazolyl ketone as the reactive warhead as in YH-53
showed an extremely potent inhibitory activity against 3CLpro of

SARS-CoV-2 and completely blocked viral replication in Vero
cells. To understand the binding mode of these inhibitors,
cocrystal structures of SARS-CoV-2 3CLpro in complexes with
YH-53 and SH-5 were determined, providing useful insights into
the precise interaction between the inhibitors’ structures and the
relevant substrate pockets of the viral protease. Additional
comprehensive characterization such as in vitro absorption,
distribution, metabolism, and excretion (ADME), toxicity,
pharmacokinetics, computational principal component analysis,
and metabolic analysis have shown YH-53 to be an attractive
lead compound in the development of anti-SARS-CoV-2 agents.

■ RESULTS

Inhibitory Activities for 3CL Protease. The inhibitors
SH-5, YH-53 and YH-71 were prepared using our previously
published synthetic methods.25,27 Using our recently developed
biochemical assay, we first examined the inhibitory activity of
SH-5, YH-53, and YH-71 against SARS-CoV-2 3CLpro (Figure
2A andC). The full length 3CLpro of SARS-CoV-2, His-tagged at
the C-terminus, was expressed in Escherichia coli.28 The three
inhibitors, SH-5, YH-53, and YH-71 were shown to be potent
inhibitors of SARS-CoV-2 3CLpro, with Ki values in the
nanomolar range (SH-5: Ki = 14.5 ± 1.7 nM; YH-53: Ki =
34.7 ± 2.1 nM; YH-71: Ki = 32.1 ± 3.3 nM). The inhibition
mode of the most potent inhibitor, SH-5, was determined and
was shown to be competitive (Figure 2B). This confirms the
predicted mechanism of action, a tight and reversible binding,
and interaction with the active site in the S4-S1′-pockets. Hattori

Figure 1. 3CL protease inhibitors for SARS-CoV-1 with electrophilic arylketone warhead. (A) Structures of 3CLpro inhibitors 1, SH-5, YH-53, and YH-
71. SH-5 contains a tripeptide scaffold with a warhead and a carbamoyl unit at P4. YH-53 and YH-71 consist of a dipeptide scaffold with a warhead and
a heteroaromatic unit at P3. (B) Proposed mechanism of inhibition by SH-5. Once SH-5 is bound to the enzyme, the active site Cys145 of 3CLpro

attacks the ketone of SH-5 to afford a reversible covalent bond. The hemithioketal intermediate would then be stabilized by an oxyanion hole.
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et al. recently reported the SARS-CoV-2 3CLpro inhibitory
activity of YH-53 withKi = 17.6 nM, which is consistent with our
data.29 Peptidomimetic benzothiazolyl ketone inhibitors have
already been studied as inhibitors of several serine and cysteine
proteases and the reversible formation of hemi(thio)ketal
adducts has been demonstrated.30−33 The reversible mode of
action is supported by the analysis of the progress curves which
did not show time-dependent inhibition (Figure S1). We also
carried out an NMR titration experiment study, which
confirmed that YH-53 bind to SARS-CoV-2 3CLpro in 1:1
stoichiometry and with slow exchange kinetics, as expected from
the tight interaction between YH-53 and the target protein
(Figure S2).
X-ray Crystallography of SARS-CoV-2 3CL Protease

and Comparison of YH-53 and SH-5. We next determined
crystal structures of the 3CLpro-YH-53 and -SH-5 complexes at
1.65 and 2.15 Å resolutions, respectively, to reveal the binding
mode of such peptide-type inhibitors (Table S1, Figure 3A and
B). The crystal structures showed that both inhibitors have
extended conformations which interact with 3CLpro and the
main chains of the inhibitors interact with the 12th β-strand of
the 3CLpro in an antiparallel manner. Moreover, Cys145 forms a
tetrahedral hemithioketal bond with the carbonyl carbon at the

P1 position (Figure S3). Since the chemical structures of the P1’
(benzothiazole), P1 (pyrrolidin-2-one), and P2 (isobutyl)
moieties of the two inhibitors are identical, the C-terminal
portion of the inhibitors interacts with the 3CLpro in the same
manner (Figure 3C). While the benzothiazole, pyrrolidine-2-
one, and isobutyl groups are well accommodated in the S1′, S1,
and S2 pockets, respectively (Figure 3D and E), only the
pyrrolidin-2-one group is completely buried in the protein. The
carbonyl and amine group of pyrrolidine-2-one at P1 position
interacts with the side chain of His163 and Glu166, respectively.
Interestingly, nitrogen and sulfur atoms of the benzothiazole
form a hydrogen bond network with water and His41 in the
active site, respectively. Since the chemical structures of the N-
terminal part of YH-53 and SH-5 are different, the inhibitors
provoke different interactions with the S3 and S4 specificity
pockets of the target. In the SH-5 complex, the isopropyl group
at the P3 position is exposed to the bulk solvent (Figure 3E).
The benzyloxy group at the P4 position interacts with Gln189,
Thr190, and Ala191, and its one face is exposed to the solvent.
At the P3 and P4 residues, only small conformational changes
were observed when the structure was compared with the
inhibitor-free form (PDB ID: 6M2Q). On the other hand, YH-
53 binding induced a larger conformational change in a loop

Figure 2. SARS-CoV-2 3CLpro inhibitory assay. (A) Concentration-dependent inhibition of SARS-CoV-2 3CLpro by SH-5, YH-53 and YH-71.
Reactions were monitored for 10 min. Data points represent mean values± SEM from three independent experiments. Ki values were calculated using
the Cheng−Prusoff equation and are noted in Figure 1. The Km value of the substrate was 48.4 μM. (B) Lineweaver−Burk plot for SH-5 inhibition of
SARS-CoV-2 3CLpro at 15, 30, 45, 60, and 75 μM of fluorogenic substrate and 0, 10, 20, 30, 40, and 50 nM of the inhibitor SH-5. Three independent
experiments were performed, and reactions were monitored for 10 min. The common intercept on the ordinate indicates a competitive inhibition type.
(C) Global fit of kinetic data from (B) for competitive enzyme inhibition. The best fit value of Ki 19.8 ± 2.3 nM was in the same range as the value
calculated by the Cheng−Prusoff equation (see Figure 1).
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region (residues 188−194) of 3CLpro, and the residues of the
loop region were shifted toward the inhibitor by approximately
2.5 Å. As a result, Thr190, Gln189, and the backbone Glu166
cover the 4-methoxy-indole group at the P3 position of YH-53,
which is important for the enhanced inhibitory activity. The side
chain carbonyl of Gln189 forms a hydrogen bond with the main

chain amide group at the P2 position. As a result, the active site
in the YH-53 complex has a more closed conformation (Figure
3E). Since the methoxy group on the P3 indole group is not
involved in strong interactions with the protein, YH-71, an
inhibitor with P3-benzimidazole, can be expected to bind 3CLpro

similarly to YH-53 with a conformational change of the loop

Figure 3. Structures of SARS-CoV-2 3CLpro with its inhibitors. (A, B) Inhibitor binding sites of 3CLpro for YH-53 (A) and SH-5 (B). Protein carbons
for YH-53 and SH-5 complexes are shown in green and yellow, respectively. YH-53 (A) and SH-5 (B) are in cyan and orange, respectively. Water
molecules are labeled with “w”. (C) LSQ superposition of the YH-53 and SH-5 complexes using 281 CA atoms (RMSD = 0.594 Å). Cyan arrows show
the shifts of loop residues. Atom color scheme is the same as that in panels (A) and (B). (D, E) Surface representations of SH-5 and YH-53 binding
sites. Atom color scheme is the same as that in panels (A) and (B), but water molecules are in salmon pink. (F) Distribution of averaged Cα-atom
displacements of residues 188−194 in 3CLpro. We performed least-squares fittings of 3CLpro structures obtained from the PDB onto the present
3CLpro-YH53 structure (PDB ID: 7E18) with residues 10−290 (Cα atoms) using program LSQKAB in the CCP4 program suite,34 and 345 3CLpro

structures with the RMSD values less than 2.0 Å were selected for the following calculation. The averaged Cα-atom displacement of residues 188−194
was calculated for each superposed structure using the LSQKAB output that contains Cα-atom displacements of the superposed residues, and the
histogram was prepared. Twelve structures indicated with the red bracket have loop structures similar to the YH-53 complex. The others have loop
structures similar to the inhibitor-free form.
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region. Notably, the observed conformational change of the loop
region is rather rare among the 3CLpro structures that have been
characterized to date. Of the 345 3CLpro coordinates that were
selected with RMSD values less than 2.0 Å for the YH-53
complex, only 12 structures have similar conformations of the
loop region (Figure 3F).
Antiviral Activity of SH-5, YH-53, and YH-71. The

antiviral activities of the inhibitors SH-5, YH-53, and YH-71
against SARS-CoV-2 were examined by a cytopathic effect
(CPE) assay in Vero cells. As shown in Figure 4A, the viral
proliferation was completely blocked by the addition of 25 μM
SH-5, YH-53, or YH-71. Unlike the recombinant 3CLpro

inhibition, YH-53 showed better antiviral activity than SH-5.
Of note, YH-53 completely blocked the viral proliferation even
at a concentration of 10 μM. No cytotoxicity of YH-53 was
observed with a CC50 value of >100 μM (Figure S4). To further
validate the antiviral effect of YH-53, we used a quantitative real-
time polymerase chain reaction (qRT-PCR) tomonitor the total
amount of viral RNA (Figure 4B). Consistent with the CPE
assay, copies of total RNA were efficiently reduced with
increased concentrations of YH-53. The antiviral activity of
YH-53 was enhanced by adding CP-100356, which is a potent

inhibitor of MDR-1 efflux transporter (Figure S5). These results
indicate that YH-53 is a potent antiviral agent against SARS-
CoV-2.

Computational and In Vitro Safety and Toxicity
Profiling of YH-53. Encouraged by these results, we turned
our attention to the possibility of YH-53 having drug
development potential. First, we studied the behavior of YH-
53 in plasma. YH-53 was found to be significantly stable in
plasma, and no degradation was observed at 37 °C for 6 h in rat
plasma. It was observed that 99% of YH-53 bound to the plasma
proteins in both human and rat plasma. Next, we investigated
the in vitro safety and toxicity profile of YH-53. To assess CYP
inhibition by YH-53, human microsomes were incubated with
YH-53 and the activity of CYP1A2, CYP2C8, CYP2C9,
CYP2D6, and CYP3A4 was measured. As shown in Table S2,
no CYP2C9 and CYP3A4 inhibition of YH-53 was observed,
while CYP1A2, CYP2D6, and CYP2C8 were moderately
inhibited at 10 μM YH-53, which is considered tolerable. To
examine the mutagenicity of YH-53, the Ames test and the
MicroFlow assay were conducted. YH-53 showed no muta-
genetic activities for both Salmonella typhimurium TA98 and
TA100 strains and did not induce formation of micronuclei. We

Figure 4. Anti-SARS-CoV-2 activities of SH-5, YH-53 and YH-71 in Vero cells. (A) Antiviral activity of SH-5, YH-53, and YH-71. Vero cells were
infected with SARS-CoV-2 using a multiplicity of infection (MOI) of 0.01. The inhibitors SH-5, YH-53, and YH-71 (1−30 μM) were treated to the
infected cells then incubated for 48 h at 37 °C. The viral/serum mixtures were transferred to the flesh Vero cell and incubated for 24 h at 37 °C,
followed by subject to the plaque assay. Data points represent mean values ± SEM from three independent experiments. (B) Total viral RNA of
infected cells treated with YH-53 was analyzed by qPCR. Data points represent mean values ± SEM from three independent experiments.

Figure 5. Mean plasma concentration−time profile of YH-53 in rats. (A) Mean plasma concentration−time profile of YH-53 in rats after i.v.
administration. YH-53 (0.1 mg/kg; 4 mL/kg) was administered by an i.v. bolus injection in rats. Inset depicts the same data on a semilogarithmic scale.
Data are shown as the mean± SD (n = 5). (B)Mean plasma concentration−time profile of YH-53 in rats after oral administration. YH-53 (0.5 mg/kg;
4 mL/kg) was administered orally in rats. Inset depicts the same data on a semilogarithmic scale. Data are shown as the mean ± SD (n = 5).
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also tested YH-53 in a hERG inhibition assay to assess potential
cardiotoxicity. No inhibition of the hERG current was observed
at >100 μM of YH-53. In another approach to validation of the
feasibility of a possible drug based on YH-53, we analyzed its
pharmaceutical properties using an informatics method.35

Construction of chemical space and a subsequent principal
component analysis (PCA) revealed that YH-53 was mapped
onto the same region occupied by other FDA-approved small
molecule drugs (Figure S6).36 Specifically, the location of YH-53
was within the distribution range of antiviral protease inhibitors,
known as the -navir group. Taken together, these results suggest
that YH-53 possesses a favorable safety profile as a potential
drug.
Preclinical In Vitro and In Vivo Assessment of ADME/

PK Properties of YH-53. To characterize and understand the
ADME properties of YH-53, its oral bioavailability and
pharmacokinetics in rats were assessed with various in vitro
and in vivo experiments. When YH-53 (0.1 mg/kg) was
intravenously administered to rats, the area under the plasma
concentration−time curve (AUC0−∞) of YH-53 was evaluated
as 19.7 ± 8.2 ng·h/mL (Figure 5A and Table 1). After oral

administration at 0.5 mg/kg, the AUC0−∞ of YH-53 was 3.49 ±
1.00 ng·h/mL in rats (Figure 5B and Table 1). Based on these
pharmacokinetic parameters, the absolute bioavailability (BA)
of YH-53 in rats was estimated to be 3.55% (Table 1). The
maximum plasma concentration (Cmax) and the time to reach
maximum plasma concentration (tmax) of YH-53 were 1.08 ±
0.30 ng/mL and 0.350 ± 0.137 h, respectively. Interestingly, a
higher apparent distribution volume of YH-53 (Vd = 3.51± 2.83
L/kg) subsequent to intravenous infusion was observed,
suggesting a high peripheral distribution into body tissues.
This is supported by the results from compartmental analysis
demonstrating that the pharmacokinetic data could be best
fitted to the three-compartmentmodel based on the lowest value
of the Akaike Information Criterion (18.2, 13.2, −30.2, and
−26.2 for the one, two, three, and four compartment models,

respectively) (Figure S7 and Table S3). On the other hand, the
terminal half-life (t1/2) of YH-53 after intravenous admin-
istration was 2.97 ± 1.02 h, while t1/2 of YH-53 after oral
administration was 9.64 ± 6.11 h, results that appear to be
inconsistent. In Table S4, the permeability of YH-53 (1 μM)was
assessed using monolayers of Caco-2 cells and exhibited high
permeability values (18.9± 1.1× 10−6 cm/s). Moreover, in vitro
metabolism study of YH-53 using cryopreserved hepatocytes in
human and rat led to the identification of seven metabolites, and
the main metabolic pathway appeared to be amide hydrolysis,
producing HC-5, HC-6, and HC-7, with lesser contributions
from cytochrome P450 (CYP)-catalyzed oxidative pathways
(Figure S8 and Table S5).

■ DISCUSSION
Protease inhibitors are major therapeutic agents for viral
infections involving HIV and hepatitis C virus. In general, the
design of these inhibitors is based on the natural substrate
structure and introducing the appropriate inhibitory machinery
that adapts to the substrate degradation mechanism of the
protease. Similarly, drug development targeting the 3CLpro of
SARS-CoV-2, a cysteine protease, is a promising strategy to fight
COVID-19. In this report, we investigated the inhibitory effect
of our original substrate-derived SARS-CoV-1 3CLpro inhibitors
SH-5, YH-53, and YH-71 against SARS-CoV-2. All three
inhibitors containing benzothiazolylketone, a unique P1′-
arylketone moiety, showed potent inhibition against SARS-
CoV-2 3CLpro and completely blocked the viral proliferation at
25 μM in Vero cells (Figures 2A and 3A, B). The TCID50 value
of the most potent YH-53 was ∼5 μM. Our data suggests that
aryl ketone-type 3CLpro inhibitors developed for SARS-CoV-1
are effective against SARS-CoV-2 with a clear mechanism of
action in a competitive manner. The results are largely attributed
to the quite high similarity in the entire amino acid sequence and
three-dimensional structure, particularly 100% identity at the
active site in 3CLpro between SARS-CoV-1 and SARS-CoV-
2.2,29 NMR data also indicated that this specific binding of YH-
53 with 3CLpro is 1:1 stoichiometry with slow exchange kinetics,
suggesting that the binding is tightly maintained (Figure S2).
The potent anti-SARS-CoV-2 activity of YH-53 is consistent
with a recent report by Hattori et al.29 It should be noted,
however, that a slight gap was observed between the enzyme
inhibitory and antiviral activities. This may be due to the
ineffectiveness of the inhibitors to either penetrate into the cell
or achieve high concentrations owing to the decomposition,
consumption, or exclusion from the cell. In the MDR1 substrate
screening assay, YH-53 acts as a substrate of the p-glycoprotein
efflux pump (basal to apical/apical to basal ratio > 130) that is
also expressed in Vero cells,37 and this could be a valid reason for
consumption of high concentrations of inhibitors to realize the
effective in vitro antiviral activity (Figure S4). It has been
reported that the expression level of the MDR1 gene increased
by inflammatory responses in COVID-19 patients with mild or
severe symptoms.38 However, the upregulation of MDR1
expression is limited to a small subset of respiratory cells and
most respiratory cells remain MDR1 negative.38 Further in vivo
studies on the antiviral activity of YH-53 need to be pursued.
In an effort to understand the precise recognition of

arylketone-type 3CLpro inhibitors, high resolution X-ray
structures of SARS-CoV-2 3CLpro-YH-53 and -SH-5 complexes
were established (Table S1, Figure 3A and B). In addition to the
key interactions between P1 pyrrolidine-2-one and Glu166 and
His163, heteroatoms of benzothiazole at P1’ form further

Table 1. Pharmacokinetic Parameters of YH-53 in Rats after
Intravenous and Oral Administrationa

pharmacokinetic parametersb i.v.c orald

dose (mg/kg) 0.100 0.500
Cmax (ng/mL) 1.08 ± 0.30
tmax (h) 0.350 ± 0.137
AUC0−7 (ng·h/mL) 19.3 ± 8.2 1.59 ± 0.38
AUC0−∞ (ng·h/mL) 19.7 ± 8.2 3.49 ± 1.00
t1/2 (h) 2.97 ± 1.02 9.64 ± 6.11
MRTtot (h) 0.494 ± 0.147 13.2 ± 7.6
CLtot (L/h/kg) 6.43 ± 3.50
CLtot/F (L/h/kg) 159 ± 70
Vd (L/kg) 3.51 ± 2.83
Vd/F (L/kg) 1800 ± 773
F (%) 3.55

aYH-53 was intravenously (0.1 mg/kg) and orally (0.5 mg/kg)
administered to rats. bDefinitions of disposition parameters: AUC0‑∞,
area under plasma concentration−time curve from 0 to infinity; Cmax,
peak plasma drug concentration; tmax, time to reach maximum plasma
concentration; CLtot, total clearance; F, oral bioavailability; Vd,
volume of distribution; t1/2, elimination half-life. cPharmacokinetic
parameters of YH-53 after a single intravenous dose were obtained
from Figure 1. dPharmacokinetic parameters of YH-53 after a single
oral dose were obtained from Figure 2. Data are shown as means ±
SD (n = 5).
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hydrogen bonds with water and His41, which would contribute
the tight binding of the inhibitors. It has been observed that each
side chain moiety on the extended conformation of YH-53 and
SH-5 backbones fits into each substrate pocket in the active site
of 3CLpro, and it was proven that the tight binding of these high-
affinity inhibitors leads to the potent enzyme inhibitory activity
with Ki values in the low nanomolar range. Interestingly, at the
N-terminal part where the structure of two inhibitors is different,
the binding mode to the protease was different (Figure 3D and
E). Compared to the tripeptide-type SH-5 containing the P4
part, the smaller dipeptide-type YH-53 resulted in a significant
conformational change of the loop region of 3CLpro, drawing it
closer to the inhibitor and making the active site more closed.
This explains the strong interaction of YH-53 with 3CLpro even
in the absence of the P4 moiety. It has also been revealed that
this characteristic conformational change of the loop region is
rare, as shown by the comparison with known PDB coordinates
of 3CLpro (Figure 3F). Other inhibitor-3CLpro complexes keep
the loop structures similar to the inhibitor free form. Therefore,
the conformational change may be a useful indicator for
assessing the properties of new inhibitors developed in the
future.
Safety and toxicological evaluations suggested that the most

potent antiviral 3CLpro inhibitor YH-53 has a high safety index
with low cytotoxicity, no or moderate but tolerable CYP
inhibition, no mutagenicity and no cardiotoxicity (Table S2). As
mentioned above, YH-53 was identified as the best SARS-CoV-2
3CLpro inhibitor in the screening of a compound library of 400
potential inhibitors which found YH-53 to be an excellent lead
compound with a favorable safety profile.29 Physicochemical
properties including values of molecular weight of 575, cLogP of
2.37, LogD of 3.37, kinetic solubility of 7.7 μg/mL, and PAMPA
of 213 nm/s are in the acceptable range for lead candidates.
Moreover, the computational analysis reveals that YH-53 has
strong potential for drug development, endowed with similar
pharmaceutical properties to existing clinically used antiviral
protease inhibitors (Figure S6).
By means of the simultaneous analysis of intravenous and oral

pharmacokinetic data, the bioavailability of YH-53 in rats was
estimated to be approximately 3.6% (Table 1). This low
bioavailability is caused by poor absorption and/or significant
first-pass metabolism. Interestingly, in vitro assessment of
intestinal permeability of YH-53 using a Caco-2 cell monolayer
system exhibited excellent permeability, close to that of
metoprolol, a completely absorbed drug (Fa ≥ 90%) (Table
S4).Moreover, an in vitrometabolism study revealed that YH-53
is mainly metabolized by hydrolytic enzymes, with minor
contributions from CYP enzymes (Figure S8 and Table S5).
Taking these results into account, it is reasonable to consider
that the low bioavailability of YH-53 in rats may bemainly due to
the first-pass metabolism catalyzed by hydrolytic enzymes such
as carboxylesterases or proteases in the intestine and/or liver.
Meanwhile, a higher apparent distribution volume of YH-53
than the total body water (0.668 L/kg) of rats was observed,
suggesting a high peripheral distribution into body tissues.39

This is emphasized by the fact that the pharmacokinetic data
were best fitted to the three-compartment model. Theoretically,
a three-compartment model raises the possibility that there is an
initial fast distribution phase (fast-redistributing tissues) and
slow distribution phase (slow-redistributing tissues), followed
by an elimination phase based on redistribution from drug
stored in the tissues. Further investigation would be necessary to
examine the distribution of YH-53 to potential target organs

such as lung, bronchial airway, intestine, heart, liver, and kidney
which express angiotensin-converting enzyme 2 (ACE2), a
functional receptor for SARS-CoV-2 infection. On the other
hand, the t1/2 value of YH-53 after intravenous administration
was approximately 3 h, indicating its relatively fast elimination
from the body; that is, the mean residence time (MRT) in
plasma is limited. However, after oral administration, the t1/2
value of YH-53 was approximately 10 h, implying a prolonged
elimination of YH-53. These inconsistent observations of
intravenous and oral administrations may be explained by
apparent flip-flop kinetics due to irregular absorption of YH-53.
Indeed, the plasma concentration−time profile after oral
administration shown in Figure 5B seems to exhibit the
unexpected double peaks, a moderate extra peak. At present,
the precise mechanism expressing the double peak in the plasma
concentration−time profile after oral administration of YH-53 is
not totally clear, but speculation is that this phenomenonmay be
caused by irregular absorption due to the enterohepatic
recirculation, site-specific absorption, variable gastric emptying,
or precipitation/resolubilization in the gastrointestinal tract.
Further studies will be needed to clarify the mechanisms of a
large difference in the t1/2 value of YH-53 between intravenous
and oral administrations. Our finding will help to design and
develop the more potent inhibitors with excellent pharmacoki-
netic profiles.
PF-00835231, which is one of the most advanced 3CLpro

inhibitors, independently developed by the Pfizer group, has a
similar chemical structure as YH-5340 While YH-53 contains a
benzothiazolylketone group as the warhead, PF-00835231 has a
hydroxymethylketone at the corresponding position. Both
compounds showed similar antiviral activities and low
cytotoxicity (CC50 > 100 μM) and are recognized by MDR-1.
Hence, the antiviral activity of both compounds is enhanced
under the presence of an MDR-1 inhibitor. Compared with the
oral bioavailability of PF-00835231 (1.4%), that of YH-53
(3.6%) is in the same range.37 The higher cLogP value of YH-53
(2.37) compared with PF-00835231 (0.75) would be due to the
increased hydrophobicity of the benzothiazole unit, which may
contribute to the relatively long t1/2 (9.6 h) of YH-53 compared
with the t1/2 of PF-00835231 (0.72 h) after oral administration.
This relatively high hydrophobicity is also contributing to the
high cell penetration propensity of YH-53. These results indicate
that YH-53 can be a valuable lead compound with a different
warhead group

■ CONCLUSION

In conclusion, YH-53, our original 3CLpro inhibitor of SARS-
CoV-1, is a potential lead compound for the development of an
anti-COVID-19 drug. YH-53 exhibited not only potent SARS-
CoV-2 inhibition in 3CLpro and cellular antiviral assays but also a
most favorable in vitro ADME profile. In vivo pharmacokinetics
and metabolic analyses of YH-53 indicated that the first pass
effect with hydrolysis between the P1−P2 amide bond in the
liver would be the main reason of the low bioavailability of YH-
53 in rats. We believe that these data will strongly facilitate the
drug development targeting SARS-CoV-2 3CLpro.

■ EXPERIMENTAL SECTION
General Part. The purity of SH-5, YH-53, and YH-71 exceeded

95% by HPLC analysis. The analytical HPLC charts are disclosed in the
Supporting Information.
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Preparation of SH-5, YH-53, and YH-71. SH-5,25 YH-53,27 and
YH-7127 were synthesized and purified according to published
procedures.
Expression and Purification of SARS-CoV-2 3CLpro. For the

enzyme inhibition assay, the full-length SARS-CoV-2 3CLpro, His-
tagged at the C-terminus, was expressed and purified as described
previously.28 For crystallization, the SARS-CoV-2 3CLpro-encoding
pGEX-6P-1 vector was kindly provided by Dr. Rolf Hilgenfeld.12

Briefly, E. coli BL21 (DE3) transformed with the plasmid was
precultured in 5 mL of LB medium supplied with ampicillin (100
μg/mL) at 37 °C overnight. The incubated culture was inoculated into
1 L of LB medium supplied with 100 μg/mL ampicillin. The cells were
induced with 0.5 mM isopropyl-D-thiogalactoside (IPTG) until the
OD600 reached 0.6−0.8. After incubation for 5 h at 30 °C, the cells were
harvested by centrifugation at 2000g, 4 °C for 30 min. The pellets were
resuspended in 30 mL of the lysis buffer (20 mM Tris, 150 mM NaCl,
pH 7.8) and then lysed by sonication on ice. The lysate was clarified by
centrifugation at 10 000g at 4 °C for 1 h. The supernatant was loaded
onto a HisPurTM Ni-NTA resin (Thermo Scientific) which was
equilibrated with the lysis buffer. The resin was washed with the lysis
buffer with 10 mM imidazole to remove nonspecifically binding
proteins, followed by elution with imidazole ranging from 20 to 400
mM. The fractions containing the target protein were combined and
mixed with PreScission protease (Cytiva) at a molar ratio of 5:1 and
dialyzed into the dialysis buffer (20 mM Tris, 150 mM NaCl, 1 mM
DTT, pH 7.8) at 4 °C overnight, resulting in the target protein with
authentic N- and C-termini. The PreScission-treated 3CLpro was
applied to connected GST-Accept (Nacalai Tesque Inc.) and
HisPurTM Ni-NTA resin to remove the GST-tagged PreScission
protease, the His-tag, and the protein with uncleaved His-tag. The His-
tag-free 3CLpro in the flow-through was subjected to buffer exchange
with the stock buffer (20 mMTris, 150 mMNaCl, 1 mM EDTA, 1 mM
DTT, pH 7.8) by using Amicon Ultra 15 centrifugal filters (10 kDa,
Merck Millipore) at 3000g at 4 °C. The purified 3CLpro (10 mg/mL)
was stored at −80 °C and used for crystallization.
SARS-CoV-2 3CLpro Inhibition Assay. Recombinant His-tagged

SARS-CoV-2 3CLpro was defrosted and used immediately in the
enzyme assays which were performed on a Pherastar FSX plate reader
(BMG Labtech, Offenburg, Germany) at 37 °C with an excitation
wavelength of 360 nm and an emission wavelength of 460 nm. Black
half area 96-well plates with a flat bottom were obtained from Greiner
Bio-One (Kremsmünster, Austria). The assay buffer was 50 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), pH 7.2 containing 10 mM
NaCl, 1 mM EDTA, and 0.01% Triton X-100. A 2.5 mM stock solution
of the substrate (Boc-Abu-Tle-Leu-Gln-AMC)28 was prepared in
DMSO. Test compounds were dissolved in DMSO to obtain 1.0 mM
stock solutions. The substrate was diluted 33-fold with assay buffer and
pipetted into a well containing 1 μL of inhibitor solution. This mixture
was incubated at 37 °C for 5 min. Upon addition of 1 μL of enzyme
solution (0.4 μg/μLHis-tagged 3CLpro diluted in 14 μL of assay buffer),
the measurement was started and recorded for 10 min. The final
enzyme concentration was 8 ng/μL of His-tagged 3CLpro. The final
substrate concentration was 50 μM which approximately corresponds
to itsKm value, and the final DMSO concentration was 4%. The product
formation rate of the uninhibited control was set at 100%. At least 11
different inhibitor concentrations were tested to determine IC50 values.
The product formation rate during the first 10 min was evaluated and
plotted versus the corresponding inhibitor concentrations. IC50 values
were calculated by nonlinear regression. The corresponding Ki values
were calculated using the Cheng−Prusoff equation.41 The inhibition
type of SH-5 was determined by monitoring the effects of five different
inhibitor and substrate concentrations on the product formation rate
for 10 min. The inhibition type of SH-5 was determined by monitoring
the reactions for 10 min in the presence of five different inhibitor and
substrate concentrations. The Lineweaver−Burk plot and the global
data fitting for competitive inhibition were performed with GraphPad
Prism 8.0.
Crystallization of SARS-CoV-2 3CLpro-YH-53 and -SH-5. The

crystallization conditions of the 3CLpro-YH-53 complex were initially
screened using Crystal Screen 1 and 2 (Hampton Research) and

PEGsII (Qiagen) with a Protein Crystallization System 2 (PXS2) at the
Structural Biology Research Center, KEK in Japan.42 Screening was
performed by the sitting-drop vapor-diffusion method with crystal-
lization drops consisting of 0.2 μL protein solutions (4.6mg/mL 3CLpro

containing 0.9 mM YH-53) and 0.2 μL screening solutions at 277 K.
Crystals of the 3CLpro-YH-53 complex were observed after 3 days under
the conditions of Crystal Screen 1 #10 (30%(w/v) PEG4000, 0.2 M
ammonium acetate, 0.1 M sodium acetate pH 4.6) at 277 K.
Crystallization conditions were further optimized, and the final
crystallization conditions were 25% (w/v) PEG4000, 0.2M ammonium
acetate, and 0.1 M sodium acetate at pH 4.6. Before diffraction data
collection, crystals were cryoprotected in a solution containing 30% (v/
v) ethylene glycol, 25% (w/v) PEG4000, 0.14 M ammonium acetate,
and 70mM sodium acetate at pH 4.6 for 20 s. Crystallization conditions
of the 3CLpro-SH-5 complex were optimized based on the
crystallization conditions of the 3CLpro-YH-53 complex by the
sitting-drop vapor-diffusion method with crystallization drops consist-
ing of 1.2 μL protein solutions (4.6 mg/mL containing 0.9 mM SH-5)
and 1.2 μL screening solutions at 277 K by varying the concentration of
PEG4000. The final crystallization conditions were 17.5% (w/v)
PEG4000, 0.2 M ammonium acetate, and 0.1 M sodium acetate at pH
4.6. Before diffraction data collection, crystals were cryoprotected in a
solution containing 30% (v/v) ethylene glycol, 25% (w/v) PEG4000,
0.14M ammonium acetate, and 70mM sodium acetate at pH 4.6 for 20
s. X-ray diffraction data were collected at 95 K, using an Eiger X16 M
detector on BL-17A of the Photon Factory, KEK (Tsukuba, Japan).
Diffraction data were processed and scaled by XDS and XSCALE,
respectively.43 The phases were determined by the molecular
replacement method44 using the program Phaser with the previously
reported model of 3CLpro (PDB ID: 6Y2F) as a search model.
Refinement of the crystallographic was performed using PHENIX.re-
fine45 and Coot.46

NMR Interaction Study between SARS-CoV-2 3CLpro and YH-
53. For the NMR study, a double-stranded DNA fragment encoding N-
terminal NH-tagged SARS-CoV-2 3CLpro was synthesized (Thermo
Fisher Scientific) with a PreScission protease sequence located between
NH-tag and the target protein. The DNA fragment was subjected to a
16 h in vitro translation with stable isotope labeled amino acids for Met-
ε1 1H,13C-labeling under a 2H-labeling background (Musaibou-kun,
Taiyo Nippon Sanso). The resultant reaction solution containing NH-
tagged SARS-CoV-2 3CLpro was purified for crystallization in the same
way as the E. coli expressed SARS-CoV-2 3CLpro. YH-53 titration
experiments were performed using a Bruker Avance-600 MHz
spectrometer equipped with cryogenic triple resonance probes (Bruker
Biospin). NMR experiments were performed at 298 K and TOPSPIN
(Bruker Biospin) was used to process NMR spectra.

SARS-CoV-2 Antiviral Assay. Vero cells were seeded onto 96-well
plates at 1.0 × 104 cells/well and cultured at 37 °C overnight. Viruses
(KNG strain) were used to inoculate cell line at MOI = 0.01. After
adsorption at 37 °C for 1 h, the cells were washed with DMEM andwith
fresh DMEM containing 10% FBS with different concentrations of SH-
5, YH-53, and YH-71. Infected cells were cultured at 37 °C for 72 h, and
culture supernatants were collected to determine infectious virus titers
using TCID50. For TCID50, viruses were diluted by 10-fold serial
dilution from 10 times dilution using DMEMwithout FBS. The diluted
viruses were inoculated into Vero cells and incubated at 37 °C for 4
days. After incubation, the infected cells were fixed with buffered
formaldehyde (Nacalai Tesque) and stained with crystal violet. The
TCID50 was calculated by the Spearman and Karber algorithm.

Cytotoxic Assay. Vero cells were seeded onto 96-well plates at 1.0
× 104 cells/well and cultured at 37 °C overnight. SH-5, YH-53, and YH-
71 were individually added to the cultured Vero cells. After incubation
for 24 h, MTT assays were carried out using the MTT Cell Count Kit
(Nacalai Tesque) according to manufacturer’s instructions. Absorb-
ance at 570 nm was then measured with the iMark microplate
absorbance reader (BioRad).

SARS-CoV-2 Antiviral Assay with a MDR-1 inhibitor. VeroE6/
TMPRSS2 cells were seeded onto 12-well plates at 1.0 × 105 cells/well
and cultured at 37 °C overnight. Cells were infected with SARS-CoV-2
virus (JPN/TY/WK-521 strain) at MOI = 0.1. After adsorption at 37
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°C for 1 h, the cells were washed with DMEM and fresh DMEM
containing 10% FBS with different concentrations of YH-53 and CP-
100356. At 24 h postinfection, the culture supernatants were collected
and the viral genomes were purified using the MagMax Vrial/Pathogen
Nucleic Acid Isolation Kit (Thermo Fisher Scientific). The level of viral
genomes was determined by real time RT-PCR with SuperScript III
(Thermo Fisher Scientific) and FastStart SYBR Green Master (Roche)
using primers specific for S gene (5′-CAATGGTTTAACAGGCAC-
AGG-3′ and 5′-CTCAAGTGTCTGTGGATCACG-3′).
Rat Plasma Stability. YH-53 (1 μM) was added into the plasma

and incubated at 37 °C for 0, 1, 2, and 6 h. After incubation, the
compound concentrations in the plasma were determined by LC/MS/
MS (UFLC system coupled to an API 4000 triple quadrupole mass
spectrometer and Unison UK-C18 HT column (3.0 μm, 2.0 × 20
mm)).
Plasma Protein Binding. Human donor-pooled plasma was

purchased from Cosmo Bio Co. Ltd. (Tokyo, Japan). Rat plasma
used in the study was obtained from Crl:CD(SD) (IGS) male rats
(Charles River Laboratories Japan, Inc., Kanagawa, Japan). The plasma
protein binding of each compound was determined by the equilibrium
dialysis method withHTDialysis Teflon dialysis chambers and cellulose
membranes (MWCO 6−8 kDa). Human and rat plasma were mixed
with YH-53 (1 μM). Dialysis was conducted against PBS in an 8%CO2-
supplemented atmosphere at 37 °C for 16−20 h. The concentrations of
the compound in both plasma and PBS were determined by LC/MS/
MS (UFLC system coupled to a Triple QUAD 5500 (SCIEX, MA) and
Unison UK-C18 HT column (3.0 μm, 2.0 × 20 mm)). The unbound
fraction in plasma (fu, p) was calculated as the ratio of the peak area of
compounds from PBS side to those from the plasma side of the dialysis
apparatus.
Kinetic Solubility. YH-53 solution dissolved in DMSO was added

to the second fluid for the disintegration test of the Japanese
Pharmacopoeia (JP2nd). After incubation, precipitates were separated
by filtration. The solubility was determined by using a UV plate reader
(SpectraMax 384plus, Molecure device, CA).
CYP Inhibition Assay. Human liver microsomes were purchased

from Sekisui XenoTech, LLC. The microsomes (0.1 mg protein/mL),
substrates (tacrine, paclitaxel, tolbutamide, dextromethorphan, and
midazolam, respectively), and YH-53 (10 μM) were mixed in
phosphate buffer (pH 7.4). The reactions were initiated by adding an
NADPH generating system (a mixture of MgCl2, β-NADP

+, glucose-6-
phosphate, and glucose-6-phosphate dehydrogenase) to the mixtures
before incubation. The mixture was incubated at 37 °C for 10 min, and
the reaction was terminated by adding acetonitrile. The activities of
CYP1A2, CYP2C8, CYP2C9, CYP2D6, and CYP3A4 were determined
by the peaks of 1-hydroxytacrine, 6α-hydroxypaclitaxel, 4-hydrox-
ytolbutamide, dextrorphan, and 1′-hydroxymidazolam, respectively.
The analysis was conducted by LC/MS/MS (UFLC system coupled to
an API 5000 triple quadrupole mass spectrometer and Unison UK-C18
(3.0 μm, 2.0× 10mm)). The activities of test samples were expressed as
the percentage of activity remaining compared with a control sample
containing no inhibitor. The inhibition ratio (% inhibition) was
calculated to the following:

{ − } ×1 (activity with test compound)/(activity with vehicle) 100

Principal Component Analysis. To construct the chemical space,
SD (Structure-Data) files of 2034 FDA-approved drugs were
downloaded from DrugBank36 (assessed July 2, 2020). In order to
distinguish various kinds of protease inhibitors from the other drugs, 15
gliptin group drugs (alogliptin, anagliptin, bisegliptin, carmegliptin,
evogliptin, gemigliptin, gosogliptin, linagliptin, omarigliptin, retagliptin,
saxagliptin, sitagliptin, teneligriptin, trelagliptin and vildagliptin), 26
pril group (benazepril, benazeprilat, captopril, cilazapril, cilazaprilat,
delapril, enalapril, enalaprilat, epicaptopril, fosinoprilat, imidapril,
lisinopril, moexipril, moexiprilat, perindopril, perindoprilat, quinapril,
quinaprilat, ramipril, ramiprilat, spirapril, tempcapril, trandolapril,
trandolaprilat, zofenopril and zofenoprilat), one previr group
(bioceprevir) and 8 navir group drugs (amprenavir, darunavir, denavir,
fosamprenavir, indinavir, mozenavir, nelfinavir and tipranavir) were
extracted. An SD file of YH-53 was also produced by Avogadro.47

Fourteen physicochemical properties used as chemistry informer
descriptors35 were calculated from the SD files by RDKit (Open-Source
Cheminformatics Software). PCA was carried out by scikit-learn
(Open-Source Machine Learning Libraries). The resulting chemical
space was presented on the projective plane composed of the first
(PC1) and the second (PC2) principal component axes for evaluation.

Ames Test. Salmonella typhimurium TA98 and TA100 were
originally transferred from National Institute of Technology and
Evaluation (Tokyo, Japan) and were subsequently maintained in-
house. Two Ames Salmonella tester strains were used: TA98, which
detects frameshift mutations, and TA100, which detects base pair
substitutions. Briefly, each tester strain was preincubated for 20 min
both with and without a phenobarbital and 5,6-benzoflavone-induced
rat liver S9 fraction (IEDA Trading Corporation, Tokyo, Japan) in
duplicate in 96-well plates with six concentrations (1.4−333.3 μg
equiv/well) of each compound. Six concentrations of each positive
control mutagen (in duplicate) and 12 replicates of vehicle controls
(DMSO, FUJIFILMWako Pure Chemical Corporation, Osaka, Japan)
were also used. The positive control without S9 was 2-(2-furyl)-3-(5-
nitro-2-furyl) acrylamide (Oriental Yeast Co., Ltd., Tokyo, Japan). The
positive control with S9 was 2-aminoanthracene (Oriental Yeast Co.,
Ltd.). After preincubation, semienriched top agar was added to the 96-
well plate andmixed sufficiently, and then themixtures were overlaid on
minimal glucose agar 24-well plates. After the overlaid agar solidified,
these plates were stored at 37 °C in an incubator (MIR-553, Sanyo
Electric Biomedical Co., Ltd., Osaka, Japan) for 48 h. Cultures were
examined for signs of cytotoxicity (decreased background lawn),
compound precipitation, and number of mutant colonies. Revertant
colonies in each well were counted with an automatic colony counter
(Gelcounttm, Oxford Optronix Ltd., Abingdon, United Kingdom). A
positive response was defined as the appearance of ≥2-fold revertant
colonies for TA100 and ≥3-fold for TA98 over the control revertant
colonies. As an additional criterion used, an average of at least nine
colonies for TA100 or six colonies for TA98, and concentration−
response relationships were also taken into account to consider a
compound positive in this assay.

hERG Assay. Whole-cell patch-clamp voltage clamp experiments
were performed on Chinese hamster ovary cells lines stably expressing
the human ether-a-go-go related gene (CHO hERG Duo, B’SYS
GmbH, Witterswil, Switzerland). Measurements were performed using
a SyncroPatch 384PE (Nanion Technologies, Munich, Germany)
incorporated into a Biomek FX pipetting robot (Beckman Coulter,
CA), and ×4 hole chips with high resistance (Nanion, NPC R-384
patchclamp 4 ×High) were used. The external solution consisted of 10
mM HEPES, 140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2,
and D-glucose 5 mM and was adjusted to pH 7.4 with NaOH. The
internal solution contained 10 mM HEPES, 120 mM KF, 20 mM KCl,
10 mM EGTA and was adjusted to pH 7.2 with KOH. hERG current
was measured using a pulse pattern, repeated every 5 s, consisting of a
depolarization to 40 mV for 500 ms, followed by a ramp (−1.2 V/s) to
−80 mV for 100 ms (holding potential = −80 mV). Peak tail current
was measured during the repolarizing ramp. All experiments were
performed at room temperature (rt), while the cell suspension was
rotated at 4 °C on a Peltier shaker (CellHotel) until use. Concentration
response curves for each compound were investigated independently,
i.e., each cell received only one compound, typically increasing
concentrations of 1.1, 3.3, 10, and 30 μM in a cumulative fashion
with a 5 min interval. To monitor the current stability during the
compound period, some cells received vehicle control (0.3∼0.4% (v/v)
DMSO) instead. Positive control (0.11, 0.33, 1, and 3 μMof verapamil)
and negative control (0.3, 0.3, 0.3, and 0.4% (v/v) DMSO) values were
measured in each plate. Valid whole-cell recordings had to meet the
following criteria: (i) a seal resistance≥ 50MΩ for a multihole (4 cells)
patch clamp experiment, (ii) peak current≥ 0.5 nA, and (iii) run-down
or -up during before drug application: within ±10%. or in the DMSO
control (whole experimental period): within ±15%.

In Vitro MicroFlow Assay. The precultured human lymphoblas-
toid TK-6 cells (DS Pharma Promo Co., Ltd., Osaka, Japan)
resuspended in assay culture medium were plated on 96-well plates.
Then, for the short-term treatment group with metabolic activation, the
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cells were treated with test compound and 1% (v/v) + S9 mixture for 3
h followed by a further 21 h incubation in a humid atmosphere at 37 °C
with 5% CO2 (PHC Corporation, Tokyo, Japan) without test
compound and S9 mixture. For the continuous treatment group
without metabolic activation, the cells were incubated with test
compound without S9 mixture for a continuous 24 h in the humid
atmosphere at 37 °C with 5% CO2. Cyclophosphamide (CP, for
treatment withmetabolic activation, Shionogi &Co. Ltd. Osaka, Japan)
and Mitomycin C (MMC, for treatment without metabolic activation,
Kyowa Hakko Kirin Co. Ltd., Tokyo, Japan) were used as concurrent
positive controls to ensure the performance of the assay. After
treatment, the cells were washed and stained according to the package
insert of In Vitro MicroFlow Kit and measured with the BD LSR
Fortessa (Becton, Dickinson and Company). Briefly, cells were first
stained with a photoactivated dye, Dye A (EMA) and then washed,
lysed, and stained with lysis solutions containing RNase, nucleic acid
Dye B (SYTOX Green), and counting beads. DNA from apoptotic/
necrotic cells with compromised cell membranes was labeled with both
EMA and SYTOX Green, which can be distinguished from EMA-
negative and SYTOX Green-positive MN. Measurements were
performed on 20 000 main nuclei per concentration. If there were
less than 10 000 main nuclei per concentration, this was recorded in the
“remarks” column. The micronucleus was set at 1/100 to 1/10 of the 2n
nuclear fluorescence intensity. The lowest concentration at which
precipitation was observed at the end of the treatment was adopted as
the highest evaluation concentration. As the same amount of counting
beads was added to each well, the nuclei to beads ratio was used to
calculate relative population doubling (RPD) as a cytotoxicity
measurement. The relative population doubling (RPD) at each
concentration were calculated by the following formulas.

= [ ]

[ ]

PD log( final number of main nuclei

/ starting number of main nuclei )/log 2

=

×

RPD (%) (PD in the test article treated group)

/(PD in the negative control group) 100

Data acquisition and analysis were accomplished with FACSDiva 6.2.
The strategy for acquiring flow cytometry data, such as region
configuration and gating logic, was as described in the 96-well In Vitro
MicroFlow Kits manual. The following parameters were calculated and
a test compound was deemed positive if all of the following criteria are
met:
Parameters:
(i) Frequency of micronuclei relative to main nucleus (%MN/%

MicroNuclei)
(ii) Ratio of micronucleus frequency to simultaneous negative

controls (fold MN)
(iii) Cytotoxicity indicators include the EMA positive ratio (fold

EMA/fold ethidium monoazide) and the RPD (relative population
doubling) for concurrent negative controls after 24 h culture.
MDR1 Substrate Screening Assay. Human MDR1-expressing

MDCK cells were cultured, and the transcellular transport study was
performed. The cells were grown in a transwell 96-well permeable
support (pore size 0.4 μm, 0.143 cm2 surface area) with a polycarbonate
membrane (Corning Life Sciences, Lowell, MA). The cells were
preincubated with HBSS for 10 min at 37 °C. Subsequently,
transcellular transport was initiated by the addition of HBSS either to
apical compartments (75 μL) or to basolateral compartments (250 μL)
containing 10 μMYH-53. The assay was terminated by separating each
assay plate after 1 h. Aliquost (25 μL) from the opposite compartments
were mixed with acetonitrile. After centrifugation, the compound
concentrations in the supernatant were measured by LC/MS/MS,
using a UFLC system coupled to a Triple QUAD 5500 and an Unison
UK-C18 HT column (3.0 μm, 2.0 × 20 mm). The apparent
permeability of YH-53 in the receiver wells was determined, and the
efflux ratio (ER) for the membrane permeability test was calculated
using the following equation:

=ER Papp,BtoA/Papp,AtoB

where Papp,AtoB and Papp,BtoA represent the apparent permeability
in the apical-to-basal direction and the basal-to-apical direction,
respectively.

In Vivo Pharmacokinetic Study of YH-53 in Rats. An in vivo
pharmacokinetic study in rats was carried out as described
previously.48,49 Male Wistar rats were housed three per cage with free
access to commercial chow and tap water and were maintained on a 12
h dark/light cycle (08:00−20:00 light) in an air-controlled room
(temperature, 24.0 ± 1 °C; humidity, 55 ± 5%). All animal
experimental protocols were reviewed and approved by the Committee
of Animal Care and Welfare of Kanazawa University. Male Wistar rats
(230−250 g, body weight) that fasted overnight were anesthetized by
isoflurane. The right jugular veins of rats were cannulated with silicone
tubing (100−00N; 0.5 mm I.D., 1.0 mm O.D., Kaneka Medical
Products). YH-53 was administrated via the left jugular veins (i.v.
administration, 0.1 mg/kg) or orally administrated by gavage (p.o.
administration, 0.5 mg/kg) with YH-53 in saline. The rats were moving
freely and not anesthetized during the experiment. Blood samples (500
μL) were collected from the cannula into heparinized tubes at
designated times up to 7 h. Each blood sample was replaced with an
equal volume of saline, and heparinized saline was used to maintain the
patency of the catheter. Blood samples were centrifuged at 3000 rpm for
10 min. The resultant plasma was stored at −30 °C until analysis. The
plasma concentration of YH-53 was measured using a LC-MS/MS
system consisting of an AB-Sciex API 5000 triple quadrupole mass
spectrometer (AB SCIEX, Foster City, CA) coupled with a LC-20AD
ultrafast liquid chromatography (UFLC) system (Shimadzu Company,
Kyoto, Japan). An Agilent ZORBAX Eclipse Plus (C18, 50 × 2.1 mm, 5
μm) was used as the analytical column. A mobile phase composed of
0.1% formic acid (A) and acetonitrile (B) was used at a flow rate of 0.4
mL/min with a gradient elution. The mass transitions (Q1/Q3) ofm/z
576.2/290 and 260.2/116.0 were used for YH-53 and propranolol (as
an internal standard), respectively. Analyst software version 1.7.2 (AB
SCIEX) was used for data analysis. Plasma concentration−time curves
of YH-53 were plotted and analyzed. The area under the plasma
concentration−time curve from 0 to 7 h (AUC0−7) and from 0 to ∞
(AUC0−∞) was calculated by the trapezoidal method using non-
compartmental analysis with theMOMENT program.50 Themaximum
plasma concentration (Cmax) and the time to reach Cmax (tmax) were
obtained directly from the experimental data. The elimination half-life
(t1/2) was calculated based on the terminal elimination rate constant
determined by log−linear regression of the final data points (at least 3).
Also, the compartment model analysis was calculated using the
numerical analysis program Napp.51

Transport Experiments of YH-53 Using Caco-2 Cells. An in
vitro permeability assay using Caco-2 cells was carried out as described
previously.52 The Caco-2 cell line was obtained from American Type
Culture Collection (Rockville, MD). Caco-2 cells were cultured at 37
°C in a humidified atmosphere of 5% CO2 in air using DMEM
supplemented with 10% FBS, 1% L-glutamine, 1% NEAA, and 5%
antibiotic−antimycotic solution. Cells were routinely subcultured at
90% confluency with trypsin-EDTA. For transport studies, Caco-2 cells
were plated onto cell culture inserts (3.0 μm pores, 0.9 cm2 growth
area) at a density of 6.4× 104 cells/insert. The culture medium (0.8 mL
in the inset and 2.0 mL in the well) was replaced with fresh medium at 5
days after initiation of cell culture and every 48 h thereafter. After 21
days in culture, the Caco-2 monolayer was utilized for the transport
experiments. The cell monolayers were preincubated in transport
medium (TM, Hanks’ balanced salt solution with 10 mM HEPES, pH
7.4) for 30 min at 37 °C. After preincubation, transepithelial electrical
resistance (TEER) of the monolayers was measured routinely before
and after each experiment. Then the study was initiated by adding the
test drugs (YH-53, metoprolol, or atenolol) to the donor (apical, AP)
side and TM to the receiver (basal, BL) side. Metoprolol and atenolol
were used as high- and low-permeability model drugs, respectively.
Samples were obtained from the receiver side at 30, 60, 90, and 120min.
All experiments were performed at 37 °C. The amount of YH-53 was
measured using a LC-MS/MS system. The permeability (apparent
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permeability coefficient, cm/s) of each drug was calculated according to
the following equation:

= ×A C Q tpermeability 1/ (d /d )D

whereQ is the amount of compound transported over time t (therefore,
dQ/dt is the amount of compound transported within a given time
period [μmol/s]). CD is the initial concentration of compound in the
donor compartment (μM), and A is the membrane surface area (cm2).
Metabolic Analysis. Cryopreserved human hepatocytes were

purchased from Thermo Fisher Scientific (Waltham, MA). Cryopre-
served rat hepatocytes were obtained from BioIVT (Westbury, NY).
The hepatocytes were suspended with InVitroGRO KHB buffer
(BioIVT) to prepare 6 × 105 viable cells/mL. YH-53 (10 μM) was
added into the hepatocytes and incubated for 0 and 2 h at 37 °C in a
humidified atmosphere containing 5% CO2. Reactions were terminated
by the addition of acetonitrile. After centrifugation, aliquots of the
supernatant were injected into a LC/UV/MS system for metabolite
analysis. The metabolites formed during the incubation were detected
at a UV wavelength of 295 nm. The metabolite structure was presumed
based on the protonated or deprotonated molecule and the product ion
spectrum data.
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PDB codes for SARS-CoV-2 3CLpro with bound YH-53 and SH-
5 are 7E18 and 7E19, respectively.
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