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Development of small molecule non-
covalent coronavirus 3CL protease inhibitors
from DNA-encoded chemical library
screening

Hengrui Liu 1, Arie Zask2, Farhad Forouhar3, Sho Iketani 4,5, AlanaWilliams 1,
Daniel R. Vaz 1, Dahlya Habashi2, Karenna Choi 2, Samuel J. Resnick6,
Seo Jung Hong7, David H. Lovett4,5, Tian Bai4,5, Alejandro Chavez8,
David D. Ho 4,5,9 & Brent R. Stockwell 1,2,3,7

Variants of SARS-CoV-2 have continued to emerge across the world and cause
hundreds of deaths each week. Due to the limited efficacy of vaccines against
SARS-CoV-2 and resistance to current therapies, additional anti-viral ther-
apeutics with pan-coronavirus activity are of high interest. Here, we screen 2.8
billion compounds from a DNA-encoded chemical library and identify small
molecules that are non-covalent inhibitors targeting the conserved 3CL pro-
tease of SARS-CoV-2 and other coronaviruses. We perform structure-based
optimization, leading to the creation of a series of potent, non-covalent SARS-
CoV-2 3CL protease inhibitors, for coronavirus infections. To characterize their
binding mechanism to the 3CL protease, we determine 16 co-crystal structures
and find that optimized inhibitors specifically interact with both protomers of
the native homodimer of 3CL protease. Since 3CL protease is catalytically
competent only in the dimeric state, these data provide insight into the design
of drug-like inhibitors targeting the native homodimer state. With a binding
mode different from the covalent 3CL inhibitor nirmatrelvir, the protease
inhibitor in the COVID drug Paxlovid, these compounds may overcome resis-
tance reported for nirmatrelvir and complement its clinical utility.

SARS-CoV-2 is the viral pathogen responsible for the global COVID-19
pandemic, which has caused millions of infections and deaths world-
wide. Although the weekly death toll is now lower than it was in March
2020, more than a hundred deaths are still reported each week1,2. The
ongoing impactof COVID is also reflected in thousandsof patientswho

are being treated for the disease in intensive care units andmillions of
others who are dealing with symptoms of long COVID. Meanwhile,
variants of SARS-CoV-2 andother coronaviruses continue tobeamajor
health threat, especially for those age 65 and older. Considering the
limited effectiveness of current vaccines against the evolving variants
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of SARS-CoV-2, and the concern that additional coronavirus pan-
demics may emerge in the future, additional direct-acting anti-viral
therapeutics are still in demand3.

We previously optimized the structure of the feline coronavirus
inhibitor GC376 and developed a small molecule SARS-CoV-2 3CL
protease inhibitor termed coronastat (NK01-63) as a candidate for
COVID-19 treatment4. This is based on the essential role of 3CL pro-
tease (Mpro) in the maturation and replication of coronaviruses such as
SARS-CoV-2, which makes it an attractive target for COVID-19
therapy5,6. However, further examination of coronastat in animal stu-
dies revealed that it had activity against human proteases and intrinsic
reactivity as a covalent inhibitor, which limited its biodistribution,
stability, and selectivity. Nirmatrelvir, the primary active ingredient of
the COVID-19 drug Paxlovid, is a SARS-CoV-2 3CL protease inhibitor7.
Although nirmatrelvir is clinically useful for COVID patients at risk of
severe disease, the drug has to be co-administered with ritonavir in
Paxlovid, to inhibit metabolic degradation of nirmatrelvir8. For cova-
lent inhibitors such as nirmatrelvir, concern for target selectivity and
pharmacokinetic (PK) profiles derive from the intrinsic reactivity of
covalent warheads9. Furthermore, multiple pathways to resistance to
nirmatrelvir have been reported in vitro10 and several 3CL protease
mutations (L50V, E166V/A, and T169S) that confer resistance to nir-
matrelvir have been observed in the clinic11,12. These concerns highlight
a need for developing next generation 3CL protease inhibitors.

DNA-encoded chemical library (DEL) technology represents a
powerful tool to discover small molecules capable of reversibly bind-
ing to a target protein. A DEL contains compounds with DNA tags. By
applying combinatorial chemistry, building of a DEL starts with an
oligonucleotide that contains a linker to a chemical building block
moiety, and proceeds through iterative cycles of DNA barcode elon-
gation and conjugation of chemical building blocks onto the linker
moiety. For instance, if there are 1,000 different building blocks in
each iterative cycle, three iterations will theoretically generate one
billion different combinations of tagged compounds. Therefore, DEL
technology enables low-cost mass creation and screening of chemical
libraries of billions of compounds, increasing the chance of discover-
ing hits. Conjugation with DNA tags significantly accelerates the
screening process, as DEL screening can be performed in one large
pool. Screening of the entire DEL is typically done in a single tube, in
which each small molecule is represented in minute quantities. After a
minimal amount of target protein is added to the tube, compounds
with high affinity bind to the target protein before its immobilization
onto beads, while those that don’t bind are washed away. Strong
reversible binders can then be eluted and decoded by reading DNA
tags, similar to scanning barcodes.

In this work, we undertake a de novo approach to screen a DNA-
encoded chemical library for non-covalent inhibitors specifically tar-
geting the coronavirus 3CL protease. Structure-based optimization of
the top screening hit leads to the discovery of compounds that func-
tion as potent and selective 3CL protease inhibitors and exhibit anti-
viral activity on HCoV-229E, HCoV-OC43, SARS-CoV, MERS-CoV, and
SARS-CoV-2.

Results
Identification of SARS-CoV-2 3CL protease inhibitors from DNA-
encoded chemical library screening
Aiming to screen 2.8 billion compounds in a DNA-encoded chemical
library (DELopen by WuXi AppTec) for SARS-CoV-2 3CL protease
inhibitors, we captured His-tagged 3CL protease on Ni-NTA magnetic
beads for binding affinity screening (Supplementary Fig. 1). After
incubation with the DELopen library, 3CL protease beads or control
empty beads weremagnetically pulled down andwashed before being
heated to 95 °C to release bound library molecules.

In thefirst screen, four compounds (DEL1 throughDEL4) emerged
as top screening hits with consistently high enrichment scores in three

replicates for binding to 3CL protease (Fig. 1a). We designed a coun-
terscreen to distinguish between compounds binding at the same
binding site as known inhibitors or different binding sites. In this
second screen, four copies of the DELopen library were separately
screened against beads capturing 3CL alone, the 3CL-GC376 complex,
the 3CL-Compound 4 complex, or no protein as a negative control.
GC376 and Compound 4 are known 3CL inhibitors described in pre-
vious studies4,13,14. This counterscreen enables identification of protein
binders with the same binding site as the known inhibitors, because
they are expected to bind less efficiently to the protein-inhibitor
complex than to the protein alone. Meanwhile, small molecules with
binding sites different from the known inhibitors are expected to bind
to the protein-inhibitor complex and to the protein alone in an indis-
tinguishable manner.

Four compounds (DEL5 through DEL8) emerged as top screening
hits with enrichment for 3CL alone compared to the 3CL-GC376
complex, the 3CL-Compound 4 complex, and the negative control
(Fig. 1b, c). Since both GC376 and Compound 4 are known to bind to
the active site of the 3CL protease, DEL5 through DEL8 are likely to
interact with the active site as well. No compound was found to be
enriched for the protein-inhibitor complex or the protein alone, sug-
gesting the known active site might be the most suitable binding site
for smallmolecules on the surface of 3CL protease, and that additional
allosteric binding sites are not likely to exist or to be easy to target.

Our further evaluation of these screening hits started from mea-
suring their enzymatic inhibition potency using purified 3CL protease
in vitro.We found that DEL2, DEL7, DEL1, DEL3, andDEL8 inhibited the
activity of the 3CL protease on a specific fluorogenic substrate, with
IC50 values of 0.3 µM, 0.3 µM, 4 µM, 4 µM, and 6 µM, respectively
(Fig. 2a). Indeed, these five compounds are close structural analogs of
each other, providing a 3CL protease inhibitor scaffold and structure-
activity relationships for further optimization (Fig. 1c).

We evaluated these five compounds for inhibition of SARS-CoV-2
viral replication in humanHuh-7 cells, which were transduced to stably
overexpress the ACE2 receptor (Huh-7ACE2) before infection with a
reporter SARS-CoV-2 virus (USA-WA1/2020 strain). We found that
DEL2, DEL7, andDEL1 blocked viral infection, with EC50 values of 2μM,
3μM, and 4μM, respectively (Fig. 2b). DEL3 and DEL8 also suppressed
viral replication but exhibited EC50 values above 10 µM.

Co-crystal structures of DEL2 and DEL7 with SARS-CoV-2 3CL
protease suggest non-covalent binding to the active site
Aiming to directly visualize the binding mechanism of top screening
hits to 3CL protease, as well as to guide structure-based optimization
efforts, we determined crystal structures of 3CL protease with DEL2
and DEL7 at resolutions of 1.85 Å and 1.74 Å, respectively (Fig. 3a, b,
Supplementary Fig. 2a, Supplementary Table 1, 2). The X-ray crystal
structures revealed that both compounds bind non-covalently to the
substrate-binding pocket of 3CL protease. Since DEL7 is a close analog
of DEL2, differing only by a fluoro substitution at the para position of
the phenyl group, the two compounds share similar binding modes to
the 3CL protease. Primary amines on both compounds strongly
interact with the catalytic C145 residue. In both structures, the ben-
zonitrile groupoccupies the S1 site, anchoredby a hydrogenbondwith
the side chains of H163 (Fig. 3a, c, Supplementary Fig. 2b).

The dichlorophenyl group of both compounds is favorably
embedded in the hydrophobic S2 site, surrounded by the alkyl portion
of the side chains of H41, M49, M165, D187, and Q189. More impor-
tantly, the dichlorobenzyl group forms methionine-aromatic motifs15

(sulfur-π interactions) with both M49 and M165, which were found to
yield additional stabilization as compared with purely hydrophobic
interaction via isobutyl groups commonly seen in the S2 site with
previously reported 3CL inhibitors7,13 (Fig. 3c, Supplementary Fig. 2c).

The p-Cl group establishes either a hydrogen bond or hydro-
phobic interactions with the side chain of H41. Extending into the S3
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and S4 sites, the NH of the terminal amide bond of DEL2 and DEL7 is
stabilizedby ahydrogenbondwith the side chain of E166.However, we
observed stronger electron densities, which typically indicate a more
specific recognition and tighter binding, in the S3 andS4 sites forDEL7,
primarily due to the formation of a hydrogen bond between the p-F
group and the NH backbone of A191.

The crystal structure of the 3CL protease with DEL7 revealed a
strong, continuous electron density map between the primary amine
and the thiol of the catalytic C145 residue. Considering the implausibility
of a covalent interaction between these two groups, this suggested that
Cys145 was oxidized to a sulfenic acid in the course of crystal growth.
Such oxidation of cysteine thiols has been observed at acidic pH with
neighboring histidine as a proton acceptor, which is in line with our
crystallization conditions (pH=5–6) and the presence of H41 in the
active site. Indeed, the presence of an oxygen atombridging a sulfur and
nitrogen atom to form the S-O-N entity is a widespread occurrence16.

To complement this crystallographic study, we further investi-
gated the binding mode of DEL7 by mass spectrometry (MS). In a
Matrix-Assisted Laser Desorption Ionization (MALDI) MS analysis of
the intact 3CL protease protein after incubating it with DEL7 or cova-
lent inhibitor Compound4,weobserved covalentmodification only by
the control Compound 4, with a mass shift matching its molecular
weight (Fig. 3d). No mass shift induced by DEL7 was observed, which
was consistent with a non-covalent binding mechanism of DEL7 to the
3CL protease.

In prior studies, we found that the reversible covalent inhibitor
GC376 would not shift the mass of 3CL in MALDI MS due to the sen-
sitivity of its covalent bond to pH changes, but pre-incubation of the
3CL protease with one equivalent of GC376 would occupy the active
site and block the subsequent binding of Compound 4 to 3CL pro-
tease. Accordingly, wepre-incubated 3CLproteasewithone equivalent
of DEL7 or GC376 before the addition of Compound 4. While GC376
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Fig. 1 | Screening of a DNA-encoded library (DELopen byWuxiAppTec) against
SARS-CoV-2 3CLprotease and its complexwith known inhibitors. A Enrichment
scores of top screeninghits (DEL1 throughDEL4) on three replicatesofDELopen for
binding to 3CL protease. B Enrichment scores of top screening hits (DEL5 through
DEL8) in a counterscreen against beads capturing 3CL alone, the 3CL-GC376

complex, and the 3CL-Compound 4 complex, to distinguish between compounds
that share binding sites with known inhibitors or target different binding sites.
C Structures of top screening hits DEL1 through DEL8. For close analogs of DEL7,
structure differences from DEL7 are shown in red color.
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consistently blocked Compound 4 binding through a reversible
covalent interaction, DEL7 exhibited no such effect (Fig. 3d). Together,
these data support a non-covalent binding mechanism of DEL7 to the
SARS-CoV-2 3CL protease, as expected based on its chemical structure
lacking an electrophilic warhead and several other crystal structures
that we determined with DEL7 analogs.

DEL7 and its analogs specifically inhibit coronavirus 3CL
proteases
Selectivity is considered a major challenge for targeting SARS-CoV-2
proteases for the treatment of COVID-19, as reported 3CL protease
inhibitors, including GC376, are also potent inhibitors of human cathe-
psin L andB17. Cathepsin Lwas shown tomediate SARS-CoV-2 viral entry,
but the virus may adopt alternative entry pathways, such as TMPRSS2, a
transmembrane serine protease18,19. Therefore, dual inhibitors of 3CL
protease and cathepsin L exhibit a partial loss of their antiviral activities
in cells expressing TMPRSS2, which limits their clinical usefulness17. This
selectivity limitation may be especially relevant for repurposing inhibi-
tors of other proteases for 3CL protease or applying compounds with
covalent warheads designed to target cysteine proteases.

By comparison, DEL7 and its analogs are non-covalent inhibitors
identified from targeted screening specifically for the SARS-CoV-2 3CL
protease. In line with this, we found that none of these hits inhibited
human cathepsin L at concentrations up to 10 µM (Supplementary
Fig. 3a), while GC376 exhibited an IC50 value of 0.33 nMon cathepsin L.

We further evaluated DEL7 against a panel of additional human
proteases of various classes (Supplementary Fig. 3b). The result con-
firmed that DEL7 is highly selective for 3CL inhibition, displaying IC50

values of >10μM against all tested human proteases. For therapeutic
consideration, we measured the cellular toxicity of all DEL7 analogs in
human cells, andno compound exhibited toxicity at concentrations up
to 10μM (Supplementary Fig. 4).

Considering that the 3CL protease substrate-binding pocket is
highly similar across 12 different coronaviruses, we hypothesized that
small-molecule inhibitors of the SARS-CoV-2 3CL protease have the
potential to be broadly effective against other coronaviruses5,6. To test
this hypothesis, we transfectedHEK293T cells with 3CL proteases from
different coronaviruses to induce cytotoxicity so that inhibitors of the
corresponding 3CL protease could protect cells20. Accordingly, we
found thatDEL7not only exhibited inhibitoryeffect on theSARS-CoV-2
3CL protease in cells, but also suppressed the 3CL protease activity of
SARS-CoV and MERS-CoV in cells (Supplementary Fig. 3c). Moreover,
this cell-based assay confirmed that DEL7 can effectively inhibit the
tested viral proteases within a cellular context, in agreement with the
expected mechanism of its antiviral activity.

Structural optimization of DEL7 led to the discovery of analogs
with improved biochemical and biophysical potency for SARS-
CoV-2 3CL protease
We focused on the creation of improved analogs of DEL7, based on its
highly specific binding and strong electron density in the co-crystal
structure. To optimize the structure of DEL7, we used a structure-
based approach. We defined five modifiable groups in the chemical
structure of DEL7, termed R1, R2, R3, R4, and R5 (Fig. 4). In the design
of the DEL7 analogs, we modified one group at a time.

Since the R1 group has weaker electron density than other groups
in the co-crystal structure ofDEL7with the 3CL protease,more analogs
with modifications on R1 were synthesized initially (Fig. 4). Compared
with DEL7 in the biochemical assay, two analogs featured improved
inhibition potency on SARS-CoV-2 3CL protease: 1 and 2, with IC50

values of 70 nM and 20nM, respectively. Structurally, both analogs
have an elongated alkyl moiety with a terminal dimethyl amino group,
where 2 features one additional methylene group in the alkyl chain
compared with 1. Other analogs (3–9) with modifications on R1
exhibited similar or lower potency in comparison with DEL7.

DEL2 (Fig. 4) is a close analog of DEL7, differing solely by the
fluorine on the R2 phenyl group. It exhibited comparable biochemical
potency to DEL7, prompting the testing of fluorine removal on addi-
tional optimized DEL7 analogs.

For R3, we substituted both chlorines in DEL7 with fluorines and
generated 10, which exhibited a poorer biochemical potency thanDEL7,
with an IC50 value of 2 µM. This may be due to the loss of hydrophobic
interactions or a hydrogen bond interaction between the p-Cl in the R3
group of DEL7 and the side chain of H41. For the R4 group, which
resides next to the unoccupied S1’ site in the co-crystal structure of DEL7
with 3CL protease, we added acetyl or tert-butyloxycarbonyl (Boc)
groups onto the amine, aiming to occupy the S1’ site to establish more
favorable interactions. The resulting analogs 11 and 12 lost inhibitory
potency in the biochemical assay, suggesting the importance of inter-
actions between the primary amine in the R4 group of DEL7 and C145.

DEL1 (Fig. 4) is also a close analog of DEL7, the only difference
being the substitution of the nitrile moiety in R5 with a nitro group.
Additionally, the R5 group occupies the S1 site, where a γ-lactam group
has commonly been designed in previously reported 3CL protease
inhibitors, including GC37613, compound 414, and nirmatrelvir7. We
therefore substituted the R5 group of DEL7 with a γ-lactam and gen-
erated 13. However, both DEL1 and 13were less active than DEL7 in the
biochemical assay, suggesting that benzonitrile is preferred in the R5
group in the context of the DEL7 scaffold.

The structural overlay of 3CL protease bound to DEL7 with 3CL
protease bound to GC376, compound 4, or nirmatrelvir provides a
tantalizing clue to why the lactam is not a preferred moiety for DEL7:
thepeptidic backboneofDEL7 and its analogs isflippedby almost 140°

-4 -3 -2 -1 0 1

0

50

100

log10 [inhibitor] ( M) 

%
 S

AR
S-

Co
V-

2 
3C

L 
ac

tiv
ity

IC50 = 0.3 M
IC50 = 0.3 M

IC50 = 4 M
IC50 = 4 M
IC50 = 6 M

DEL1
DEL2
DEL3
DEL4
DEL5
DEL6
DEL7
DEL8

A

B

-4 -3 -2 -1 0 1

0

50

100

log10 [Inhibitor] (�M)

%
 S

AR
S-

Co
V-

2 
In

hi
bi

tio
n

GC376
DEL1
DEL2
DEL3
DEL7
DEL8

Fig. 2 | DEL1 - DEL8 inhibit 3CL protease in a biochemical assay and suppress
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as compared with those of γ-lactam-containing inhibitors (Fig. 3c,
Supplementary Fig. 2c).

We further evaluated the binding of DEL7 and its improved ana-
logs 1 and 2 to the 3CL protease in a surface plasmon resonance (SPR)
assay and observed KD (dissociation constant) values of 434 nM,
196 nM, and 63 nM, respectively (Fig. 5a). The improved biophysical
binding affinities observed for 1 and 2 are in line with their improved
biochemical potencies in the 3CL protease assay.

Aiming to decipher the basis of improvement over DEL7 aswell as
to guide further optimization efforts, we solved the X-ray crystal
structures of 3CL protease with 1 and 2 at resolutions of 1.93 Å and
1.56Å, respectively (Fig. 5b, c, Supplementary Table 3, 4). While both
compounds inherited the interactions that DEL7 featured with the
protease, the elongated alkyl chains in the R1 group further extended
beyond the S3 site, reaching toward the other protomer (B) of the

physiological homodimer of 3CL protease. Specifically, the tertiary
amine in the R1 group of 2 was anchored by additional hydrophobic
interactions with S1 and N214 of protomer B, which may explain its
improvement over DEL7. These interactions were absent in previously
reported γ-lactam-containing 3CL inhibitors (Fig. 3c). Moreover, we
found that the C145 of the 3CL protease co-crystalized with 1 had been
oxidized to sulfenic acid (Fig. 5b). This observation confirmed that the
continuous electron density map between the DEL7 primary amine
group and the thiol group of C145 is an oxygen atom bridging a sulfur
and nitrogen atom to form the S-O-N entity due to crystallographic
artifacts introduced during crystal growth at pH 5-616.

For consideration of therapeutic applications, we evaluated the
metabolic stability of DEL7 and 2 in human andmouse livermicrosomes
and observed a significant improvement of 2 (T1/2, human = 7.6min,
T1/2, mouse = 41min) over DEL7 (T1/2, human = 1min, T1/2, mouse =0.9min),
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and interacted with the primary amine of DEL-7. B Summary of atomic distances of
hydrogen bonds between 3CL protease and DEL7 or DEL7 analogs in the co-crystal
structures. C The structural overlay of 3CL protease bound to DEL7 with 3CL pro-
tease bound to GC376 (PDB code: 7JSU), compound 4 (PDB code: 7JT7), and nir-
matrelvir (PDB code: 7U28). Substrate binding sites are labeled. The black arrow
highlights how the peptidic backbones of GC376, compound 4, and nirmatrelvir

overlaps well with each other, while the peptidic backbone of DEL7 and its analogs
is flipped by almost 140° as compared with those of g-lactam-containing inhibitors.
The depicted electrostatic surface (KbT/e = ±5.0) of 3CL protease alone (PDB code:
7JST) was generated using the program APBS42 and rendered in PyMOL. Clashes of
inhibitors with the surfaces demonstrated how inhibitors re-organized the
substrate-binding site and its plasticity.DMALDI-MS spectra of 3CLonly (gray), 3CL
treated with 10 equivalent (eq) DEL7 for 1 h at 4 °C (blue), 3CL preincubated with
DMSO for 1 h at 4 °C before treatment of 10 eq Compound 4 for 1 h at 4 °C (green),
3CL pre-incubated with 1 eq GC376 for 1 h at 4 °C before treatment of 10 eq
Compound 4 for 1 h at 4 °C (red), and 3CL preincubated with 1 eq DEL7 for 1 h at
4 °C before treatment of 10 eq Compound 4 for 1 h at 4 °C (purple).
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indicating potential suitability for further animal studies and an
approach to enhance themetabolic stability ofDEL7 viamodifications of
the R1 group (Fig. 5d).

Cell permeability limits antiviral potencies of DEL7 analogs but
can be overcome by reducing net charge
Based on the improved biochemical potency observed for 2 over 1 and
DEL7, we continuedmodifying the R1 group inDEL7.We elongated the
alkyl chain in 2 by adding one or twomethylene groups and generated
14 and 15, respectively (Fig. 6a).We also elongated the R1 groupof2by

incorporating the nitrogen-containing heterocycles triazole or piper-
azine and generated 16 and 17, respectively (Fig. 6a).

When tested against the SARS-CoV-2 3CL protease, 14 and 15
exhibited further improvements over 2. Both 14 and 15 featured IC50

values of 10 nM, the highest possible potency in the biochemical assay,
which uses 20 nMprotease to cleave enough fluorogenic substrates to
produce a fluorescence signal detectable by our instrument. Analogs
16 and 17 were also able to efficiently inhibit 3CL protease, with IC50

values of 0.5 µMand 30nM, respectively. This validated the strategy of
modifying the R1 group for further optimization.
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Aiming to decipher the basis for these improvements, aswell as to
guide further optimization efforts, we determined the X-ray crystal
structures of the 3CL protease with 14, 15, 16, and 17, at resolutions of
1.55Å, 1.67 Å, 1.51 Å, and 1.72 Å, respectively (Fig. 6b–e, Supplementary
Table 5, 6, 7, 8). Comparedwith the co-crystal structure of 2, these four
compounds retained interactions that 2 featuredwith the active site of
the protease, including the hydrogen bonds with H163, E166, and A191
(Fig. 6b). Furthermore, the R1 groups of these compounds were
engaged in and stabilized by additional interactionswith the active site
and the interacting protomer B of the native 3CL protease homodimer.
Specifically, the R1 group of 15 recruited the penultimate residue F305
of protomer B into hydrophobic interactions (Fig. 6c). The R1 group of
16 was held tightly by two additional hydrogen bonds engaging the
side chain of H64 from a neighboring protease protomer (C) and the
backbone carbonyl of P168, in addition to a π-π interaction between
the triazole ring of 16 and F305 of protomer B (Fig. 6d). In contrast, the
piperazine nitrogen of 17 forms a hydrogen bond with the backbone
carbonyl of N214 of protomer B (Fig. 6e). These additional interactions
stabilize theR1groupof these compounds in the substrate binding site
and on the surface of the other protomer of 3CL homodimer, as evi-
denced by strong and well-defined electron densities in the crystal
structures. This is in line with their high potency in biochemical assays.

However, when tested in cells infectedwith SARS-CoV-2, 2 did not
show improvement over DEL7. Indeed, its EC50 value (4.2 µM) was

poorer than that of DEL7 (3.3 µM). Analogs 1, 14, 15, and 17 only
exhibited slight improvements over DEL7 in this cellular viral assay,
with EC50 values of 1.2 µM, 1.3 µM, 1.7 µM, and 0.8 µM, respectively.
However, their EC50/IC50 ratios (1.2/0.07 = 17, 1.3/0.01 = 130, 1.7/
0.01 = 170, 0.8/0.03 = 27, respectively) were markedly higher than for
DEL7 (3.3/0.3 = 11).We speculated that this poor cellularpotencymight
be due to stability or permeability issues. To investigate how we could
resolve this issue by optimizing the structure, we synthesized seven
additional analogs of the most biochemically potent compound, 14,
with modifications on R1 through R5 (Fig. 7).

We first shortened the linker to R1 by one methylene and gener-
ated 18 (Fig. 7); this caused a complete loss of potency. This is likely
due to the loss of a critical hydrogen bond between the R1 amide
NH and the E166 side chain. We then replaced the fluorine in the R2
group with hydrogen and prepared the DEL2-like compound 19, as
DEL-2 featured a better EC50/IC50 ratio (2/0.3 = 7) than DEL7. However,
this trend was not reproduced in the case of 19, as it showed an EC50/
IC50 ratio of 103 (3.1/0.03). For R3, we removed either of the chloro
groups from the dichlorobenzene to decrease the molecular
weight of the compounds. However, the resulting analogs 20 and 21
exhibitedmuch lower potency than 14 inbothbiochemical and cellular
assays, indicating that both chlorines are important for potency.
Moreover, all crystal structures complexed with DEL compounds
confirmed this finding, as p-Cl either forms polar or non-polar
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The Fo-Fc electron density omit map at 3σ is shown with blue mesh. Hydrogen
bonds and hydrophobic interactions are represented by red and blue dash lines,
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interactions with H41 and D87, while o-Cl interacts with the F-benzyl
group of each inhibitor.

We then modified the chirality of the (R)-amino group in R4 by
generating a diastereomer 22 with (S)-NH2. We observed a substantial
loss of inhibition potency, suggesting a specific stereochemistry
requirement for the primary amine.

We found that removal of the R4 amino group was tolerated, as
the corresponding analog 23 (R4 =H) exhibited an IC50 value of
0.07 µM and an EC50 value of 2.3 µM. Interestingly, a better EC50/IC50

ratio (2.3/0.07 = 33) was observed for 23. Compared with 14, which
carries two positive charges at physiological pH due to the primary
amine in R4 and the tertiary amine in R1, 23 only carries one positive
charge. Highly charged small molecules are typically less cell perme-
able, so removal of charge fromDEL7 analogs appeared to be a feasible
approach to improve cellular permeability, as well as cellular antiviral
potency. This is evidenced by the undesirably high EC50/IC50 ratio
observed onhighly chargedDEL7 analogs, including 2 (4.2/0.02 = 210),
15 (1.7/0.01 = 170), and 19 (3.1/0.03 = 103).

We also replaced the nitrile group inR5of 14with an amide group,
but it caused a substantial decrease of inhibition potency (24,
IC50 = 0.3 µM).

Aiming to validate the strategy of restricting net charge in
DEL7 structural optimization, we subsequently modified R1 with neu-
tral groups, as modification of R1 was shown to be more efficient in

improvingDEL7 as compared to other sites.We, therefore, synthesized
25 and 26 (Fig. 8a), elongating the alkyl chain of DEL7 R1 group by
three methylene groups in 26, and incorporating an alkyne in the R1
group of 25. Compared with DEL7 (IC50 = 0.3 µM, EC50 = 3.3 µM) in the
biochemical and cellular assay, 25 (IC50 = 0.1 µM, EC50 = 0.9 µM) and 26
(IC50 = 0.2 µM, EC50 = 0.8 µM) exhibited moderate improvements.

When we further evaluated 25 for inhibition of HCoV-Alpha-229E
and HCoV-Beta-OC43 viral infection in Huh7 or RD cells, we found that
25 effectively blocked viral infection of HCoV-Alpha-229E and HCoV-
Beta-OC43 with EC50 values of 2.5 µM and 3.3 µM, respectively (Sup-
plementary Table 9). The consistent activity of 25 on human cor-
onaviruses in addition to SARS-CoV-2 (EC50 = 0.9 µM) suggested the
potential of developing DEL7 scaffold into a pan-coronavirus inhibitor.

We determined a crystal structure of the 3CL protease with 25, at
resolution 1.81 Å (Fig. 8b, Supplementary Table 10). The electron
density corresponding to 25 is not thehighest among theDEL7 analogs
that we determined; its terminal methyl group does not show
well-defined electron density, despite forming a hydrophobic inter-
action with Cα of G170. This is in line with its moderate potency in
inhibiting the purified protease.

However, to test our hypothesis that cell permeability is the lim-
iting factor for cellular potency, we treated 293 T cells with 10 µM
DEL7, 14, or 25, and quantified each compound’s concentration in cells
using LC-MS. The results suggested that 14, which is doubly charged, is
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much less permeable than DEL7 and 25, which carry only one positive
charge at the primary amine (Fig. 8c). Thus, the alkyne in R1 on 25
allows high cell accumulation. This supports our hypothesis and con-
firms the strategy to optimize analogs with less net charge.

Structural optimization of DEL7 with restrictions on net charge
led to discovery of analogs with improved antiviral potency for
SARS-CoV-2
Aiming to optimize the DEL7 structure into a potent antiviral inhibitor
in cellular context, we prioritized synthesizing DEL7 analogs with
less net charge than 14. This strategy included modification of R1
with neutral groups and substitution of unnecessary charged groups
on compounds exhibiting high potency. We therefore synthesized a
panel of 25 additional analogs of DEL7 (Fig. 9a and Supplementary
Figs. 5, 6).

Compared with DEL7 (IC50 = 0.3 µM, EC50 = 3.3 µM) in the bio-
chemical and cellular assay, 27 (IC50 = 0.1 µM, EC50 = 0.6 µM), 28
(IC50 = 0.02 µM, EC50 = 0.7 µM), 29 (IC50 = 0.04 µM, EC50 = 0.3 µM), and
30 (IC50 = 0.05 µM, EC50 = 1.0 µM) exhibited substantial improvements
(Fig. 9a). All these compounds feature modifications to their R1
groups.

While the alkyl chain of the 25 R1 group is elongated by twomore
methylene groups in 27, the tertiary amine of 14 was replaced by
pyridine to generate 29 and 30, as pyridine is also nitrogen-containing
but neutral at physiological pH (pKa = 5.2). Alternatively, we attempted
to alter the charge of 14 by substituting its tertiary amine with pyrro-
lidine, a cyclic amine. The resulting analog 28 was still a potent 3CL
inhibitor (IC50 = 0.02 µM) but its permeability was only slightly
improved, as it exhibited an EC50/IC50 ratio of 35 (0.7/0.02), which is
the highest among these four compounds. In contrast, when we
modified R1 with neutral groups containing phenyl or ether moieties
to generate 31 or 32, they exhibited the lowest EC50/IC50 ratios of all
DEL7 analogs (0.3/0.5 = 0.6 and 0.4/0.3 = 1.3). Although 31 and 32 only
feature moderate potency in inhibiting the purified protease
(IC50 = 0.5 µM and 0.3 µM, respectively), they exhibited substantial

improvements over DEL7 in the cellular antiviral assay. The correla-
tions between net charge and EC50/IC50 ratio were also reflected in
DEL7 analogs with other modifications of the R1 group, including
imidazole (33), morpholine (34), nitrile (35 and 36), carboxylic acid
(37), and sulfonyl (38 and 39), which further validated this strategy.

In addition to modifying the R1 group, we also attempted to
remove the charged primary amine in the R4 site of 7, initially through
masking it with acyl or sulfonyl groups. We observed a substantial loss
of inhibition potency in the corresponding analogs 40, 41, 42, and 43.
We tested replacement of the primary NH2 with neutral groups OH or
Cl. Analogs with hydroxyl in place of amine, 44 and 45, weremuch less
potent than 7 (IC50 = 0.01 µM) in inhibiting the purified protease
(IC50 = 0.5 µMand 0.6 µM). However, we found that substitution of the
amino group by chloro was tolerated, as the corresponding analog 46
exhibited an IC50 value of 0.01 µM; but it still exhibited a high EC50/IC50

ratio, suggesting modification of R1 is more efficient to develop ana-
logs with improved cellular antiviral potency.

We determined crystal structures of 3CL protease with 27, 28,
29, 30, 31, 32, and 46, at resolution 1.90Å, 1.71 Å, 1.52Å, 1.71 Å,
1.55Å, 1.57Å, and 1.55Å, respectively (Fig. 9b–i, Supplementary
Table 11, 12, 13, 14, 15, 16, 17). Compared with the co-crystal structure
with DEL7, we found that these compounds retained interactions
that DEL7 featured with the active site of the protease, including
the hydrogen bond or polar interactions with H41, H163, E166,
and A191. Similar to what we observed with 14 and 15, the R1 groups
of these compounds were engaged and stabilized by additional
interactions with the active site and the interacting protomer B of the
3CL protease homodimer. Specifically, the alkyl chain in the R1 group
of 46 was anchored by multiple hydrophobic interactions with G170
and surrounding side chains of residues from neighboring protomers.
The pyridine in the R1 group of 29 engaged in π-π interactions with
F305 of protomer B and H64 from a neighboring protease protomer
(C). These additional interactions stabilized the R1 group of these
compounds in the substrate binding site. The electron densities cor-
responding to 29 and30 areamong thehighestof allDEL7 analogs that
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we determined. This is in line with their high potency in biochemical
assays.

For consideration of therapeutic applications, we evaluated the
metabolic stability of DEL7, 27, 29, and 32 in mouse liver microsomes
and observed improvements of 27, 29, and 32 (T1/2 = 11min, 2.5min,
and 14min, respectively) over DEL7 (T1/2 = 0.9min), indicating mod-
ifications of the R1 group can enhance both antiviral potency and the
metabolic stability ofDEL7 (Supplementary Table 18).Whenwe further
evaluated 29 for inhibition of viral replication of the Omicron variant
of SARS-CoV-2 (XBB lineage, hCov-19/USA/CA-Stanford-109_S21/
22 strain) in human Caco-2 cells, we found that 29 fully blocked viral
infection of the Omicron variant, at concentrations as low as 0.1 µM
(Supplementary Table 19).

To summarize the structural optimization of DEL7, we found that
elongation of the alkyl chain of the R1 group with incorporation of
nitrogen-containing groups allows extension beyond the S3 site,
reaching towards the other protomer of the native homodimer of 3CL
protease, engaging additional interactions with the active site and the
interacting protomer, and substantially improving potency for inhi-
biting the purified protease (Supplementary Fig. 7). In addition, net
charges on the R1 group should be eliminated to enhance cell per-
meability and cellular antiviral potency.

Combining both strategies, analog 29 was found to be a potent
3CL protease inhibitor that can efficiently block SARS-CoV-2 replica-
tion in cells, so it may serve as a development candidate for treating
COVID-19 and other coronavirus infections. We have termed this
compoundhermestat, after theGreekdeityHermes,who could rapidly
move between worlds, reflecting the non-covalent nature of this
compound.

Discussion
Since the outbreak of the COVID-19 pandemic, drug repurposing or re-
optimization of known inhibitors has been broadly adopted to search
for treatment. Disadvantages of drug repurposing range from dosing
uncertainty and safety concerns to potential side effects and limited

effectiveness. Re-optimization of known inhibitorsmay be constrained
by specific scaffolds and lead to similar binding mechanisms and
resistance. More importantly, human cells contain 26 selenocysteine
proteins trafficking in different compartments of the cell, particularly
membranes. There is a poor understanding of their specific functions,
as structural information for most of them is unavailable21. For such
proteins with known functions, there is substantial evidence of their
roles in human diseases. As selenocysteine is more reactive than
cysteine towards electrophilic covalent inhibitors, how covalent inhi-
bitorsmay inhibit or alter the functions of these selenoproteins has not
been investigated. Therefore, it is valuable to create non-covalent
inhibitors with diverse scaffolds for viral proteases.

Here, we started a de novo screen to search for non-covalent
inhibitors specifically targeting SARS-CoV-2 3CL protease. The top
screening hit was selected from billions of structurally diverse com-
pounds in a DNA-encoded chemical library (DEL). Distinct from the
covalent 3CL inhibitor nirmatrelvir, these compounds are non-
covalent inhibitors, which feature different and potentially more
favorable profiles. Specifically, optimized analog 29 is among the top
compounds in comparison with the current benchmark SARS-CoV-2
3CL protease non-covalent inhibitors (Table 1) and featured a binding
mode that is distinct from other non-covalent inhibitors9,22–29 (Sup-
plementary Fig. 8). In addition, as direct analogs of the screening hit
DEL7, these compounds inherited the binding mode difference that
DEL7 exhibited in comparison with nirmatrelvir (Fig. 3c, Supplemen-
tary Fig. 2c, 8h). They may, therefore, overcome resistance and
rebound issues reported for nirmatrelvir and complement its clinical
utility.

The optimized DEL7 analogs that we developed are capable of
occupying the substrate-binding site. It is noteworthy that the super-
position of the 12 crystal structures of 3CL proteases from different
coronaviruses shows that the substrate-binding site is highly con-
served among 3CL protease in all coronaviruses5,6. Therefore, opti-
mized DEL7 analogs have the potential to be broadly effective against
emerging variants of SARS-CoV-2 or other coronaviruses.
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25 and 26. A Structures of DEL7 analog 25 and 26, along with their IC50 values
against SARS-CoV-2 3CL protease activity in a biochemical assay and EC50 values
against SARS-CoV-2 viral replication in a Huh7ACE2 cellular viral assay. Structure
differences fromDEL7 are shown in red color.BThe co-crystal structureof 25 (dark
purple) complex. The inhibitor-interacting residues of 3CL protease subunit A
(cyan) and subunit B (green, the other protomer of the 3CL homodimer) are shown

with stick models. The Fo-Fc electron density omit map at 3σ is shown with blue
mesh. Hydrogen bonds and hydrophobic interactions are represented by red and
blue dash lines, respectively. C Cytosolic concentrations of DEL7, 14, and 25 in
HEK293T cells treated with 10 µM of each compound. Data are plotted as the
mean ± s.d., n = 3 biological replicates. Source data are provided as a Source
Data file.
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complex was generated using program APBS42 and rendered in PyMOL.
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Furthermore, optimized DEL7 analogs with elongated R1 groups
were shown to interact with the other protomer of the 3CL native
homodimer. This specific binding mode of optimized DEL7 analogs to
the 3CL protease is different from all other current benchmark SARS-
CoV-2 3CL protease non-covalent inhibitors, as demonstrated by the
clear difference of 29 in a structural overlay of 3CL bound to it and
other non-covalent inhibitors (Supplementary Fig. 8). It has been
reported that only dimeric 3CL protease is catalytically competent30–32.
This is in line with our observation of improved potency in inhibiting
purified protease when we elongated the R1 group of DEL7 to engage
interactions with the other 3CL protomer. Furthermore, we found that
the longer the alkyl chain of R1 group is, the better its inhibition
potency is. This was observed on the series of analog 1 (twomethylene
groups in the alkyl chain, IC50 = 0.07 µM), 2 (threemethylene groups in
the alkyl chain, IC50 = 0.02 µM), 14 (four methylene groups in the alkyl
chain, IC50 = 0.01 µM), and 15 (fivemethylene groups in the alkyl chain,
IC50 = 0.01 µM).

This trend was also observed in the series of 3 (zero methylene
group in the alkyl chain, IC50 = 8 µM) and 4 (two methylene groups in
the alkyl chain, IC50 = 0.6 µM). Analogs 35 (onemethylene group in the
alkyl chain, IC50 = 0.6 µM) and 36 (two methylene groups in the alkyl
chain, IC50 = 0.1 µM) exhibited this trend as well. Together, these data
suggest interactions with the other protomer contributes to the
improvement in inhibition potency. This finding also reveals insights
into the design of drug-like inhibitors targeting both protomers of the
native homodimer of 3CL protease, including length of alkyl chain as a
linker and functional groups that can perturb both protomers. Thus,
the optimized compound hermestat and the insights obtained in its
development may lead to a class of pan-coronavirus, non-covalent
therapeutics that will be valuable for treating current and future cor-
onavirus infections.

Optimization started from DEL7, a hit from DEL screening.
The concept of DEL screening was reported 30 years ago, but was
re-initiated and expanded in the last decade, thanks to the advances
in high-throughput sequencing techniques33. DEL screening requires
no special instruments. Furthermore, parallel DEL selections can be
easily conducted,making it possible to directly compare results across
different conditions. This could conveniently enable selection of
variant-specific binders, or binders that feature different or similar
binding sites to known inhibitors. Indeed, our application of DEL
screening was designed to discover small molecules that bind to the
highly conserved substrate-binding site, which may increase the
chance of discovering pan-coronavirus active inhibitors. In addition,
since strong binders need to be eluted from the target protein before
decoding the DNA label, a canonical DEL screening is suitable for
identifying non-covalently reversible binding compounds. This is in
line with our specific aim to develop non-covalent inhibitors for cor-
onavirus proteases. It is noteworthy thatWU-04 is another potent non-
covalent 3CL protease inhibitor that was also identified from a DEL
screening22 (Table 1). The structure and bindingmode to 3CL protease
of WU-04 are distinct from 29 (Supplementary Figs. 8, 9). Meanwhile,
DELs that contain covalentwarheads have been recently developed for
discovery of covalent inhibitors of target proteins as well34. Together,
these studies provide a roadmap to accelerate the discovery of treat-
ments for future pandemic viruses using DNA-encoded library
screening and structure-based compound optimization for viral
proteases.

Methods
Preparation and synthesis of compounds
GC376 was purchased from Aobious. DNA-encoded chemical library
(DELopen) screening hits (DEL1 - DEL8) were purchased from Wuxi
AppTec, theprovider of theDELopen library. SelectedDEL7 analogs (2,
5, and 10) werepurchased fromchemical vendor Curia. Synthesis of all
other compounds were summarized in the Supplemental Note 1.

Cell line
HT1080, HEK293T, PANC-1, Caco-2, and RD cells were acquired from
ATCC with ATCC catalog number CCL-121, CRL-3216, CRL-1469, HTB-
37, and CCL-136, respectively. Huh7 cell line is a gift from Matthew
Evans, Mount Sinai. Cells were maintained at 37 °C in a humidified
atmosphere with 5% CO2. Cells were confirmed mycoplasma negative
prior to use.

Expression and purification of SARS-CoV-2 3CL protease
SARS-CoV-2 3CL protease with no tag or a C-terminal 6xHis tag was
expressed and purified as previously described4. To utilize Ni-NTA
magnetic beads to pull down 3CL protease and small molecule binders
in the DEL screening, we added the 6xHis tag to the C-terminus of the
previously constructed bacterial expression vector (pGEX-5X-3-SARS-
CoV-2-3CL, Addgene 168457) either directly (e.g., VTFQHHHHHH) or
following a Gly-Pro linker (e.g., VTFQGPHHHHHH) or Gly-Gly-Gly-Ser
linker (e.g. VTFQGGGSHHHHHH) by PCR and Gibson Assembly.
We designed these three different His-tag constructs (with or
without linkers) so that we can test for the most efficient immobiliza-
tion on Ni-NTA magnetic beads and use that construct for the
screening. Although these constructs contain His-tagged, we con-
stantly utilized the GST tag for purification of recombinant protein as
we did on 3CL protein without His-tag. After confirmation by Sanger
sequencing, the constructs were transformed into BL21 (DE3) cells.
Briefly, these cells were grown at 37 °C, 220 RPM until OD 0.6-0.7, and
then induced with 0.5mM IPTG and further incubated at 16 °C, 180
RPM for 10 h. Cells were then pelleted, resuspended in lysis buffer
(20mM Tris-HCl, pH 8.0, 300mM NaCl), sonicated, then ultra-
centrifuged at 25,000 × g for 1 h at 4 °C. This supernatant was incu-
batedwithGlutathione Sepharose resin (Sigma,GE17-5132-01) for 2 h at
4 °C, washed ten times with lysis buffer, then Factor Xa was added and
further incubated for 18 h at 4 °C. Finally, the supernatant was col-
lected, concentrated, and loaded onto a Superdex 10/300 GL column.
Appropriate fractions were pooled and concentrated with a 10 kDa
centrifugal concentrator (Amicon® Ultra Centrifugal Filter, Millipore
UFC9010). Recombinant protein concentration was determined
by Pierce BCA protein Assay Kit (Thermo Fisher, 23225) with BSA
standards.

DNA-encoded chemical library (DELopen) screening for 3CL
binders
Access to DELopen, a DNA-encoded library of 2.8 billion compounds
(as of the screening date), was provided by Wuxi Apptec. We per-
formed the screen against 3CL using the DELopen kit and following
the recommended protocol. To capture 3CL protein onto beads for a
pull-down binding affinity screening, we used His-tagged 3CL and Ni-
NTA magnetic beads. Aiming for an efficient immobilization, we
expressed and purified three types of His-tagged 3CL protein: 3CL-
6xHis with no linker, 3CL-GP-6xHis (GPworks as a linker between 3CL
protein and His tag), and 3CL-GGGS-6xHis. The incorporation of the
6xHis tag was confirmed by Western Blot with 6x-His Tag Mono-
clonal Antibody (1:1000 dilution, Invitrogen, 4E3D10H2/E3, Mouse
Monoclonal, Catalog # MA1-135, RRID: AB_2536841). A bead capture
test was performed to test protein-beads immobilization efficiency.
For each protein, 25 µL HisPur™ Ni-NTA magnetic beads (Thermo
Scientific, #PI88831) were washed with 200 µL Washing Buffer (WB,
provided by DELopen kit) for three times, using a magnetic rack
(DynaMag magnet, Invitrogen, #12321D) to separate beads from the
supernatant. Beads were then suspended with 125 µL Selection Buffer
(SB, provided by DELopen kit), with 25 µL suspended beads collected
as Blank Beads control. 6 µg His-tagged protein was dissolved in
120 µL SB, with 1 µg of each collected as Input control. The remaining
100 µL beads were pulled down, before removal of supernatant and
mixing with the remaining 5 µg His-tagged protein in 100 µL SB. After
an incubation for 30min at 25 °C with gentle rocking, beads were

Article https://doi.org/10.1038/s41467-024-55421-5

Nature Communications |          (2025) 16:152 12

www.nature.com/naturecommunications


pulled down with the magnetic rack, with supernatant collected as
flowthrough. Beads were then washed with 100 µL SB and pulled
down with the magnetic rack, with supernatant collected as Wash.
After resuspension in 100 µL SB, 50 µL was collected as Beads, while
the other 50 µL was incubated at 95 °C for 10min. The heated beads
were pulled down and supernatant was collected as Heated Elution.
Eventually, the remaining beads were resuspended in 50 µL SB and
collected as Heated Beads. The samples collected above were ana-
lyzed with gel electrophoresis and stained with Coomassie Blue
before imaging to confirm protein-beads immobilization efficiency.
3CL-GP-6xHis was eventually used for immobilization onto beads
before screening as we observed the most efficient immobilization
with it on the beads.

In total, we used two DELopen kits. Since each kit provided four
copies of library, to screen for 3CL specific binders, for the first kit,
three copies of the librarywere separately screened against beadswith
3CL protein as biological triplicates while the fourth copy of the library
was screened against the negative control beads with no protein
immobilized. For the second DELopen kit, four copies of the library
were separately screened against beads capturing 3CL alone, 3CL-
GC376 complex, 3CL-Compound 4 complex, or no protein as negative
control. Such screening against protein alone and protein-inhibitor
complex may enable identification of protein binders with same or
different binding modes as the known inhibitors. This is because bin-
ders that share the same binding site as the known inhibitor will bind
less efficiently on theprotein-inhibitor complex than theprotein alone.
In contrast, binders with different binding sites from the known inhi-
bitor will bind to the protein-inhibitor complex and the protein alone
in an indistinguishable manner. Protein-inhibitor complex was pre-
pared by incubating 50μM of the 3CL-GP-6xHis with 500μM of inhi-
bitor in a buffer comprised of 50mMTris-HCl (pH 7.5), 1mM EDTA for
1 h at 4 °C before immobilization onto beads.

Immobilization of His-tagged 3CL or 3CL-inhibitor complex was
performed as described above for the beads capture test, using 20 µL
beads and 5 µgprotein asmaterials for each selection in each round. To
includenegative controls, protein bufferwasused insteadof protein to
prepare vehicle control beads.

Three consecutive rounds of affinity selection were then per-
formed. In each round of affinity selection, the beads for each corre-
sponding condition were mixed with the library solution as dissolved
in 100 µLSB. After an incubation for 1 h at 25 °Cwith gentle rocking, the
beads were pulled down and washed with 200 µL SB buffer for three
times to remove unbound library molecules. The library molecules
bound on immobilized 3CL were released by incubating the SB-
resuspended bead at 95 °C for 10min, before pulling down the beads
and collecting the supernatant. Part of the supernatant was set aside
for future sequencing analysis while the remaining supernatant was
diluted to 100 µL with SB and used as library solution for the next
round of affinity selection. After the third selection, all heated super-
natants were collected as elution for future sequencing analysis.

The samples acquired from affinity selection were returned to
Wuxi AppTec, who performed sequencing to decode the DNA tags on
library compounds to identify top binders. Wuxi AppTec then con-
ducted the off-tag resynthesis for desired 3CL binders, sent us the
resynthesized tag-free compounds for validation, and revealed the
structure information for validated hits.

Measurement of SARS-CoV-2 3CL protease inhibition
The in vitro biochemical activity of the SARS-CoV-2 3CL protease was
measured aspreviously described5: Practically, thefluorogenicpeptide
MCA-AVLQ/SGFR-Lys(DNP)-Lys-NH2, corresponding to the nsp4/nsp5
cleavage site in the virus, was synthesized (GL Biochem), then resus-
pended inDMSO to useas the substrate (slash (/) indicates the position
where the proteolytic cleavage occurs).

Table 1 | Comparison of DV-19-2a with current benchmark SARS-CoV-2 3CL protease non-covalent inhibitors

Compound SARS-CoV-2
3CLpro

IC50 (µM)

SARS-CoV-2 anti-
viral EC50 (µM)

Off-target effects on
human proteases

Pan- Coronavirus
Activity

Resolution of co-crystal
structure with SARS-CoV-
2 3CLpro (Å)

Reference

Analog 29 0.04 0.3 IC50 > 10 µM on a panel
of human proteases

SARS-CoV
MERS-CoV

1.52

S‐217622
(Ensitrelvir)

0.01 0.1 IC50 > 100µM on a panel
of human proteases

SARS-CoV
MERS-CoV
HCoV-OC43
HCoV-229E

1.80
(7VU6)

Journal of Medicinal
Chemistry
20229

WU-04 0.02 0.03 Not determined SARS-CoV
MERS-CoV

1.83
(7EN8)

ACS central science
202322

CCF981 0.05 0.3 Not determined Not determined Not determined Journal of Medicinal
Chemistry
202223

GC-14 0.05 1.0 IC50 > 50µM on a panel
of human proteases

SARS-CoV 1.40
(8ACL)

Journal of Medicinal
Chemistry
202224

JZD-07 0.15 0.82 IC50 > 100µM on a panel
of human proteases

Not determined 1.80
(8GTV)

Signal Transduction and
Targeted Therapy
202325

Compound
11a

102 Not determined Not determined Not determined Not determined Pharmaceuticals
202226

Compound
23R
(Jun8-76-3A)

0.2 1.3 IC50 = 6 µM (calpain 1)
IC50 = 11 µM (cathepsin L)

SARS-CoV 2.60
(7KX5)

Journal of American Che-
mical
Society
202127

ML188 2.5 13 Not determined SARS-CoV 2.39
(7L0D)

Viruses
202128

Compound 7 5.7 40 Not determined Not determined Not determined Bioorganic & Medicinal
Chemistry Letters
202129

Note: Properties equivalent toorbetter thanAnalog29arehighlighted inbold font. Theabove IC50 andEC50values ofAnalog29,S-217622,WU-04,CCF981, andGC-14weremeasured side-by-side in
this study.
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For the measurement of IC50 values, in a 96-well plate, serial
dilutions of the test compound were first prepared in the 3CL assay
buffer (50mM Tris-HCl, pH 7.5, 1mM EDTA). The protease was sub-
sequently added to each well at a final concentration of 20 nM. The
substrate was added at 5 µM, and then fluorescence (Excitation
320 nm, Emission 405 nm) at 30 °C was continuously measured on a
plate reader (Tecan Infinite F200, with the Tecan iControl software
v.1.10) for 10min. Inhibition was then calculated by comparison to
control wells with no inhibitor added (negative control) and with no
protease added (positive control). IC50 values were determined by
fitting data with Log(inhibitor) vs. normalized response curve (the
standard inhibition curve) in GraphPad Prism v10.0.

Chymotrypsin activity assay
Chymotrypsin Assay Kit (Abcam, ab234051) was applied to measure
chymotrypsin activity. Panc-1 cells, which originated from human
pancreas where chymotrypsin is synthesized, were cultured in Dul-
becco’s Modified Eagle Medium (DMEM, Invitrogen, 11965092) sup-
plemented with 10% Fetal Bovine Serum (FBS, Gibco, A4736201) and
penicillin-streptomycin (PS, Invitrogen, 15140122), collected, and lysed
on ice with the chymotrypsin assay buffer provided by the kit. Pierce
BCA protein assay kit (Thermo Scientific, #23225) was applied to
measure the total protein concentration of cell lysates. Lysates of
100 µg total protein was used for each assay on a 96-well plate and
incubated with 10 µM of the test compound for 10min on ice. Chy-
motrypsin activator and fluorogenic substrate were then added to
make a total volume of 100 µL before fluorescence (Ex/Em= 380/
460nm) intensity was subsequentially recorded in a kinetic mode for
30min at 25 °C. Inhibition was calculated by comparison to control
wells with no compound added (negative control) and with no lysate
added (positive control).

Caspase-3 activity assay
Caspase-3 Assay Kit (Abcam, ab39383) was used to measure caspase-3
activity. Casapse-3 of human HT1080 cells was activated by staur-
osporine (STS) using a previously optimized concentration and treat-
ment time (1 µM STS for 9 h)35. 24 h before STS treatment, 5 million
HT1080 cells were seeded in a 150-mm dish with DMEM supplemented
with 10% FBS, non-essential amino acids (Invitrogen, 11140050), and PS.
Cells were then treated with STS, collected, and lysed in the cell lysis
buffer provided by the kit. Pierce BCA protein assay kit was applied to
measure the total protein concentration of cell lysates. Lysates of 15 µg
total protein was used for each assay on a 96-well plate and incubated
with 10 µMof the test compound for 10min on ice. Fluorogenic caspase-
3DEVD-AFC substratewere then added tomake a total volumeof 100 µL
before fluorescence (Ex/Em=400/505nm) intensity was sub-
sequentially recorded in a kinetic mode for 30min at 25 °C. Inhibition
was calculated by comparison to control wells with no compound
added (negative control) and with no lysate added (positive control).

Human protease selectivity panel (including Cathepsin L)
Specific assay condition for each protease in our human protease
selectivity panel is listed in Supplementary Table 20, including sub-
strate, buffer, and fluorescence wavelengths. In general, protease was
incubated with the test compound for 20min before addition of
fluorogenic substrate to initiate the reaction. Fluorescence intensity
was then monitored over 2 h with 5min interval. Inhibition was then
calculated by comparison to control wells with no inhibitor added
(negative control) and with no protease added (buffer only as positive
control). Known inhibitor for each tested protease (listed in Supple-
mentary Table 20) was included side-by-side to validate the assay. The
slope of the linear portion of the fluorescence curve over time was
calculated usingMicrosoft Excel (v16.35). IC50 values were determined
by fitting an asymmetric sigmoidal curve to the data (GraphPad
Prism, v10.0).

Mass spectrometry of protein-inhibitor complexes
To demonstrate the non-covalent binding mechanism of DEL7 to 3CL
protease and exclude irreversible covalent binding, 50μM 3CL pro-
tease was incubated with 500μM DEL7 or DMSO (negative vehicle
control) in the 3CL assay buffer for 1 h at 4 °C before mass spectro-
metry analysis. Irreversible covalent inhibitor Compound 4 was used
as a positive control. To further exclude reversible covalent
binding, 50μM 3CL protease was first incubated with 50μM DEL7
or DMSO (negative vehicle control) in the 3CL assay buffer for 1 h at
4 °C, before a complete buffer exchange to remove non-covalently
bound inhibitor. Reversible covalent inhibitor GC376 was used as a
positive control, which will not be removed by buffer exchange after
covalent binding to 3CL. 500 µM of Compound 4 was then added to
modify 3CL via an incubation for 1 h at 4 °C before mass spectrometry
analysis.

Bruker ultrafleXtreme Matrix-Assisted Laser Desorption/Ioniza-
tion Time-of-Flight (MALDI-TOF) was applied for mass spectrometry
analysis. The matrix solution 10mg/ml sinapinic acid in 70:30 water/
acetonitrile with 0.1% TFA was freshly prepared. 1 µL of the above
samples was mixed with 9 µL of the matrix solution, before 1 µL of the
final mix was analyzed by MALDI-TOF in biological replicates after air
dry. MALDI-TOF spectra of ligand-free 3CL was used as control to
determine the mass shift. MALDI spectra were collected with the
software flexControl (v3.4) under default settings for protein/peptide
analysis (linear positive 5k–50k with a 2 kHz firing rate), while MALDI
data were analyzed by flexAnalysis (v3.4).

Mammalian cell-based assay to identify coronavirus protease
inhibitor (SARS-CoV, SARS-CoV-2, and MERS)
Expression constructs of SARS-CoV, SARS-CoV-2, or MERS 3CL pro-
tease (Twist Biosciences) were cloned into pLEX307 backbone
(Addgene #41392) using Gateway LR II Clonase Enzyme mix (Invitro-
gen, 11791020) and transformed into NEB 10-beta high-efficiency
competent cells. DNA plasmids were isolated with miniprep buffers
(Omega Biotek, D6942-01) and silica membrane columns (Biobasic,
SD5005) before verification by Sanger sequencing (Genewiz). Acqui-
sition of these plasmids was also described previously20.

HEK293T cells were seeded in DMEM supplemented with 10% FBS
and PS at approximately 70% confluency into poly-D-lysine-coated 24-
well plates, which were coated with 1mg/mL poly-D-lysine in PBS for
30min andwashedwith PBSbefore seeding. 24 h post seeding, 500ng
of 3CL protease expression plasmids incubated with Opti-MEM and
Lipofectamine 2000 for 30min at room temperature were added to
the cells for transfection. 20 h after transfection, cells were collected
and homogenized with 200μL Trypsin for each well. 9μL of the cell
slurry was then seeded into each well of a poly-D-lysine-coated 96-well
plate in 100μL of media and treated with test compound (or DMSO as
negative control) and 1μg/mL puromycin (to select for the transfected
cells) for 48h.

The cells were then washed once with PBS before incubation with
50μL crystal violet staining solution (0.5% w/v crystal violet in 80%
water and 20% methanol) with gentle rocking for 30min. The
cells were then washed four times with water and left to dry for 4 h.
200μL of methanol was then added for stain extraction via a gentle
rocking for 30min under parafilm seal. 100μL of the solution was
transferred to another 96-well plate for reading 595 nm absorbance
in a Tecan Infinite F50 plate reader with the software of Tecan
iControl (v.1.10).

Measurement of SARS-CoV-2 viral inhibition in Huh7ACE2 cells
SARS-CoV-2 inhibition was tested as previously described10,36, using a
recombinant SARS-CoV-2 (USA-WA1/2020 strain) in which the ORF7a
was replaced with a NanoLuc reporter gene37 (gift of Luis Martinez-
Sobrido). Huh7ACE2 cells (Huh7 cells overexpressing humanACE2) were
produced previously4.
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Briefly, 24 h prior to the experiment, 20,000 Huh7ACE2 cells were
seeded in 96-well plates in complete media (DMEM+ 10% FCS +
penicillin/stremptomycin). The next day, test compoundswere serially
diluted in complete media and added as appropriate to wells in tri-
plicate, alongwith0.05MOI of virus perwell. Plateswere incubated for
a further 24 h, and then cells were lysed and the luciferase activity was
quantified using the Nano-Glo® Luciferase Assay System (Promega)
according to themanufacturer’s instructions. Inhibitionwas calculated
by comparison to control wells which were uninfected or infected but
untreated. EC50 values were then determined by fitting nonlinear
regression curves to the data using GraphPad Prism v10.0. All experi-
ments were conducted in a biosafety level 3 (BSL-3) lab.

Measurement of cytotoxicity
24 h prior to test compound treatments, 1000 Huh7ACE2 cells were
seeded into each well of a 384-well plate. On the next day, the cells
were treated with a two-fold dilution series of test compounds (from
10 µM) and vehicle (DMSO as a negative control) for 48 h. CellTiter-Glo
assay reagent (Promega) was added to each well and incubated at
room temperaturewith gentle shaking for 10min before luminescence
wasmeasured in a Tecan Infinite F50 plate reader with the software of
Tecan iControl (v.1.10). After normalization to theDMSOcontrol, dose-
response curves were analyzedwith Prism software (GraphPad, v10.0).

Crystallization, data collection, and structure determination
For crystallization of 3CL protease in complex with inhibitors, we
incubated 50μM 3CL with 500μM of each inhibitor in the 3CL
assay buffer for 1 h at 4 °C, before concentrating it to 5mg/mL using
an ultra-centrifugal filter with 10 kDa molecular weight cutoff (Milli-
pore, UFC5010). With assistance from the High-Throughput Crystal-
lization Screening Center of the Hauptman-Woodward Medical
Research Institute (HWI) (https://hwi.buffalo.edu/high-throughput-
crystallization-center/), we acquired optimal crystallization condi-
tions for 3CLwithDEL7.We reproduced the crystallization condition in
house using under oil micro batch method at 4 °C and acquired crys-
tals of 3CL in complex with DEL7. We used these crystals subsequently
as seeds for growing crystals of 3CL in complex with all other DEL7
analogs as summarized below.

Block-like crystals of 3CL in complexwith inhibitorsDEL2, DEL7, 1,
2, 14, 15, 16, 17, 25, 27, 28, 29, 30, 31, 32, and 41were grown using two
crystallization reagents comprising either 0.1M potassium thiocya-
nate, 0.1M sodium acetate (pH 5), and 20% (w/v) PEG 8000 or 0.1M
sodium phosphate monobasic, 0.1M MES (pH 6), and 20% (w/v) PEG
4000 with protein to crystallization reagent ratio of 2 (or 3):1 µl. All
crystals were subsequently transferred into a similar crystallization
reagent that was supplemented by 20% (v/v) ethylene glycol or gly-
cerol and flash-frozen in liquid nitrogen. A native dataset was collected
on each crystal of the protein-inhibitor complex at two NE-CAT
beamlines, 24-ID-C and 24-ID-E, of Advanced Photon Source in Lem-
ont, IL and NSLSII beamlines, AMX, and FMX, of Brookhaven National
Laboratory throughNECATBAGusers. Crystals of 3CL in complexwith
inhibitors DEL2, DEL7, 1, 2, 14, 15, 16, 17, 25, 27, 28, 29, 30, 31, 32, and
46 diffracted the X-ray beam to resolution 1.75 Å, 1.69 Å, 2.46 Å, 1.56Å,
1.55Å, 1.67 Å, 1.51 Å, 1.72 Å, 1.83 Å, 1.78 Å, 1.71 Å, 1.52 Å, 1.51 Å, 1.52 Å,
1.44 Å, and 1.79 Å, respectively. The images were processed and scaled
in space group C2 using XDS (Version February 5, 2021)38. The struc-
ture of each protein-inhibitor complex was determined by molecular
replacement method using MOLREP (v11.0)39 program and crystal
structure of 3CL in complex with GC376 (PDB id: 7JSU) as a search
model. After generating a 3D model of each inhibitor using Maestro
(Schrödinger Suite, version 2019-1), the LigPrep program of Maestro
was used to generate all potential tautomers (isomers) of each inhi-
bitor using default values for OPLS4 force field and ionization states
(pH 7.4 ± 2.0). In all cases, Maestro produced several tautomers for
each inhibitor. Using program XtalView (v4-1)40, the best plausible

hydrogenated tautomer of each inhibitor was then manually docked
into the difference (Fo-Fc) electron densitymap, whichwas created for
each inhibitor after structure determination. Next, Phenix (v1.17.1-
3660) elbowwasused to generate aCIF file for each inhibitor, followed
by editing all bond distances of each inhibitor according to those
generated by Maestro. The structure of 3CL with each inhibitor was
refined using Phenix41. For covalent inhibitors with an oxygen atom
bridging sulfur of C145 and the primary amine of the inhibitors, a
covalent 3D model was produced for each inhibitor with C145, fol-
lowed by manual docking of each inhibitor. All 3CL-inhibitor com-
plexes were crystallized in space group C2 with one protomer and one
inhibitor in asymmetric unit of the crystal. The crystallographic sta-
tistics are shown in Supplementary Tables 21–24. Given that majority
of these structures is at resolution 2 Å or higher, we looked at each
inhibitor electron density map at 1-3 σ. If an inhibitor has a complete
electron density map throughout its structure at 2 σ, we consider it a
strong interactor. Whereas electron density map that is only complete
at 1 σ was considered relatively week at this resolution range. The
electrostatic surface (KbT/e = ±5.0) of 3CL-inhibitor complex shown in
the figures was generated using program APBS42 and rendered in
PyMOL (v2.3.4).

Computational docking of 3CL inhibitors for inhibitor
optimization
Ligand docking was performed in Maestro (Schrödinger Suite). As a
standardized procedure, all compounds were first prepared for in
silico docking in the OPLS4 force field by the LigPrep program within
Maestro. Possible ionization states at pH 7.0 ± 2.0 and potential tau-
tomers were all generated. The co-crystal structure of 3CL with DEL7
that we determined in this study was used as the receptor for docking.
Protein preparation wizard of Maestro was applied to preprocess and
refine the protein structure in the OPLS4 force field, before generation
of the receptor grid. The DEL7 ligand in the co-crystal structure was
used to define the centroid of docking site before being excluded from
the grid generation. Ligand docking with extra precision was per-
formed by the Glide program within Maestro. The docking was con-
strained to restrict docking to a reference position defined by DEL7 in
the binding site of the co-crystal structure with 0.1 Å tolerance and
intramolecular hydrogen bonds rewarded. Top docking score for each
compound is reported, for which a lower value indicates a higher
binding affinity. For example, a compound with a docking score of −8
is predicted to bind to 3CLwith higher affinity than a compoundwith a
score of −5. The scores of compounds were used to guide the medic-
inal chemistry optimization of DEL7.

Surface plasmon resonance (SPR) binding assay
The binding affinity of inhibitors for 3CL was assayed using the SPR-
based Biacore X100 instrument (Cytiva). His-tagged 3CL (3CL-GP-
6xHis inwhichGP is a linkerbetween3CLandHis-tag)was immobilized
on a CM5 sensor chip by using His Capture Kit (Cytiva, #28995056)
under standard condition at 25 °Cwith runningbufferHBS-EP+ (10mM
HEPES, pH 7.4, 150mM NaCl, 3mM EDTA, and 0.05% v/v surfactant P-
20). A reference flow cell was activated and blocked in the absence of
3CL. The 3CL immobilization level was fixed at 1000 response units
(RU), and then different concentrations of inhibitors were serially
injected into the channel to evaluate binding affinity. Between injec-
tions of inhibitors of different concentrations, regeneration of sensor
chip was performed by washing with the regeneration buffer (20mM
glycine, pH 1.5) provided by the same His Capture Kit (Cytiva,
#28995056). The equilibrium dissociation constant (KD) of the inhibi-
torswasobtainedbyfitting binding responseunits to theHill equation.

Microsome stability assays
1 µM test compounds or control compounds was incubated with
0.5mg/ml liver microsomes (human or CD-1 mouse) in PBS
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supplementedwith anNADPH regenerating system (Promega) at 37 °C
under gentle rotation. 10 µL of the mixture was added into 90 µL ice-
cold acetonitrile that contains an internal standard. We quantified the
level of test compounds or control compounds in the samples using
the software of MassLynx (v4.2) to set up a gradient of 23–100% B (A:
water + 0.2% formic acid, B: 4:1 methanol/isopropanol) in ESI+ mode
on a LC-MS equipped with a Waters H-Class Plus UPLC (Acquity UPLC
BEH C18, 2.1 × 50mm, 1.7 µm) connected to a Xevo G2-XS QTOF mass
spectrometer.

Cell permeability assay
For each 3CL inhibitor, HEK-293T cells were seeded at 1 million cells
perwell into 6wells of a 6-well plate and incubated overnight. The cells
were then treated with 10 µM 3CL inhibitors on the next day. To
measure whole-cell average concentration of the 3CL inhibitor, after
4 h incubation with the inhibitor, 3 wells of cells were separately har-
vestedwith trypsin (Invitrogen, 25200-114), pelleted, washedwith PBS,
and counted on a Vi-Cell XR Cell Viability Analyzer (Beckman Coulter).
The average diameter of cells was also recorded by the analyzer.
Number of cells and the average diameter were used to calculate the
total volume of cells from each volume, assuming that cells are sphe-
rical in suspension state. Half of the cells from each well were pelleted
separately at 3000 rpm for 3min, after which the PBS was removed
and the pellet frozen at −80 °C overnight. The cell pellets were
defrosted on the next day and 500 µL of methanol was added to each
pellet. The suspension was sonicated for 10 s and the compound was
extracted overnight at 4 °C. The samples were spun at 1400g for
75min at 4 °C, and the supernatant (250 µL) was withdrawn and
transferred to 3 sample vials with insert. The samples were analyzed by
LC-MS to determine whole-cell concentration of the compound.

Tomeasure the cytosolic concentrationof 3CL inhibitors, after 4 h
incubation with the inhibitor, cell culture media were removed
from the other 3 wells and then 1mL solution of 20 µg/mL digitonin
in PBS was added to each of the 3 wells to permeabilize the cell
membrane to release cytosol fraction but not organelles nor nuclear.
It is noteworthy that 1mL of solution (digitonin) was used here on
each well while 0.5mL of solution (methanol) was used above on half
cells fromeachwell to enable a side-by-side comparison. The plate was
kept at room temperature (25 °C) for 5min before shaking on ice for
30min on an orbital shaker. 500 µL of solution from each well and
analyzed by LC-MS to determine cytosolic concentration of the com-
pound. UPLC-MS analysis was performed on Synapt G2-XS (Waters
Corp., U.K) mass spectrometer, equipped with an electrospray ioni-
zation source. Chromatographic separation was performed by inject-
ing 1 µLof the sample onto anAcquity Premier BEHC18 column (1.7 µm,
2.1 × 50mm) maintained at 50 °C, over a 3min gradient. The flow rate
was maintained at 0.5mL/min. The initial flow conditions were 50%
solvent A (water containing 0.1% formic acid) and 50% solvent B
(methanol containing 0.1% formic acid) and the gradient was held for
0.25min. Solvent B was raised to 100% by 1min and returned to the
initial condition by 2.00min, and the column was equilibrated for
additional 1.00min. The data were acquired in positive ionization
mode, over a mass range of m/z 50–1000, using the following para-
meters—capillary voltage of 0.5 kV, sampling cone voltage of 32 V,
source temperature of 120 V, desolvation temperature of 400 °C and
desolvation gas flow rate of 800 L/h. Leucine enkephalin (m/z 556.2771
[M+H]+) was used as a lock mass via lockspray interface for mass
accuracy. The compound concentration in each sample was deter-
mined using QuantLynx of MassLynx (Waters, v4.2) with a standard
calibration curve of each compound. In particular, the base peak
chromatogram at m/z 598.17 (corresponding to [M+H]+ of DEL7),
683.26 (corresponding to [M +H]+ of 7), or 622.17 (corresponding to
[M+H]+ of 18) with a width of ±0.02 was integrated and peak area was
quantified.

Measurement of HCoV-Alpha-229E, HCoV-Beta-OC43, and SARS-
CoV-2 (Omicron variant) viral inhibition
Huh7 (for HCoV-229E), RD (for HCoV-OC43), and Caco-2 (for Omicron
variant of SARS-CoV-2) cells were seeded in Minimum Essential Med-
ium (MEM) supplemented with 2% FBS and 50-µg/ml gentamicin at
approximately 90% confluency into 96-well plates. 24 h post seeding,
the test compoundorDMSO (as vehicle negative control) was added at
a serial diluted concentrations in triplicates. EIDD-1931 was used as a
positive drug control in addition to an untreated and uninfected
positive control. 0.003 MOI of HCoV-Alpha-229E or HCoV-Beta-OC43,
or SARS-CoV-2 (XBB lineage, hCov-19/USA/CA-Stanford-109_S21/
22 strain) at 50 CCID50 (50% cell culture infectious dose) was also
added to the cells. When >80% CPE (virus-induced CytoPathic Effect)
wasobserved in infected cells treatedwithDMSO, all cells were stained
with 0.011% neutral red for 2 h at 37 °C before a wash with PBS. 50%
Sorensen’s citrate buffer and 50% ethanol was added for an incubation
of 30min before reading 540 nm absorbance in a Tecan Infinite F50
plate reader with the software of Tecan iControl (v.1.10).

Statistical information
The data reported in this study represent the mean and s.d. of at least
three independent experiments measured in triplicate, unless other-
wise stated in the figure legend.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Structural data for the SARS-CoV-2 3CLprotease in complexwithDEL2,
DEL7, 1, 2, 14, 15, 16, 17, 25, 27, 28, 29, 30, 31, 32, and 46 were
deposited in the Protein Data Bank (PDB), with accession codes PDB
IDs: 8UDJ, 8UDF, 8UDQ, 8UDW, 8UDP, 8UDO, 8UDM, 8UDX, 8UDY,
8UEG, 8UEI, 8UEA, 8UEB, 8UEH, 8UEF, and 8UE0. Publicly available
dataset used in this study is the crystal structure of SARS-CoV-2 3CL
protease without any ligand or in complex with GC376, compound 4,
nirmatrelvir, S-217622, WU-04, GC-14, JZD-07, Compound 23 R, and
ML188, with accession code PDB IDs: 7JST, 7JSU, 7JT7, 7U28, 7VU6,
7EN8, 8ACL, 8GTV, 7KX5, and 7L0D. All other data generated in this
study are provided in the Supplementary Information, and are avail-
able upon request from the corresponding author. Source data are
provided with this paper.
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