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ABSTRACT: The 3C-like protease (3CLpro) is an essential enzyme for the replication of SARS-CoV-2 and other coronaviruses
and thus is a target for coronavirus drug discovery. Nearly all inhibitors of coronavirus 3CLpro reported so far are covalent
inhibitors. Here, we report the development of specific, noncovalent inhibitors of 3CLpro. The most potent one, WU-04, e-ectively
blocks SARS-CoV-2 replications in human cells with EC50 values in the 10-nM range. WU-04 also inhibits the 3CLpro of SARS-CoV
and MERS-CoV with high potency, indicating that it is a pan-inhibitor of coronavirus 3CLpro. WU-04 showed anti-SARS-CoV-2
activity similar to that of PF-07321332 (Nirmatrelvir) in K18-hACE2 mice when the same dose was administered orally. Thus, WU-
04 is a promising drug candidate for coronavirus treatment.

The ongoing pandemic of coronavirus disease 2019
(COVID-19), which is caused by severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2),1,2 is a long-term threat
to human health. Potent small molecule inhibitors of SARS-
CoV-2 are needed and have become the focal point of SARS-
CoV-2 drug development. The 3C-like protease (3CLpro) is an
established target of antivirals against coronaviruses. More than
70% of the SARS-CoV-2 RNA genome encodes two
polyproteins, pp1a and pp1ab, which undergo proteolytic
cleavage to generate 16 nonstructural proteins (nsps).1,3 The
cleavage is catalyzed by two proteases: nsp3 and nsp5 (also
known as 3CLpro or the main protease). The multidomain
protein nsp3 contains a papain-like protease (PLpro) domain
and cleaves the peptide bonds to release nsp1, nsp2, and nsp3.3,4

3CLpro cleaves peptide bonds to release nsp4 to nsp16.3 After
releasing itself from pp1a or pp1ab, 3CLpro forms a homodimer
with increased protease activity.5 Inhibition of the protease
activity of 3CLpro blocks the release of nsp4 to nsp16 that are
essential for coronavirus replication.

3CLpro is a cysteine protease with its catalytic dyad consists
of His41 and Cys145.5,6 Most reported inhibitors targeting
SARS-CoV-2 3CLpro are covalent compounds derived from
peptidic sca-olds that have an electrophile to react with the
catalytic cysteine (Cys145).6−19 One such covalent inhibitor,
PF-07321332 (Nirmatrelvir), has been approved for the
treatment of COVID-19 patients.19 Covalent inhibitors o-er
prolonged duration of inhibition but su-er from potential side
e-ects due to o--target reactions.20,21 Some noncovalent
inhibitors were also reported, but most of them showed no or
modest inhibitory activity.6,22−25 Recently a noncovalent oral
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SARS-CoV-2 3CLpro inhibitor S-217622 (Generic name:
ensitrelvir fumaric acid, brand name: Xocova) was reported26

and has obtained emergency regulatory approval in Japan for
treating COVID-19. In this study, we identified a novel class of
potent noncovalent inhibitors of SARS-CoV-2 3CLpro. One of
them blocked SARS-CoV-2 replication in human cell lines with
half-maximal e-ective concentrations (EC50s) in the 10-nM
range and showed promising antiviral activity in mouse models.

■ RESULTS
Screening of Noncovalent Inhibitors of SARS-CoV-2

3CLpro. DNA encoded library (DEL) technology is a powerful
tool to identify small molecule binders of target proteins.27,28

We screened DELs of more than 49 billion compounds using
His6-tagged purified recombinant SARS-CoV-2 3CLpro bound
to Ni2+-NTA magnetic beads. Since adding extra residues at
either the N- or C-terminus of SARS-CoV-2 3CLpro decreased
its enzymatic activity,29 we rationally engineered the His6-tag
into 3CLpro without compromising the protease activity.
Analysis of the crystal structures of SARS-CoV-2 3CLpro
revealed that residues Gly215 to Thr225 are located in a loop far
from both the catalytic site and the dimer interface. We, thus,
inserted an internal His6-tag between Arg222 and Phe223 of
3CLpro. As determined by a fluorescence-based assay,30 the
protease activity of this internally His6-tagged 3CLpro (termed
3CLpro-mHis) was similar to that of the wild-type 3CLpro (WT
3CLpro) (Figure S1).
3CLpro-mHis was immobilized onNi2+-NTAmagnetic beads

and incubated with the DEL. The bound DNA-encoded
compounds were decoded by qPCR followed by DNA

sequencing. DEL hits were classified by chemotypes and ranked
with docking calculations. Compounds containing an isoquino-
line ring and a bromophenyl ring were identified as potential
binders for SARS-CoV-2 3CLpro. The o--DNA version of five
such compounds were synthesized (Figure 1a); their ability to
inhibit purified SARS-CoV-2 3CLpro was evaluated. Four of
these compounds inhibited 3CLpro with IC50s of less than 1 μM
(Figure 1b). Compounds WU-02 and WU-04 were the most
potent, with IC50s of 71 and 72 nM, respectively. Consistent
with the IC50 value, the isothermal titration calorimetry (ITC)
data showed a high binding aGnity between WU-04 and SARS-
CoV-2 3CLpro, with a dissociation constant (Kd) of 37 nM and
1:1 binding stoichiometry (Figure 1c).
We also evaluated the ability of WU-04 to inhibit the 3CLpro

of the SARS-CoV-2 Omicron variant, which has a single
mutation P132H. WU-04 inhibited the 3CLpro P132H mutant
with an IC50 of 53 nM, similar to that against the wild-type
3CLpro (Figure S2).

Mechanism of Inhibition by Noncovalent Inhibitors.
To understand how these compounds bind to and inhibit
3CLpro, we cocrystallized the SARS-CoV-2 3CLpro with
compounds WU-02 and WU-04. The structures were
determined using molecular replacement and refined to
resolutions of 1.90 and 1.83 Å, respectively (Table S1). Both
WU-02 and WU-04 bind to 3CLpro with a 1:1 ratio and in a
similar pose (Figures 2a, S3, S4a, and S4b). The following
structure description will focus on our frontrunner WU-04. The
structure of 3CLpro/WU-02 is detailed in Figures S3 and S4b.
In the crystal structure,WU-04 binds to the catalytic pocket of

3CLpro, indicating that WU-04 blocks the access of 3CLpro

Figure 1. Identification of noncovalent inhibitors of SARS-CoV-2 3CLpro. (a) Five compounds containing an isoquinoline ring and a bromophenyl
ring were identified as 3CLpro binders. (b) The ability of the 3CLpro binders to inhibit the enzyme activity of SARS-CoV-2 3CLpro was evaluated
using the fluorescent substrate Dabcyl-KTSAVLQSGFRKME-Edans. WU-02 and WU-04 showed the highest inhibitory activity. The data represents
the mean ± SD of three independent measurements. (c) The binding aGnity (Kd) between WU-04 and SARS-CoV-2 3CLpro was measured using
isothermal titration calorimetry (ITC).
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substrates to the catalytic dyad (Figures 2b, 2c, and S3a).WU-04
is thus a competitive inhibitor of 3CLpro. According to the
interactions between 3CLpro and its peptide substrates, the
catalytic pocket of 3CLpro can be divided into four sites: S1′, S1,
S2, and S4.31 The isoquinoline ring of WU-04 docks into the S1
site. The nitrogen atom of the isoquinoline ring and the carbonyl
group linked to the isoquinoline ring form hydrogen bonds with
the side chains of His163 and Asn142, respectively (Figure 2c).
The 6-nitro and 4-bromo groups of the bromophenyl ring
occupy sites S2 and S4, respectively (Figure 2b). The amino-π
interaction between the phenyl ring and the side chain of
Gln189 contributes to the potency of WU-04 (Figure 2c). The

strong electron-withdrawing ability of the nitro group makes the
aromatic ring positively charged, thereby enhancing this amino-
π interaction.32 Such electron-withdrawing ability also enhances
the strength of the halogen bond between the bromide of WU-
04 and the carbonyl group of Thr190. In addition, the carbonyl
oxygen of the methylcarbamoyl group of WU-04 accepts a
hydrogen bond from the main chain amide of Glu166 (Figure
2c).
We compared the binding mode of WU-04 with that of the

covalent inhibitor PF-07321332, the noncovalent inhibitor S-
217622, and other representative inhibitors of SARS-CoV-2
3CLpro (Figures 2d, 2e, and 2f and S5). PF-07321332 and other

Figure 2. The noncovalent inhibitor WU-04 binds into the catalytic pocket of SARS-CoV-2 3CLpro. (a) The overall structure of the 3CLpro/WU-04
complex. (b) WU-04 (cyan) binds into the catalytic pocket of 3CLpro. The catalytic pocket consists of S1′, S1, S2, and S4 sites. The protein contact
potential was calculated using PyMOL. (c) Details of the interaction between WU-04 (cyan) and residues around the catalytic pocket of 3CLpro.
Hydrogen bonds are indicated by yellow dash lines. (d) The chemical structures of the covalent 3CLpro inhibitor PF-07321332 developed by Pfizer19

and the noncovalent 3CLpro inhibitor S-217622 developed by Shionogi.26 (e) Alignment of the crystal structure of the SARS-CoV-2 3CLpro/WU-04
complex with that of the SARS-CoV-2 3CLpro/PF-07321332 complex (PDB ID: 7RFS). The reaction site of PF-00835231 is indicated by a red
asterisk. (f) Alignment of the crystal structure of the SARS-CoV-2 3CLpro/WU-04 complex with that of the SARS-CoV-2 3CLpro/S-217622 complex
(PDB ID: 7VU6). (g) Seven analogs of WU-04 were synthesized and their inhibitory activity against SARS-CoV-2 3CLpro was evaluated using the
fluorescent substrate Dabcyl-KTSAVLQSGFRKME-Edans. The data represents the mean ± SD of three independent measurements.
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covalent inhibitors occupy S1, S2, and S4 of the 3CLpro catalytic
pocket, while S-217622 occupies S1, S1′, and S2. WU-04 also
occupies S1, S2 and S4, similarly to these covalent inhibitors but
in a noncovalent mode. In PF-07321332, a γ-lactam moiety
docks into site S1, mimicking the side chain of glutamine at the
P1 position of the substrates of 3CLpro.19 In S-217622, there is a
1-methyl-1H-1,2,4-triazole moiety in the S1 site.26 Similar to the
isoquinoline ring inWU-04, the carbonyl oxygen of the γ-lactam

moiety, as well as the triazole moiety, accepts a hydrogen bond
from the side chain of 3CLpro His163. Thus, a moiety that can
accept a hydrogen bond from His163 is important for the
binding of inhibitors to 3CLpro. In other reported structures, a
γ-lactam (Figure S5b, S5c, and S5d), a cyclobutyl (Figure S5e), a
pyridine (Figure S5g), or a benzotriazol moiety (Figure S5h)
inserts into site S1 of 3CLpro.6,7,10,11,22,25 The major di-erence
between WU-04 and the reported inhibitors is the presence of

Figure 3. Inhibition of SARS-CoV-2 replication by 3CLpro inhibitors in human cell lines. (a, c) The anti-SARS-CoV-2 (wild-type strain) activity of
WU-02 and WU-04 was measured in A549-hACE2 cells (a) or in Calu-3 cells (c) using a nanoluciferase SARS-CoV-2 assay (39). (b) Three-day
cytotoxicity ofWU-02 andWU-04 was evaluated in A549-hACE2 cells. (d) The anti-SARS-CoV-2 (wild-type strain) activity ofWU-04 and that of PF-
07321332 were evaluated in A549-hACE2 cells by quantifying the expression of the viral nucleocapsid protein using immunofluorescence microscopy.
(e, f) The anti-SARS-CoV-2 (Delta variant) activity ofWU-04wasmeasured in Caco-2 cells (e) or A549-TMPRSS2-ACE2 cells (f) by using RT-qPCR
to determine the viral RdRp gene copy number. (g, h) The anti-SARS-CoV-2 (Omicron variant) activity of WU-04 (g) and that of PF-07321332 (h)
were measured in Caco-2 cells by using RT-qPCR to determine the viral RdRp gene copy number. The data represent the mean ± SD of four to eight
(a−c), two (d), or three (e−h) independent measurements.
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the bromophenyl ring in WU-04 that fits well into sites S2 and
S4. As wementioned above, the bromophenyl ring interacts with
Gln189 and Thr190 through amino-π interaction and halogen
bonding, respectively (Figures 2c and S5a). Incorporating the
bromophenyl ring moiety into the covalent or noncovalent
inhibitors is expected to increase their potency.
Based on structural insights and free energy perturbation

calculations, we designed and synthesized a series of WU-04
analogs to explore their structure−activity relationships (Figure
2g). Replacement of the nitro group with hydrogen (WU-06)
abolished the activity of WU-04, indicating that the nitro group
is essential. Changing the nitro group to other electron-
withdrawing groups, such as trifluoromethyl and cyano groups
(WU-07 and WU-08), reduced the activity. Adding a hydroxyl
group to the 7- or 5-position of the isoquinoline ring (WU-09
and WU-10) slightly decreased the activity. Changing the
methylcarbamoyl group to a carboxyl methyl ester (WU-11)
decreased the potency by an order of magnitude, while changing
the same group to a carboxyl group (WU-12) further decreased
the inhibition. The methylcarbamoyl group is in the vicinity of
Glu166 in 3CLpro. Incorporating a negatively charged moiety,
such as a carboxyl group at this position might introduce
unfavorable electrostatic interactions with Glu166, thereby
destabilizing the binding of the inhibitor to 3CLpro.

3CLpro Inhibitors Inhibit SARS-CoV-2 Replication in
Cellular Assays. We next tested whether WU-02 and WU-04
could block SARS-CoV-2 replication in cellular assays. The
antiviral activities were evaluated using a luciferase SARS-CoV-2
infecting a human alveolar epithelial cell line that overexpresses
the human angiotensin-converting enzyme 2 (A549-hACE2).33

Both WU-02 and WU-04 potently inhibited the replication of
SARS-CoV-2, with EC50 values of 54 and 12 nM, respectively,

and EC90 values of 305 and 36 nM, respectively (Figure 3a). A
three-day toxicity of the two compounds in the A549 cells was
also evaluated (Figure 3b). Both exhibited 50% cytotoxic
concentration (CC50) values greater than 20 μM (the highest
compound concentration used in the assay). We also evaluated
both compounds’ anti-SARS-CoV-2 activities using SARS-CoV-
2 with a firefly luciferase reporter in human lung adenocarci-
noma epithelial Calu-3 cells. The EC50 values of WU-02 and
WU-04 were 80 and 25 nM, respectively (Figure 3c), similar to
those in A549-hACE2 cells. WU-04 also exhibited a high
potency against SARS-CoV-2 in primary normal human
bronchial epithelial (NHBE) cells, with an EC50 of around 3
nM (Figure S6a), as well as in Vero E6 cells, with an EC50 of
around 10 nM (Figure S6b).
The anti-SARS-CoV-2 activity of WU-04 was also evaluated

in A549-hACE2 cells by quantifying the expression of the viral
nucleocapsid (N) protein,34 and it was compared with the
activity of Pfizer’s compound PF-07321332. The EC50 of WU-
04 was around 36 nM, better than that of PF-07321332 (EC50 =
117 nM) (Figure 3d).
Several SARS-CoV-2 variants have emerged. We evaluated

the antiviral activity of WU-04 against the Delta variant and the
Omicron variant. In Caco-2 cells and in A549 cells over-
expressing human TMPRSS2 and ACE2 (A549-TMPRSS2-
ACE2), the EC50 ofWU-04 against the Delta variant were 21 nM
and 10 nM, respectively (Figure 3e and 3f). In Caco-2 cells, the
EC50 of WU-04 against the Omicron variant was around 24 nM,
slightly better than that of PF-07321332 (EC50 = 33 nM)
(Figure 3g and 3h).

WU-04 is a Pan-Inhibitor of Coronavirus 3CLpro. In
addition to the anti-SARS-CoV-2 activity, the inhibitory activity

Figure 4.CompoundWU-04 also inhibited the 3CLpro of SARS-CoV andMERS-CoV. (a, d)WU-04 but notWU-06 inhibited the enzyme activity of
SARS-CoV 3CLpro (a) andMERS-CoV 3CLpro (d). The data represent the mean ± SD of three independent measurements. (b, e) Close-up view of
the binding modes of WU-04 to SARS-CoV 3CLpro (b) and MERS-CoV 3CLpro (e). WU-04 is colored cyan. Hydrogen bonds are represented by
yellow dash lines. (c, f) The antiviral activity of WU-04 against SARS-CoV (c) or against MERS-CoV (f) was measured in Calu-3 cells. The data
represents the mean ± SD of three independent measurements.
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