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ABSTRACT The high mutation rate of COVID-19 and the prevalence of multiple var-
iants strongly support the need for pharmacological options to complement vaccine
strategies. One region that appears highly conserved among different genera of
coronaviruses is the substrate-binding site of the main protease (Mpro or 3CLpro),
making it an attractive target for the development of broad-spectrum drugs for mul-
tiple coronaviruses. PF-07321332, developed by Pfizer, is the first orally administered
inhibitor targeting the main protease of SARS-CoV-2, which also has shown potency
against other coronaviruses. Here, we report three crystal structures of the main pro-
tease of SARS-CoV-2, SARS-CoV, and Middle East respiratory syndrome (MERS)-CoV
bound to the inhibitor PF-07321332. The structures reveal a ligand-binding site that
is conserved among SARS-CoV-2, SARS-CoV, and MERS-CoV, providing insights into
the mechanism of inhibition of viral replication. The long and narrow cavity in the
cleft between domains I and II of the main protease harbors multiple inhibitor-bind-
ing sites, where PF-07321332 occupies subsites S1, S2, and S4 and appears more re-
stricted than other inhibitors. A detailed analysis of these structures illuminated key
structural determinants essential for inhibition and elucidated the binding mode of
action of the main proteases from different coronaviruses. Given the importance of
the main protease for the treatment of SARS-CoV-2 infection, insights derived from
this study should accelerate the design of safer and more effective antivirals.

IMPORTANCE The current pandemic of multiple variants has created an urgent need for
effective inhibitors of SARS-CoV-2 to complement vaccine strategies. PF-07321332, devel-
oped by Pfizer, is the first orally administered coronavirus-specific main protease inhibi-
tor approved by the FDA. We solved the crystal structures of the main protease of
SARS-CoV-2, SARS-CoV, and MERS-CoV that bound to the PF-07321332, suggesting PF-
07321332 is a broad-spectrum inhibitor for coronaviruses. Structures of the main prote-
ase inhibitor complexes present an opportunity to discover safer and more effective
inhibitors for COVID-19.

KEYWORDS COVID-19, PF-07321332, SARS-CoV-2, coronavirus, crystal structure, main
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Since its discovery in December 2019, cases of novel severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2)-infected pneumonia have rapidly continued to

emerge, with the current case count at close to 438 million and a case mortality rate of
;1.4% by the end of February 2022, causing huge economic and social loss to the
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world (1, 2). There have been several coronaviruses in human history that are patho-
genic to humans, among which two were associated with severe respiratory disease
outbreaks, SARS-CoV (severe acute respiratory syndrome coronavirus first emerged in
Guangdong China in 2002) and MERS-CoV (Middle East respiratory syndrome coronavi-
rus first detected in Saudi Arabia in 2012) (3–5). Genomic sequencing data showed
that SARS-CoV-2 shares 79.6% sequence identity with SARS-CoV (1, 6–8). As SARS-CoV
and SARS-CoV-2 successively emerged and COVID-19 continues spreading throughout
the globe, developing broad-spectrum drugs remains an urgent and unmet clinical
need in the treatment and prevention of COVID-19 infections.

Viral enzymes and proteins of CoVs that are involved in coronavirus replication are
potential drug targets for COVID-19. In particular, the main protease (Mpro or 3CLpro),
which cleaves the replicase polyproteins at 11 sites, is one of the most attractive targets
for numerous classes of small molecule inhibitors for the development of drugs against
coronavirus infections (9, 10). Mpro is highly conserved among coronaviruses, and the
substrate-binding site in Mpro also shares several common features (6). Because Mpro has
no human homolog, Mpro inhibitors should be highly specific to SARS-CoV-2 and have
minimal side effects (11). Unfortunately, although several peptidomimetic covalent
inhibitors of Mpro have been reported, few candidates have progressed into clinical trials
(6, 12–14).

We previously screened an in-house small molecule library and identified shikonin
as a noncovalent inhibitor for SARS-CoV-2 and SARS-CoV Mpro in vitro, with a half-maxi-
mum inhibitory concentration (IC50) of 1.57 mM and 7.89 mM, respectively (15, 16). In
addition, crystal structures of SARS-CoV-2 Mpro with the antineoplastic drug carmofur
and the natural products baicailin and baicalein have also been solved recently (17,
18). Despite the progress made in understanding the origin of human coronaviruses as
well as the prediction and prevention of the emerging pandemics, we still lack effec-
tive and safe drugs and therapies to combat the global pandemic caused by coronavi-
rus (5, 19, 20).

In 2021, Pfizer initiated a phase 1 clinical trial (NCT04756531) and later the phase 2/
3 clinical trials (NCT04960202, NCT05011513) of a novel antiviral therapeutic agent
against SARS-CoV-2. The clinical candidate, PF-07321332, is the first orally administered
coronavirus-specific protease inhibitor, which has shown potent antiviral activity
against SARS-CoV-2 in vitro, as well as activity against other coronaviruses (21). As a
protease inhibitor, PF-07321332 binds to the viral enzyme and can block the activity of
the protease that the coronavirus needs to reproduce itself. Ritonavir, an inhibitor of a
key liver enzyme called CYP3A, can boost and maintain the plasma concentration of
PF-07321332 when coadministered. This kind of strategy has been used to effectively
treat other viral pathogens, such as HIV and hepatitis C virus. Recently, the emergency
use of Paxlovid (PF-07321332 and ritonavir) has been authorized by the U.S. Food and
Drug Administration (FDA). Thus, PF-07321332 could be an encouraging antiviral with
potential for use in the treatment of COVID-19, as well as potential use to address
future coronavirus threats.

In this study, we aim to explore the molecular basis for the small molecule inhibitor
PF-07321332 targeting Mpro of coronaviruses. We found that PF-07321332 potently
inhibits the enzymatic activity of SARS-CoV-2 Mpro. We then determined the crystal
structures of complexes of the main protease of SARS-CoV-2, SARS-CoV, and MERS-CoV
bound to the inhibitor PF-07321332, revealing a novel binding mode of Mpro.
Structural comparison with reported Mpro-inhibitor complex structures provides insight
into the mechanism of Mpro inhibition by a small molecule inhibitor and a framework
for small molecule drug discovery.

RESULTS
Inhibitory activity of PF-07321332 against SARS-CoV-2 Mpro. We purified the

Mpro of SARS-CoV-2 as previously reported (15). A fluorescence resonance energy trans-
fer (FRET) assay was employed to determine the inhibitory activity of PF-07321332
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against SARS-CoV-2 Mpro. Ebselen was used as a control with an IC50 value of 0.365 mM,
which is similar to that determined in previous studies (12, 22). The results showed
that PF-07321332 has a potent inhibition, with the IC50 value against the Mpro of SARS-
CoV-2 being 0.023 mM (Fig. 1), which is much lower than that of recently reported
covalent inhibitors such as boceprevir, leupeptin, and carmofur (17, 23, 24).

Inhibitory mechanisms of PF-07321332 against SARS-CoV-2 Mpro. In order to fig-
ure out the inhibitory mechanisms of PF-07321332, we determined the crystal structure
of SARS-CoV-2 Mpro in complex with PF-07321332 (PFMpro-Co) at 1.5-Å resolution using
the cocrystallization method (see Fig. S1 in the supplemental material, Table 1). By com-
parison with the apo structure of SARS-CoV-2 Mpro at pH 7.5, the root mean square devi-
ation (RMSD) of equivalent Ca positions between apo Mpro and PFMpro-Co is ;0.985 Å
(Fig. S2). As shown in Fig. 2, the Mpro molecule in the complex structure forms a homo-
dimer and contains three domains, namely, domain I (residues 10 to 99), domain II

FIG 1 Enzymatic inhibition of SARS-CoV-2 Mpro. (A) Inhibition of ebselen against SARS-CoV-2 Mpro. (B) Inhibition of PF-07321332 against SARS-CoV-2 Mpro.
SARS-CoV-2 Mpro was preincubated in the reaction buffer with various concentrations of PF-07321332 at room temperature for 30 min before reacting with
the FRET substrate. Ebselen was used as a control. The IC50 was calculated using GraphPad Prism software.

TABLE 1 Statistics for data processing and model refinement of Mpro-PF-07321332

Parameter
SARS-CoV-2 Mpro-PF-07321332
(cocrystal)

SARS-CoV-2 Mpro-PF-07321332
(soaking)

SARS-CoV Mpro-PF-07321332
(soaking)

MERS-CoV Mpro-PF-
07321332 (soaking)

PDB code 7VLP 7VLQ 7VLO 7VTC

Data collection
Synchrotron SSRF SSRF SSRF SSRF
Beam line BL17U1 BL17U1 BL17U1 BL17U1
Wavelength (Å) 0.97918 0.97918 0.97918 0.97918
Space group P1211 P212121 P1 P212121
a,b,c (Å) 55.48, 98.70, 59.42 67.85, 102.02, 103.27 55.46, 60.46, 68.14 83.42, 93.24, 97.58
a,b ,g (°) 90.00, 108.72, 90.00 90.00, 90.00, 90.00 91.92, 102.42, 108.77 91.00, 90.00, 90.00
Total reflections 612,117 399,180 157,101 136,239
Unique reflections 94,054 51,490 50,908 23,783
Resolution (Å) 1.50 (1.58–1.50) 1.94 (2.04–1.94) 2.02 (2.13–2.02) 2.54 (2.68–2.54)
R-merge (%) 3.5 (55.6) 3.4 (68.1) 2.6 (24.3) 4.8 (122.8)
Mean I/s (I) 15.0/2.7 15.3/2.7 9.8/2.7 11.6/2.1
Completeness (%) 97.7 (100.0) 95.5 (100.0) 95.7 (96.1) 92.0 (99.5)
Redundancy 6.5 (5.8) 7.8 (5.3) 3.1 (2.8) 5.7 (5.7)

Refinement
Resolution (Å) 33.43–1.50 51.64–1.94 30.08–2.02 48.79–2.54
Rwork/Rfree (%) 19.47/21.92 20.15/23.07 20.37/23.52 19.62/24.62
Atoms 5175 4,724 4,565 4,587
Mean temp factor (Å2) 23.3 26.8 43.0 47.7
Bond lengths (Å) 0.006 0.007 0.008 0.009
Bond angles (°) 0.95 0.95 1.09 1.15
Preferred 97.83 97.47 96.12 96.28
Allowed 2.17 2.53 3.54 3.55
Outliers 0 0 0.34 0.17

Structure of Mpro of CoVs Bound to Drug PF-07321332 Journal of Virology

April 2022 Volume 96 Issue 8 10.1128/jvi.02013-21 3

https://doi.org/10.2210/pdb7VLP/pdb
https://doi.org/10.2210/pdb7VLQ/pdb
https://doi.org/10.2210/pdb7VLO/pdb
https://doi.org/10.2210/pdb7VTC/pdb
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.02013-21


(residues 100 to 184), and domain III (residues 201 to 303). PF-07321332 can be found in
both protomer A and protomer B (Fig. 2A). Specifically, PF-07321332 binds to the active
site situated in the cleft between domains I and II of Mpro in an extended conformation
and occupies subsites S1, S2, and S4 of SARS-CoV-2 Mpro (Fig. 2B). The electron density
map unambiguously shows that nitrile carbon of PF-07321332 forms a C-S covalent
bond with the sulfur atom of catalytic residue C145 (Fig. 2C). The imine nitrogen of the
thioimidate moiety occupies the oxyanion hole and forms hydrogen bonds with the
backbone NH of C145 and the oxygen from a water molecule for stabilization. Besides
the typical covalent interaction, PF-07321332 forms multiple noncovalent interactions
with the active site. According to the Berger and Schechter nomenclature, PF-07321332
consists of five moieties, namely, P1 to P4 and P19. As shown in Fig. 2D and E, PF-
07321332 contains a g-lactam ring at the P1 position just before the warhead nitrile
group. The lactam ring inserts into the S1 subsite, with the oxygen and nitrogen atoms
of the lactam ring forming hydrogen bonds with the N«2 of H163 and carboxy group of

FIG 2 Crystal structure of SARS-CoV-2 Mpro in complex with PF-07321332. (A) Overall structure of SARS-CoV-2 Mpro in complex with
PF-07321332. The three domains and two protomers of Mpro are labeled. The substrate-binding pocket is located within the black
dotted box. PF-07321332 is shown as sticks with the carbon atoms in magentas, oxygen atoms in bright red, nitrogen atoms in blue,
and fluorine atom in pale cyan. (B) An enlarged view of the substrate-binding pocket. PF-07321332 forms a covalent bond with C145.
The substrate-binding subsites (S19, S1, S2, and S4) are labeled. (C) A C-S covalent bond forms between the Sg atom of C145 and the
nitrile carbon of PF-07321332. The 2Fo-Fc density map contoured at 1.0s is shown as a blue mesh. (D) The detailed interaction in
the complex structure is shown with the residues involved in inhibitor binding (within 3.5 Å) displayed as sticks. W1 and W2
represent the water molecules. Hydrogen bond interactions are shown as black dashed lines. (E) Schematic interaction between PF-
07321332 and Mpro. Hydrogen bond interactions are shown as orange dashed lines.
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E166, respectively. Further, a hydrogen bond is also found between the amide nitrogen
at the P1 moiety and the main-chain carbonyl oxygen of H164. The P2 position contains
a dimethyl cyclopropyl proline (DMCP) moiety which inserts into the S2 subsite and
mainly forms hydrophobic interactions, similar to the previously reported compound
boceprevir (24). PF-07321332 presents a tert-leucine residue at the P3 position. However,
limited interactions are observed between the P3 moiety of PF-07321332 and the S3
subsite of Mpro. PF-07321332 displays a trifluoromethyl group at the P4 position. The am-
ide nitrogen at the P4 position forms a hydrogen bond with the main chain carbonyl
oxygen of E166, while the trifluoromethyl group forms additional hydrogen bonds by
interacting with the nitrogen atom of Q192 and a water molecule. Thus, PF-07321332
occupies the active site of SARS-CoV Mpro by covalently binding to C145 and noncova-
lently interacting with conserved residues, including Cy145, H163, H164, E166, and Q192.

The crystal structure of the Mpro-PF-07321332 complex (PFMpro-So) has also been solved
at 1.9-Å resolution by soaking (Table 1). By superimposition of PFMpro-Co and PFMpro-So,
we found that the binding mode of PF-07321332 with SARS-CoV-2 Mpro was highly similar
to the RMSD, being 0.781 Å over the 523 best-aligned Ca atoms (Fig. S3).

Crystal structures of PF-07321332 in complex with SARS-CoV and MERS-CoV
Mpro. We also determined the crystal structure of PF-07321332 in complex with SARS-
CoV and MERS-CoV Mpro at 2.0-Å and 2.5-Å resolutions (Fig. S1, Table 1), respectively.
PF-07321332 displays a highly similar conformation in the substrate-binding site of
SARS-CoV, MERS-CoV, and SARS-CoV-2 Mpro, even though the orientation of each moi-
ety of PF-07321332 has slight differences (Fig. 3A and B). Like the case with SARS-CoV-
2 Mpro, PF-07321332 fits into the S1, S2, and S4 subsites and forms a covalent bond
with the catalytic residue cysteine as expected (Fig. 3C and D). In addition, several
amino acid residues, including F140, C145, H163, H164, E166, and Q192, in the prote-
ase form hydrogen bond interactions with the inhibitor in the SARS-CoV Mpro-PF-
07321332 complex. The key residues of MERS-CoV Mpro interacting with PF-07321332
are highly conserved (Fig. 3E to H). These observations are consistent with the fact that
the structure of Mpro in the coronaviruses is highly conserved and that PF-07321332
may be a potent inhibitor with broad-spectrum potential to defeat diseases caused by
various coronaviruses.

Structural comparison of PF-07321332 with other covalent inhibitors in complex
with SARS-CoV-2 Mpro. Several covalent inhibitors that show good inhibitory activity of
the SARS-CoV-2 main protease have recently been reported (Table S1). Among these,
the structures of 13b and N3 complexed with Mpro have been determined (12, 14).
Based on the complex structure, the covalent inhibitor 11a was designed with better
inhibitory activities (6). The clinically approved drugs carmofur and boceprevir were
repurposed, and they displayed low micromolar inhibitory activity against SARS-CoV-2
Mpro (17, 24), while the other three preclinical inhibitors, GC376 (24), 5h (25), and MPI3
(26), showed inhibitory activities (Ki or IC50) in the nanomolar range. We compared the
structures of these recently identified covalent inhibitors complexed with SARS-CoV-2
Mpro. All these small molecules form a C-S covalent bond with the catalytic residue cys-
teine (Fig. 4) and display a lactam ring at the P1 position which fits well with the S1
subsite except for carmofur and boceprevir. The amide nitrogen of the lactam ring can
form hydrogen-bond interactions with the ketonic oxygen of Glu166 or Phe140, while
the oxygen atom forms hydrogen-bond interactions with the backbone NH of Glu166
or N«2 of His163. Subsite S2 of SARS-CoV-2 Mpro appears to prefer hydrophobic inter-
actions, and all these inhibitors display a hydrophobic group at the P2 position, such
as isopropyl and the dimethyl cyclopropyl proline (DMCP) group. However, the P3
position of these inhibitors does not fit well with the S3 pocket. Indeed, structural opti-
mization may be conducted in the future to investigate more suitable groups for this
subsite. The binding pattern of PF-07321332 is similar to that of boceprevir at the P4
position but differs at substitution of F atoms and formation of hydrogen bonds with
Q192. Therefore, structures of inhibitors in complex with Mpro reported in this study
and other studies, will provide the structural basis for the development and optimiza-
tion of more potent drugs against SARS-CoV-2 infection.
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FIG 3 Crystal structures of SARS-CoV and MERS-CoV Mpros in complex with PF-07321332. (A) Structural alignment of CoV Mpros

complexed with PF-07321332 with SARS-CoV-2 Mpro-inhibitor complex in lime green, SARS-CoV Mpro-inhibitor complex in yellow,

(Continued on next page)
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DISCUSSION

There is an urgent need to develop effective drugs as the novel coronavirus pan-
demic continues to wreak havoc on human society. Mpro is a promising drug target for
its vital role in viral replication and high conservation among all coronaviruses and
because it has no homolog in humans. Although a great number of inhibitors have
shown inhibitory activity against Mpro, most of these are not potent enough and not
highly bioavailable following oral administration, which limits its clinical application to
hospitalized patients with relatively advanced disease. Thus, potent orally bioavailable

FIG 3 Legend (Continued)
and MERS-CoV Mpro-inhibitor complex in orange. (B) An enlarged view of the substrate-binding pocket. (C and D) A C-S covalent
bond forms between C145 of SARS-CoV Mpro (C) or MERS-CoV Mpro (D) and the nitrile group of PF-07321332. The 2Fo-Fc density
map contoured at 1.0s is shown as a blue mesh. (E and F) The detailed interaction in the complex structure is shown with the
residues of SARS-CoV Mpro (E) or MERS-CoV Mpro (F) involved in inhibitor binding (within 3.5 Å) displayed as sticks. Hydrogen
bond interactions are shown as black dashed lines. (G and H) Schematic interaction between PF-07321332 and SARS-CoV Mpro (G)
or MERS-CoV Mpro (H). Hydrogen bonds interactions are shown as orange dashed lines.

FIG 4 Comparison of the binding modes of different inhibitors targeting SARS-CoV-2 Mpro. (A to I) The binding pockets of PF-07321332 (A) (PDB ID 7VLQ),
N3 (B) (PDB ID 6LU7), GC376 (C) (PDB ID 7D1M), boceprevir (D) (PDB ID 7BRP), 13b (E) (PDB ID 6Y2F), 11a (F) (PDB ID 6LZE), MPI3 (G) (PDB ID 7JQO), 5h (H)
(PDB ID 7JKV), and carmofur (I) (PDB ID 7BUY) bound to SARS-CoV-2 Mpro are shown. Mpros are shown as the gray surface, and the inhibitors are shown as
sticks.
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antiviral drugs for treatment of SARS-CoV-2 infection are urgently needed. PF-07321332 is
the first orally available antiviral drug developed by Pfizer to tackle the SARS-CoV-2 virus
by targeting its Mpro (21, 27). In this study, we found that PF-07321332 is a potent inhibitor
with an IC50 of 0.023 mM. As shown in Table S1, this value is a little higher than that of
MPI3 (IC50, 8.5 nM) but lower than that of most reported inhibitors, including 11a (IC50,
0.053 mM) (6), 13b (IC50, 0.67 mM) (14), boceprevir (IC50, 8.0 mM) (24), and GC376 (IC50,
0.15 mM) (24), which suggests its huge potential to treat COVID-19 clinically. In addition,
the main advantage of PF-07321332 with respect to other inhibitors of SARS-CoV-2 Mpro is
the possibility of oral administration, a feature that could dramatically facilitate the treat-
ment of COVID-19.

We also solved the crystal structure of PF-07321332 in complex with Mpro of three
deadly coronoviruses (SARS-CoV-2, SARS-CoV, and MERS-CoV), which is of great impor-
tance for structure-based drug development. The complex structures indicate that PF-
07321332 covalently bound to the catalytic cysteine of Mpro and formed multiple
hydrogen bonds with conserved residues within the active site. Owen et al. and Zhao
et al. also reported the structure of PF-07321332 in complex with SARS-CoV-2 Mpro (21,
28). Superimpositions of the complex structure reported in this study (PDB ID 7VLQ)
with the complex structure reported by Owen et al. (PDB ID 7RSF) and Zhao et al. (PDB
ID 7VH8) show root mean square deviation (RMSD) values of 1.329 and 1.225 Å over
the 292 and 288 best-aligned Ca atoms, respectively. Compared with other covalent
inhibitors, PF-07321332 employs a unique binding pattern to SARS-CoV-2 Mpro. Further
structure-based optimization of such covalent inhibitors will help generate drugs
against the current COVID-19 pandemic with high efficiency and a broad spectrum.

Another orally bioavailable drug candidate, masitinib, has been demonstrated to
show an inhibitory effect against SAR-CoV-2 Mpro. Until now, masitinib has been
approved for treatment of mast cell tumors in dogs and evaluated in phase 2 and 3
clinical trials in humans for the treatment of cancer, asthma, Alzheimer’s disease, multi-
ple sclerosis, and amyotrophic lateral sclerosis (29). However, unlike PF-07321332 as a
covalent inhibitor, masitinib is a noncovalent inhibitor, which could complement the
design of covalent inhibitors against the SARS-CoV-2 main protease. Both covalent and
noncovalent Mpro inhibitor will contribute to increased public health preparedness for
potential future pandemics.

MATERIALS ANDMETHODS
Expression and purification of human CoVs. The codon-optimized cDNAs for Mpro of SARS-CoV-2,

SARS-CoV, and MERS-CoV were synthesized fused with 6� His at the N terminus. Synthesized genes
were subcloned into the pET-28a vector. The expression and purification of each main protease were
performed by a standard method described previously by our lab (15).

Enzymatic assays. PF-07321332 was purchased from MedChemExpress (MCE; Chemical Abstracts
Service [CAS] no. 2628280-40-8). Fluorogenic substrates as a donor and quencher pair were synthesized.
The IC50 values of PF-07321332 against the SARS-CoV-2 main protease were measured with a common
protocol as the following: first, 1 mL of main protease (200 nM) was incubated with various concentra-
tions of testing inhibitors at room temperature for 30 min in its reaction buffer (50 mM Tris 7.3,150 mM
NaCl, 1 mM EDTA) in a 384-well plate, and then fluorescence resonance energy transfer (FRET) substrate
was added to the reaction system. The reaction was monitored for 20 min, and the data were calculated
at 10 min intervals by linear regression. Ebselen was used as a positive control. The IC50 was determined
by plotting the initial velocity against various concentrations of testing inhibitor by using the dose-
response curve in GraphPad Prism software.

Crystallization. Cocrystallization of SARS-CoV-2 Mpro with PF-07321332 (0.1 M HEPES, pH 7.5, 20%
wt/vol PEG 10,000), SARS-CoV Mpro with PF-07321332 (0.1 M HEPES, pH 7.5, 10% PEG 8,000, 8% ethylene
glycol), and MERS-CoV Mpro with PF-07321332 (10% PEG 200, 0.1 M bis-Tris-propane, pH 9.0, 18% PEG
8,000) was carried out at 20°C using the hanging drop vapor-diffusion method. PF-07321332 was added
to Mpros according to a 3:1 molar ratio, and the mixture was incubated for 30 min on ice. After 3 to
5 days, the complex crystals of Mpros with PF-07321332 were obtained. For the soaking method, SARS-
CoV-2 Mpro crystals were obtained first using the sitting-drop vapor diffusion method at 20°C. PF-
07321332 was then soaked with crystals of SARS-CoV-2 Mpro (0.1 M HEPES sodium, pH 7.5, 10% vol/vol
2-propanol, 20% wt/vol PEG 4,000) within 24 h.

Data collection, structure determination, and refinement. The crystals were tailored with cryo-
loop and then flash-frozen in liquid nitrogen to collect better X-ray data. All data sets were collected at
100 K on a macromolecular crystallography beamline 17U1 (BL17U1) at the Shanghai Synchrotron
Radiation Facility (SSRF, Shanghai, China). All collected data were handled with the HKL 2000 software
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package. The structures were determined by molecular replacement with Phenix software. The program
Coot was used to rebuild the initial model. The complete data collection and statistics of refinement are
shown in Table 1.

Data availability. Coordinates and structure factors for the SARS-CoV Mpro-PF-07321332, SARS-CoV-
2 Mpro-PF-07321332 (soaking and cocrystallization), and MERS-CoV Mpro-PF-07321332 complexes have
been deposited in the Protein Data Bank (PDB) under accession numbers 7VLO, 7VLP, 7VLQ, and 7VTC,
respectively.
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