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Design of quinoline SARS-CoV-2 papain-like
protease inhibitors as oral antiviral drug
candidates

Prakash Jadhav1,7, Xueying Liang2,7, Ahmadullah Ansari 3,4,7, Bin Tan 1,7,
Haozhou Tan1, Kan Li 1, Xiang Chi 2, Alexandra Ford 5,
Francesc Xavier Ruiz 3,4 , Eddy Arnold3,4 , Xufang Deng2,6 &
Jun Wang 1

The ever-evolving SARS-CoV-2 variants necessitate the development of addi-
tional oral antivirals. This study presents the systematic design of quinoline-
containing SARS-CoV-2 papain-like protease (PLpro) inhibitors as potential oral
antiviral drug candidates. By leveraging the recently discovered Val70Ub

binding site in PLpro, we designed a series of quinoline analogs demonstrating
potent PLpro inhibition and antiviral activity. Notably, the X-ray crystal struc-
tures of 6 lead compounds reveal that the 2-aryl substitution can occupy either
the Val70Ub site as expected or the BL2 groove in a flipped orientation. The in
vivo lead Jun13296 exhibits favorable pharmacokinetic properties and potent
inhibition against SARS-CoV-2 variants and nirmatrelvir-resistant mutants. In a
mouse model of SARS-CoV-2 infection, oral treatment with Jun13296 sig-
nificantly improves survival, reduces bodyweight loss and lung viral titers, and
prevents lung tissue damage. These results underscore the potential of qui-
noline PLpro inhibitors as promising oral SARS-CoV-2 antiviral candidates,
instilling hope for the future of SARS-CoV-2 treatment.

The COVID-19 pandemic has accelerated antiviral and vaccine
development1. Drug repurposing was the primary strategy early in the
pandemic, but genuinely new strategies have also emerged2,3. One of
the ultimate goals is to develop broad-spectrumoral antivirals that can
be used to prevent and treat pathogens with pandemic potential4.
Priorities have been given to conserved viral targets, including poly-
merases and proteases. The SARS-CoV-2 RNA-dependent RNA poly-
merase (RdRp) inhibitors remdesivir and molnupiravir are known to
have broad-spectrum antiviral activities against viruses in different
families. For example, remdesivir, developed initially against the
hepatitis C virus, has well-documented antiviral efficacy against

filoviruses (e.g., Ebola, Marburg), coronaviruses (e.g., MERS-CoV,
SARS-CoV, and SARS-CoV-2), Pneumoviridae (e.g., respiratory syncytial
virus), and paramyxoviruses (e.g., Nipah, Hendra, measles, and
mumps)5,6. Molnupiravir is effective against influenza viruses and
coronaviruses7. Similarly, the SARS-CoV-2 main protease (Mpro) inhi-
bitor nirmatrelvir has broad-spectrum antiviral activity against SARS-
CoV, MERS-CoV, SARS-CoV-2, and common human coronaviruses
HCoV-OC43, 229E, NL63, and HKU18,9. Additional antivirals with alter-
native mechanisms of action are needed to combat viruses for which
no antivirals are available or for which drug resistance issues with
current antivirals are associated.
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Structurally disparate compounds have been developed as SARS-
CoV-2 Mpro inhibitors through high-throughput screening (HTS),
fragment-based and structure-based design1,10. Paxlovid, a combination
of the Mpro inhibitor nirmatrelvir and metabolic enhancer ritonavir, is
approved by the FDA9. Ensitrelvir is a noncovalent Mpro inhibitor
approved in Japan and Singapore11. Several additional Mpro inhibitors are
at different stages of clinical trials, including Pfizer’s second-generation
inhibitorPF-07817883 (Ibuzatrelvir)12 andMerck’sMK-784513. Mutations
have emerged in Mpro among circulating strains14, including the pre-
dominant mutation P132H15. Fortunately, the P132H mutant remains
sensitive tonirmatrelvir15, anddrug-resistant variants have yet to become
prevalent in the clinic. Nevertheless, nirmatrelvir-resistant mutants have
been identified from in vitro viral passage and enzymatic assay
experiments16–19. TheMpro L50F/E166A/L167F triplemutant isofparticular
concern as the corresponding recombinant virus showed a high level of
drug resistance while maintaining similar fitness of replication in cell
culture and animals19,20. The Nsp5-L50F/E166V mutant was found in an
immunocompromised human patient who underwent prolonged Pax-
lovid treatment21.

The SARS-CoV-2 papain-like protease (PLpro) is the secondcysteine
protease expressed by SARS-CoV-2 in addition to Mpro during viral
replication. PLpro is part of the non-structural protein 3 (nsp3) and
cleaves viral polyproteins at the nsp1/2, nsp2/3, and nsp3/4 junctions22.
PLpro also has deubiquitinase and deISGylase activities and cleaves
ubiquitin and ISG15 conjugates from host proteins, a mechanism to
antagonize host immune responses23,24. Since the COVID-19 pandemic,
the interest in developing PLpro inhibitors has resurged, and several
PLpro inhibitors have been identified from HTS, drug repurposing, and
virtual screening25. PLpro is a cysteine protease with shallow S1 and
S2 substrate binding sites (corresponds to Gly-Gly in substrates)22,

which accounts for the challenges in designing covalent and non-
covalent PLpro inhibitors26. The noncovalent naphthalene compound
GRL0617 and its analogs are the major PLpro inhibitors with a validated
mechanism of action25,27. Our recent study revealed a first-in-class
rationally designed noncovalent inhibitor Jun12682 showing in vivo
antiviral efficacy in a mouse model of SARS-CoV-2 infection28.
Jun12682 binds to the same site as GRL0617 in the blocking loop 2
(BL2) region. In addition, Jun12682 extends to apreviously unexplored
binding site, Val70Ub, which accounts for its high potency.

In this work, we design a series of quinoline analogs to similarly
target the Val70Ub site. TheX-ray crystal structures of PLpro with six lead
compounds reveal interesting findings: while five compounds,
Jun13317, Jun13306, Jun13307, Jun13308, and Jun13296 have their
2-aryl substituent occupying the Val70Ub site as expected, Jun12665
adopts a flipped orientation with the 2-pyrazolyl substitution fitting in
the BL2 groove site. The in vivo lead Jun13296 displays more potent
enzymatic inhibition and antiviral activity than the previously reported
biarylphenyl inhibitor Jun12682. In a SARS-CoV-2 infection mouse
model, oral treatment of Jun13296 displays improved in vivo antiviral
efficacy than Jun12682. Collectively, Jun13296 represents a promising
PLpro antiviral drug candidate for further development.

Results
Design of quinoline SARS-CoV-2 PLpro inhibitors
We recently designed a covalent inhibitor, Jun11313, showing potent
enzymatic inhibition with an IC50 of 0.12 µM28. The X-ray crystal
structure of PLpro-Jun11313 (PDB: 8UVM) uncovered a previously
unexplored drug binding site, Val70Ub, which accommodates the Val70
and Leu71 side chains from ubiquitin as well as the thienyl substituent
in Jun11313 (Fig. 1a). Superposition of the X-ray crystal structures of

Fig. 1 | Design of quinoline SARS-CoV-2 PLpro inhibitors. a Superposition of the
X-ray crystal structures of SARS-CoV-2 PLpro with Jun11313 (green) (PDB: 8UVM)
andubiquitin (orange) (PDB: 6XAA).b Superpositionof theX-ray crystal structures

of SARS-CoV-2 PLpro with Jun11313 (green) (PDB: 8UVM) and GRL0617 (yellow)
(PDB: 7JRN). c Design of the quinoline PLpro inhibitors based on Jun11313 and
GRL0617. Source data of (c) are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-56902-x

Nature Communications |         (2025) 16:1604 2

www.nature.com/naturecommunications


SARS-CoV-2 PLpro with Jun11313 (green) (PDB: 8UVM) and GRL0617
(yellow) (PDB: 7JRN) (Fig. 1b) suggests that the benzene ring in
Jun11313 can be expanded to naphthalene to engage additional
hydrophobic interactionswith residues in the BL2 loop region (Fig. 1c).
For the convenience of installing various aromatic substitutions to
target the Val70Ub binding site, we replaced the naphthalene ring with
quinoline in our inhibitor design (Fig. 1c). In addition, a terminal
positively charged amino group is added at the meta-position of the
benzoic acid through a linker to bridge the electrostatic interaction
with Glu167. Previous studies have shown that this design strategy
improves the binding affinity of PLpro inhibitors28,29. The position of the
linker attachment and the types of linkers chosen for the design were
informed by previous structure-activity relationship results and the
molecular docking results of the virtual library of designed
compounds28–30.

Guided by the design hypothesis illustrated in Fig. 1c, we initiated
a stepwise lead optimization on the quinoline PLpro inhibitors (Fig. 2,
Supplementary Fig. 1). We first fixed the amine substituent and
explored 2-aryl substitutions in the quinoline (Supplementary Fig. 1a),
followed by varying the amine substituents (Supplementary Fig. 1b, c).
A virtual library sharing the common scaffold, as shown in Fig. 1c, was
created and docked in PLpro using Schrödinger Glide’s extra precision.
Prioritized hits were then synthesized and tested in the Förster reso-
nance energy transfer (FRET) enzymatic assay using the FRET substrate
containing the viral polyprotein nsp2/3 cleavage sequence and cyto-
toxicity assay in Vero E6 cells. Promising leads were tested in the PLpro

FlipGFP assay, a cell-based PLpro-specific protease assay that correlates
well with antiviral activity31,32. Next, the leads were tested in the SARS-
CoV-2 antiviral assay in the Caco-2-ACE2-TMPRSS2 cell line and pro-
filed for mouse liver microsomal stability (T1/2). Representative potent
lead compounds are shown in Fig. 2. The biarylphenyl PLpro inhibitor
Jun12682was included as apositive control (Fig. 2a)28. Thienyl, furanyl,
thiazole, pyrazole, and pyridine substituents were all tolerated at the
2-aryl position (Supplementary Fig. 1a), suggesting the Val70Ub site can
accommodate a diverse set of aromatic substituents through hydro-
phobic interactions. This result is consistent with the previous
structure-activity relationship (SAR) result of the biarylphenyl series of
inhibitors28. Compounds with pyrazole substituents, including
Jun12315, Jun1285, Jun12226, and Jun1275, had potent enzymatic
inhibition (IC50 = 0.19–0.25 µM) and low cytotoxicity
(CC50 = 63.1–146.3 µM). Jun12665 had potent enzymatic inhibition
(IC50 = 0.14 µM,Ki = 32.1 nM), but displayed weak cellular activity in the
FlipGFP assay (EC50 = 32 µM), possibly due to poor membrane perme-
ability. Next, we examined different amine substitutions (Supplemen-
tary Fig. 1b, c). Nine lead compounds had potent enzymatic inhibition,
including the pyrrolidine analogs Jun13306 (IC50 = 0.18 µM,
Ki = 25.8 nM) and Jun13307 (IC50 = 0.16 µM, Ki = 25.4 nM), the azetidine
analogs Jun1393 (IC50 = 0.28 µM, Ki = 45.0nM) and Jun13338
(IC50 = 0.17 µM, Ki = 39.6 nM), the piperazine analogs Jun13126
(IC50 = 0.27 µM, Ki = 64.8 nM), Jun13317 (IC50 = 0.20 µM, Ki = 47.4 nM),
and Jun13308 (IC50 = 0.14 µM, Ki = 19.3 nM), the 3,8-diazabicyclo[3.2.1]
octane analog Jun13296 (IC50 = 0.13 µM, Ki = 8.8 nM), and the

Fig. 2 | Representative quinoline SARS-CoV-2 PLpro inhibitors. a Chemical
structure and in vitro activities of Jun12682, Jun12665, and Jun13338. b Chemical
structures and in vitro activities of quinoline analogs with diverse amine sub-
stituents. IC50, half maximal inhibitory concentration in the FRET enzymatic assay;
Ki, inhibitory constant in the FRET enzymatic assay; CC50: half maximal toxicity

concentration in Vero cells, CC50 values are mean ± S.D. of three technical repeats;
EC50, half maximal effective concentration in the FlipGFP and antiviral assays, EC50

values are mean ± standard deviation of three technical repeats; T1/2, half-life in
mouse liver microsomal stability assay. Source data are provided as a source
data file.
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octahydropyrrolo[3,4-c]pyrrole analog Jun13556 (IC50 = 0.19 µM,
Ki = 63.7 nM) (Fig. 2). The positive control Jun12682 had an antiviral
EC50 of 1.0 µM. Seven compounds showed comparable or enhanced
antiviral potency, including Jun13306 (EC50 = 0.9 µM), Jun13307
(EC50 = 0.6 µM), Jun13126 (EC50 = 1.0 µM), Jun13308 (EC50 = 0.5 µM),
Jun13296 (EC50 = 0.1 µM), Jun1393 (EC50 = 0.4 µM), and Jun13556
(EC50 = 0.7 µM). Among the list of analogs, Jun13296 is themost active
lead compound with an antiviral EC50 value of 0.1 µM, a 10-fold
improvement compared to Jun12682 (EC50 = 1.0 µM). The potent
antiviral activity of Jun13296 correlates with its high enzymatic inhi-
bitory activity (IC50 = 0.13 µM, Ki = 8.8 nM) and cellular PLpro inhibitory
activity in the Flip-GFP assay (EC50 = 1.5 µM). Selective compounds
were profiled for mouse liver microsomal stability to prioritize lead
candidates for the in vivo PK and antiviral efficacy studies. Jun12665,
Jun13126, Jun13308, and Jun13296 showed the highest microsomal
stability (T1/2 > 100min).

In vivo pharmacokinetic (PK) properties of quinoline SARS-CoV-
2 PLpro inhibitors
Eight compounds were selected for in vivo oral snapshot PK studies in
mice based on their antiviral activity and mouse liver microsomal
stability (Fig. 2, Supplementary Fig. 1). Compounds were formulated in
0.5% methylcellulose and 2% Tween 80 in water and dosed in 3 male
C57BL/6J mice through oral gavage. Blood samples were collected
from the tail vein at 0.5, 1, 3, and 5 h to quantify plasma drug con-
centrations by LC-MS/MS. Jun13306, Jun13317, Jun13338, and
Jun13126 had fast absorption and reached the maximum plasma
concentrations at the first time point of 0.5 h (Fig. 3a, b). In contrast,
Jun13308 and Jun13296 absorbed relatively slower and reached the
maximum plasma concentrations at 3 h. Jun13296 displayed the
highest drug concentrations at 3 h (3530 ng/mL) and 5 h (3040 ng/mL)
and was thus selected for a 24 h in vivo PK study to determine the oral

bioavailability. Interestingly, both the intravenous (i.v.) andper os (p.o.,
oral) administrations of Jun13296 showed a biphasic drug exposure
pattern (Fig. 3c). Following p.o. administration at 50mg/kg, Jun13296
reached the peak plasma concentration (Cmax) of 6,957ng/mL at 2 h,
followed by a decline to 664 ng/mL at 4 h, and an increase to 2413 ng/
mL at 8 h. Similarly, for the i.v. administration at 10mg/kg, the drug
concentrations decreased from 3553 ng/mL at 0.25 h to 1527 ng/mL at
2 h, followed by an increase to 5637 ng/mL at 4 h. The half-lives (T1/2)
were 2.4 h and 3.4 h for i.v. and p.o. administrations (Fig. 3d). The oral
bioavailability of Jun13296 was 32.8%. The plasma concentration of
Jun13296 was maintained above the antiviral EC90 values for over 8 h
with oral dosing at 50mg/kg (Fig. 3c).

Jun13296 was selected for further in vitro PK profiling. Jun13296
is stable inmouse andhuman livermicrosomal stability assayswith T1/2

of 111.2 and 73.6min, respectively. Jun13296 did not inhibit five
representative CYP isoforms 1A2, 2C9, 2C19, 2D6, and 3A-M
(IC50 > 50 µM) (Fig. 3e), indicating it might not have the drug-drug
interaction issue associated with the Mpro inhibitor nirmatrelvir. The
mouse plasma protein binding for Jun13296 is 94.1%. The high plasma
protein binding ratioof Jun13296might account for its in vivobiphasic
drug exposure. Jun13296 has moderate permeability in Egg- Parallel
Artificial Membrane Permeability Assay (PAMPA) and blood-brain
barrier specific (BBB)-PAMPA assays with Pe values of 11.0 and 10.9 nm/
s. Overall, Jun13296 has favorable in vitro and in vivo PK properties
that warranted advancing to the in vivo antiviral efficacy study inmice.

Mechanism of action of Jun13296
Jun13296 displayed dose-dependent stabilization of SARS-CoV-2 PLpro

in the differential scanning fluorimetry assay (Fig. 4a), with a larger
stabilization (and hence higher binding affinity) than Jun12682, con-
sistent with the enzymatic FRET protease assay results (Fig. 1). To
characterize whether Jun13296 inhibits the deubiquitinase and

Fig. 3 | In vitro and In vivo PK SARS-CoV-2 PLpro inhibitors. a Plasma drug con-
centration of Jun13306, Jun13307, Jun13308, and Jun13317 in C57BL/6J mice (6 to
8 weeks old) following p.o. administration of 50mg/kg of compounds in 0.5%
methylcellulose and 2% Tween 80 in water (n = 3 per group). b Plasma drug con-
centrations of Jun13338, Jun1393, Jun13126, and Jun13296 in C57BL/6J mice (6 to
8 weeks old) following p.o. administration of 50mg/kg of compounds in 0.5%
methylcellulose and 2% Tween 80 in water (n = 3 per group). c Plasma drug con-
centrations of Jun13296 in C57BL/6J mice (6 to 8 weeks old) following p.o.

administration of 50mg/kg and i.v. injection of 10mg/kg (n = 3 per group) of
compound. The error bars aremean± s.d.d In vivo pharmacokinetic parameters of
Jun13296 in C57BL/6Jmice. e In vitro pharmacokinetic parameters of Jun13296. T1/

2, half-life; Tmax, time for maximal concentration; Cmax, maximum plasma con-
centration; AUC0-t, area under the curve from time zero to time t; AUCt-∞, area
under the curve from time t to infinity; CL, clearance; MRT, mean residence time;
Vss, volume of distribution; F, oral bioavailability. Source data are provided as a
source data file.
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deISGylase activities of SARS-CoV-2 PLpro, we tested Jun13296 in the
PLpro enzymatic assays using ubiquitin-AMC (7-amino-4-methylcou-
marin) and ISG15-AMC substrates, respectively. Jun13296 inhibited the
deubiquitinase and deISGylase activities of PLpro with Ki values of
5.5 nM and 5.4 nM (Fig. 4b, c), similar to its activity in inhibiting the
hydrolysis of the viral polyprotein nsp2/3 substrate (Ki = 8.8 nM)
(Fig. 2). To profile the selectivity of Jun13296, we tested it against a
panel of host proteases, including humandeubiquitinases USP2, USP7,
USP8, USP14, USP15, USP30, UCH-L1, cathepsin B, cathepsin K, calpain-
1, trypsin, and caspase 329,33. Jun13296 did not inhibit these host pro-
teases at up to 30 µM (Fig. 4d), suggesting Jun13296 is specific for the
viral PLpro. Other PLpro inhibitors, including GRL0617 analogs and PF-
07957472, similarly showed a high selectivity over host proteases as
reported33,34.

X-ray crystal structures of SARS-CoV-2 PLpro with quinoline
inhibitors
The inhibitor-bound X-ray co-crystal structures of SARS-CoV-2 wild-
type PLpro were determined for six noncovalent quinoline series com-
pounds: Jun12665, Jun13317, Jun13306, Jun13307, Jun13308, and
Jun13296, with resolutions ranging from 2.30Å to 2.95 Å (Supple-
mentary Table 1). The electron density maps clearly delineate the
protein molecule, coordinated zinc, and inhibitors (Supplementary
Fig. 2), confirming their orientations and interactions with the sur-
rounding environment (Fig. 5a–f). All inhibitors consistently bind at
the same site, interacting with the BL2 loop, the Glu167 side chain, and
the recently identified Val70Ub site within the extended peptide bind-
ing region of PLpro, distal from the active site triad (Cys111, His272, and
Asp286) (Fig. 5a–f andSupplementary Fig. 2a, b). This binding follows a
conserved interaction pattern involving Asp164, Glu167, Pro247,
Pro248, Tyr264, Tyr268, and Gln269 of wild-type PLpro. All inhibitors’
2-aryl substituted quinoline aromatic rings, except Jun12665, orient
toward the Val70Ub site, consistentwith our design hypothesis (Fig. 1b).
The quinoline moiety of the inhibitors is stabilized by hydrophobic
interactions and π-stacking interactions with Tyr268, Tyr264, Pro248,
and Pro247, as well as CH–π and S–π interactions with Met208, as

previously reported28. Jun12665, with its amide pyrazole substitution,
occupies the previously reported BL2 groove site and forms hydro-
phobic interactions with Pro247, Pro248, Tyr264, and Tyr268 (Fig. 5a).
The terminal dimethylamide carbonyl oxygen forms an additional
hydrogen bond with themain-chain amide nitrogen of Tyr268 (Fig. 5a,
Supplementary Fig. 2a), which might account for the flipped orienta-
tion of Jun12665 compared with the other inhibitors (Fig. 5g). The
central amide linker regions of all six inhibitors are stabilized through
hydrogen bonds with the carboxylate side chain of Asp164 and the
main-chain amide nitrogen of Tyr268. Various substituents at the
positions of previously published dimethylamino moieties engage in
electrostatic interactions with the Glu167 carboxylate across all
structures, showing slight variations in bonding distances and the
number of Glu167 oxygen atoms involved in the interactions (Fig. 5).
Jun13306 and Jun13307 containing the R and S pyrrolidine substitu-
tions both form similar electrostatic interactions with the Glu167 car-
boxylate (Fig. 5b, c, h, Supplementary Fig. 2g), corroborating their
equivalent enzymatic inhibitory activities (Ki = 25.8 and
25.4 nM) (Fig. 2).

The superimposed X-ray crystal structure of PLpro/Jun13296 with
host deubiquitinases, USP2, USP7, and USP14, showed that the Val70Ub

and BL2 groove binding sites are absent in these host deubiquitinases
(Supplementary Fig. 3), which accounts for the high selectivity of
Jun13296.

In vitro and in vivo antiviral activities of Jun13296
Given the distinct mechanism of action of PLpro inhibitors from Mpro

inhibitor nirmatrelvir and the sequence conservation of PLpro,
Jun13296 is expected to have broad-spectrum antiviral activity against
nirmatrelvir-resistant mutants and SARS-CoV-2 variants. For this, we
tested Jun13296 against the nirmatrelvir-resistant SARS-CoV-2 viruses
rNsp5-L50F/E166V and rNsp5-L50F/E166A/L167F, and the recently cir-
culating SARS-CoV-2 omicron variants XBB.1.16 and JN.1 in plaque
assay (Fig. 6, Supplementary Fig. 4). Nsp5-L50F/E166V mutant was
identified from an immunocompromised human patient with pro-
longed Paxlovid treatment21. Nsp5-L50F/E166A/L167F mutant was

Fig. 4 | Mechanistic studies of Jun13296. aDifferential scanning fluorimetry assay
of Jun13296 in stabilizing SARS-CoV-2 PLpro. Jun12682 was included as a positive
control for comparison. Data from Jun12682 is the mean of two repeats, and data
from Jun13296 is themean± standarddeviationof three technical repeats.bKi plot
of Jun13296 in inhibiting SARS-CoV-2 PLpro hydrolysis of ISG15-AMC. c Ki plot of

Jun13296 in inhibiting SARS-CoV-2 PLpro hydrolysis of Ub-AMC. d Counter screen-
ing of Jun13296 against host proteases USP2, USP7, USP8, USP14, USP15, USP30,
UCH-L1, cathepsin B, cathepsin K, calpain-1, trypsin, and caspase 3. Data in (d) are
presented as mean± standard deviation of two technical repeats. Source data are
provided as a source data file.
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selected under drug selection pressure in the cell culture viral passage
experiment18,19. The Mpro inhibitor nirmatrelvir and the previously
reported PLpro inhibitor Jun12682 were included as controls. All three
inhibitors showed potent inhibition against SARS-CoV-2 WA1 and the
omicron variants XBB1.16 and JN.1 (Fig. 6a–c). The rNsp5-L50F/E166V

and rNsp5-L50F/E166A/L167F viruses had significant resistance against
nirmatrelvir with EC50 values of >1 µM, and 0.63 µM, respectively
(Fig. 6a). In contrast, Jun13296 displayed consistent antiviral potency
against the rNsp5-L50F/E166V and rNsp5-L50F/E166A/L167F mutants
with EC50 values of 0.47 and 0.22 µM, respectively (Fig. 6c), and was

Fig. 5 | X-ray crystal structures of SARS-CoV-2 PLpro with quinoline inhibitors.
Binding of quinoline inhibitors to SARS-CoV-2 PLpro. a–f Interactions of Jun12665
(orange), Jun13306 (yellow), Jun13307 (green), Jun13317 (light blue), Jun13308
(magenta), and Jun13296 (bright orange) with PLpro are conserved (residues within
5 Å of the inhibitor are shown as light brown sticks). Hydrogen bonds are indicated
by black dashed lines, van der Waals contacts by red dashed lines, and π–π

interactions by light green dashed lines. g The superposition of Jun12665 onto
Jun13296 represents the flipped orientation of terminal amide carbonyl groups
toward the BL2 groove. h Superposition of Jun13306 (yellow) and Jun13307
(green) containing the R and S pyrrolidine substituents both form similar electro-
static interactions with the Glu167 carboxylate.

Fig. 6 | Broad-spectrum antiviral activity of SARS-CoV-2 PLpro inhibitors. The
antiviral activity of nirmatrelvir, Jun12682, and Jun13296 was tested in the plaque
assay using Vero-ACE2-TMPRSS2 (Vero-AT) cells. a Plaque assay EC50 plots of

nirmatrelvir. b Plaque assay EC50 plots for Jun12682. c Plaque assay EC50 plots of
Jun13296. EC50 values are mean ± standard deviation of two technical repeats.
Source data are provided as a source data file.
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more potent than Jun12682 (Fig. 6b). Collectively, these results show
that PLpro inhibitors have consistent antiviral activity against SARS-
CoV-2 variants and nirmatrelvir-resistant strains.

To evaluate the in vivo antiviral efficacy of Jun13296, we utilized a
lethal SARS-CoV-2 mouse model that has been widely accepted for
assessing SARS-CoV-2 therapeutics and vaccine candidates35–38. We
previously reported the antiviral efficacy of Jun12682 using this
model28. Hence, Jun12682 was included as a control in this study. To
this end, young female BALB/c mice were intranasally inoculated with

6,000 PFU of SARS2-N501YMA30 and orally administered PLpro inhibi-
tors or vehicle one hour after virus inoculation, followed by twice daily
dosing with a 10- and 14-h interval within 24 h for 3 consecutive days
(Fig. 7a). A subgroup of 5 mice from each treatment group were
necropsied at 2- and 4-day post-infection (DPI) to collect lung tissues
for viral load and histopathological assessment. We first evaluated the
antiviral efficacy of a 125mg/kg dose. The weight loss plot (Fig. 7b)
illustrates that vehicle-treated mice experienced rapid body weight
loss exceeding 20% by 4 DPI. In contrast, both Jun12682- and

Fig. 7 | In vivo antiviral efficacy of Jun13296. a Experimental design for twice-a-
day (BID) treatment for 3 days. bMouse body weight loss and c survival rate of the
mice receiving a 125mg/kg BID_3 treatment. Data in (b, c) are pooled results of four
independent experiments and are shown as mean ± standard error of the mean
(SEM) (n = 14, 20, 19 mice for the Vehicle, Jun12682, and Jun13296 group,
respectively). d Viral titers in lungs (n = 5 per group). Quantitative PCR analysis of
viral nucleocapsid gene (e) and cellular cytokines (f) in lungs (n = 5 per group).
gHaematoxylin and eosin (H&E) staining of lungs collected 4 DPI (n = 5 per group).
Lungs exhibited airway edema (asterisks), hyaline membranes (HM, arrowheads),
perivascular cuffing (arrows), and interstitial thickness (number sign). Scale bars,
100mm (top) and 50mm (bottom).hQuantification of thepathological lesions (g).
i Immunostaining of lungs collected 4 DPI (n = 5 per group) for SARS-CoV-2
nucleocapsid protein (brown color staining). Scale bars, 100 µm (top) and 50 µm

(bottom). j Summary scores of nucleocapsid immunostaining of lungs. k Mouse
body weight loss and l survival rate of the mice receiving a 75mg/kg BID_3 treat-
ment. Data are pooled results of two independent experiments (n = 10 per group)
and are shown as mean ± SEM. m Viral titers in lungs (n = 5 per group).
n Quantitative PCR analysis of cellular cytokines in lungs collected 2 DPI (n = 5 per
group). Data in (c, l) are shown as mean ± SEM, and the p values were determined
using a log-rank (Mantel-Cox) test. Data in (d, m) are shown as mean± SEM and
analyzed with a two-way ANOVA Tukey’s multiple comparison test. Data in (e, f, n)
are shown as mean ± SEM and analyzed with a one-way ANOVA multiple compar-
ison test for each tested gene. Data in (h, j) are mean ± SEM and analyzed with the
Krushal-Wallis multiple comparisons test for each category. Source data are pro-
vided as a source data file. a was created with Biorender.com. Li, K. (2025) https://
BioRender.com/q16l908.
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Jun13296-treated mice exhibited reduced weight loss and had max-
imal weight loss at 4 DPI, following body weight regain. Specifically,
Jun13296-treated mice had an average of 11% maximal weight loss,
significantly less than the maximal weight loss of Jun12682-treated
mice (17%, p < 0.001) and the vehicle group (21%, p <0.0001). Survival
analyses demonstrated that inhibitor-treated groups had statistically
higher survival rates compared to the vehicle group (0% survival rate):
Jun13296 (90%, p < 0.0001), and Jun12682 (75%, p < 0.0001) (Fig. 7c).
We previously demonstrated a 125mg/kg dosage of Jun12682, admi-
nistered with an 8-hour and 16-hour interval between doses within
24 h, provided only 20% protection28. Our current results indicate that
administrating doses with 10-h and 14-h intervals offers improved
protection, likely due to maintaining effective plasma concentrations
as suggested by the in vivo PK data28. Viral load analyses of mouse
lungs revealed that the vehicle-treated mice had robust infections in
the lungs at 2 DPI with a mean titer of log10 8.87 ± 0.079 PFU/mL. In
contrast, the Jun12682- and Jun13296-treated mice had statistically
lower lung viral titers, log10 8.25 ± 0.064 PFU/mL (p = 0.0005), and
log10 8.11 ± 0.137 PFU/mL (p < 0.0001), respectively (Fig. 7d). The titer
reductions weremore evident at 4 DPI with a half-log lower titer (log10
5.94 ± 0.115 PFU/mL, p =0.0004) for the Jun12682-treated mice and
over a log titer reduction (log10 5.38 ± 0.059PFU/mL, p <0.0001) for
the Jun13296-treated mice compared to the mean titer (log10
6.57 ± 0.115 PFU/mL) of the vehicle group (Fig. 7d). The 4 DPI titer of
the Jun13296 group is significantly lower than that of the Jun12682
group (p =0.0014). These results corroborate the weight loss and
survival data (Fig. 7b, c).

Quantitative PCR analysis of the RNA samples extracted from 2
DPI mice lungs showed that the 125mg/kg dosage of either PLpro

inhibitor significantly reduced the expression of the viral nucleocapsid
(N) gene (Fig. 7e) andmultiple inflammatory cytokines, including IL-1β,
CXCL10, IL-6, and IFN-γ (Fig. 7f). The relative mRNA levels of these
cytokines in the lungs of Jun13296-treatedmice are significantly lower
than those of Jun12682-treated mice. Histopathological analysis of
mouse lungs collected at 4 DPI reveals that the vehicle-treated, SARS2-
N501YMA30-infected mice exhibited multifocal pulmonary lesions,
including lymphocytic perivascular cuffing, pulmonary edema, hyaline
membrane formation, and interstitial thickening and inflammation
(Fig. 7g). In contrast, the mice that received 125mg/kg BID of PLpro

inhibitors exhibited overall reduced lung histopathological manifes-
tations with statistically significant improvement in the Jun13296-
treatment group (Fig. 7h). Immunohistochemical (IHC) analysis of
mouse lungs using a monoclonal antibody to detect SARS-CoV-2 N
protein demonstrated strong and expansive antigen staining in lungs
from vehicle-treated, infected mice, whereas inhibitor-treated con-
siderably decreased viral antigen staining levels with a few sporadic
positive cells (Fig. 7i). Lungs of Jun13296-treatedmicehadsignificantly
less antigen staining than the lungs of the vehicle group (Fig. 7j),
consistent with the lung viral titer results (Fig. 7d). The reduced viral
replication in the lung and the expression of inflammatory cytokines
(Fig. 7d–f) corroborate with the reduced lung inflammation and N
protein staining at 4 DPI (Fig. 7g–j).

We further evaluated a lower dosage of 75mg/kg. During this
treatment, despite the mice administered with either inhibitor
experiencing more maximal weight loss than the mice receiving the
125mg/kg dosage (Fig. 7k), the Jun13296 treatment rendered 90%
protection, significantly higher than vehicle treatment (p <0.0001)
(Fig. 7l). Jun12682 treatment instead provided only 40% protection,
higher than the vehicle group (p =0.0044) but significantly lower than
the Jun13296 treatment (p =0.0182) (Fig. 7l). Viral load analysis of
mouse lungs revealed statistically insignificant titer reductions at 2 and
4 DPI (Fig. 7m). Quantitative PCR analysis of the RNA samples extrac-
ted from 2 DPI mice lungs showed that the 75mg/kg dosage of either
inhibitor significantly reduced the expression of IL-6 and IFN-γ but not
IL-1β and CXCL10 (Fig. 7n). These results suggest that a 75mg/kg

dosage of Jun13296 or Jun12682 still provides evident protection
without markedly lowering viral loads in the lung. IL-6 is a biomarker
associated with adverse clinical outcomes in SARS-CoV-2 infection,
and blockade of IL-6 signaling has been shown to improve outcomes in
critically ill COVID-19 patients39–44. A high level of IFN-γwas observed in
severe COVID-19 cases and was associated with lung fibrosis45–48. Sig-
nificantly reduced expression of IL-6 and IFN-γ in the inhibitor-treated
groups may contribute to improved mouse survival (Fig. 7k, l).

Discussion
Compared to the successful development of SARS-CoV-2 Mpro inhibi-
tors, PLpro has proven to be a challenging antiviral drug target25.
Designing PLpro inhibitors with in vivo antiviral efficacy has only
become a reality very recently28,34. With the potential threat of drug-
resistantmutants againstMpro and RdRp inhibitors, there is a dire need
for additional antivirals with alternative mechanisms of action. Given
its sequence conservation and multi-faceted roles in viral replication,
PLpro has been enlisted as a high-profile antiviral drug target25. We
recently reported the design of a biarylphenyl inhibitor Jun12682
showing in vivo antiviral efficacy in a SARS-CoV-2 infection mouse
model28. The high antiviral potency of Jun12682 stems from its dual
targeting mode by binding to the Val70Ub site and the previously
reported BL2 groove28. Given the high triage rate in translational
development, additional PLpro inhibitors with novel scaffolds are nee-
ded as backups. In this study, we designed quinoline-containing PLpro

inhibitors to similarly target the Val70Ub site and the BL2 groove.
Jun13296was nominated as an in vivo lead candidate through iterative
cycles of structure-activity and structure-property relationship
studies.

Literature mining has identified a similar compound recently
reported by Pfizer, known as PF-0795747234 (Supplementary Fig. 5).
This compound closely resembles our quinoline series compounds,
with a few notable differences. Specifically, the hydrophobic cyclopro-
pyl substituent in PF-07957472 at the methyl group position in
Jun13296 forms CH-π interactions with Tyr264 and engages with polar
residues within the pocket, such as Thr301 and Asp164. The reported
structure in this study, along with other solved structures28, shows the
consistent orientation of N-methyl pyrazole-quinoline aromatic rings
(Supplementary Fig. 5b) (with one exception, Jun12665, Supplementary
Fig. 5e) towards the Val70Ub site, which is opposite to the PF-07957472
orientation (towards the BL2 groove).

The superposition of the PLpro structure complexed to Jun13296
with the corresponding PF-07957472 structure (Supplementary
Fig. 5d) shows that themaindifferencebetween them is theorientation
of N-methyl pyrazole substituent. Meanwhile, the superposition of the
PLpro structure complexed to Jun12665 with the PF-07957472 model
(Supplementary Fig. 5e) shows the same orientation of the sub-
stituents towards the BL2 groove, with Jun12665 exhibiting the
aforementioned additional hydrogen bond with the main-chain amide
of Tyr268.

Jun13296 displayed more potent antiviral activity than the pre-
viously reported in vivo lead Jun12682 in inhibiting SARS-CoV-2 var-
iants and nirmatrelvir-resistant strains in cell culture-based assays. In
vivo PK profiling showed that Jun13296 has an oral bioavailability of
32.8%and theplasmaconcentrationof Jun13296wasmaintainedabove
the antiviral EC90 values for over 8 h with oral dosing at 50mg/kg
(Fig. 3c). In vivo assessment with a SARS-CoV-2 mouse model reveals
that a 125mg/kg BID-3 dosage of Jun13296 provides improved mouse
protection compared to Jun12682 as demonstrated by the reduced
bodyweight loss andmortality (Fig. 7a, b), lower lung viral load (Fig. 7d,
e, i, j), and alleviated lung inflammation (Fig. 7f–h). In the experiment
with a lower dosage of 75mg/kg, Jun13296 still rendered 90% survival
protection and outperformed Jun12682. Intriguingly, no significant
reduction in the lung viral titers was detected. Through measuring the
transcriptional levels of several pro-inflammatory cytokines, we found
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that the relative mRNA levels of IL-6 and IFN-γ, two key cytokines
associatedwith disease severity, were significantly reduced in the lungs
of inhibitor-treated mice. We postulate that in the scenario of unaf-
fected viral replication, the surviving mice benefited from the reduced
expression of some proinflammatory cytokines (e.g., IL-6 and IFN-γ),
potentially through inhibiting the deubiquitinase and deISGylase
activities of PLpro (Fig. 4b, c). These activitiesmediate thedeconjugation
of ubiquitin or ISG15 from substrates and have been associated with
modulating host immune responses through reversing the ubiquiti-
nating and ISGylating modifications of host immune-related
molecules49–51. In addition, free ISG15 can be secreted and play immu-
nomodulatory functions as an extracellular cytokine52–54. PLpro has been
linked to the increasing release of ISG15 during SARS-CoV-2 infection of
human macrophages55. Despite strong evidence supporting the
immunomodulatory role of PLpro, the role of its deubiquitinase and
deISGylase activities, particularly during in vivo infection, has been
challenging to study, due to the integrated nature of these activities
with PLpro polyprotein processing activity56–59. Reduced cytokine
expression in treated mice could result from decreased viral infection
or inhibition of the deubiquitinase anddeISGylase activities of PLpro or a
combination of both. Further investigation is needed to confirm the
benefit of inhibiting deubiquitinase and deISGylase activities of PLpro.

Methods
Ethical statement
All procedures with live SARS-CoV-2 were performed in certified bio-
safety level 3 (BSL3) facilities at Oklahoma State University using bio-
safety protocols approved by the Institutional Biosafety Committee
(IBC), which comprises scientists, biosafety and compliance experts,
and members of the local community. All mouse experiments invol-
ving SARS-CoV-2 were performed within a certified animal biosafety
level 3 (ABSL3) facility at Oklahoma State University. All animal studies
were reviewed and approved by theOklahoma State University Animal
CareandUseCommittee andmet stipulations of theGuide for theCare
and Use of Laboratory Animals. All research personnel received rig-
orous biosafety, biosecurity, and BSL3 training before participating in
experiments. Personal protective equipment, including scrubs, dis-
posable overalls, shoe covers, double-layered gloves, and powered air-
purifying respirators, were used. Biosecurity measures are built in the
environment throughbuilding and security systems and are reinforced
through required training programs, standing meetings, and emer-
gency exercises. The researchers involved in working with live viruses
received the SARS-CoV-2 vaccines before the studywas started. Finally,
all researchers were medically cleared by the Oklahoma State Uni-
versity Occupational Health Program.

Compound synthesis and characterization
Synthesis procedures are shown in SupplementaryFig. 6-8. Compound
characterization is included in the Supplementary Methods section.

Cell lines and virus
A Vero-E6 cell line, a gift from Dr. Susan Baker (Loyola University
Chicago), was grown in Dulbecco’s modified Eagle medium (DMEM)
(Corning, 10013CM) containing 10% heat-inactivated fetal bovine
serum (FBS) (Gibco, 10-438-026), 1% Pen/Strep (30-001-CI), non-
essential amino acid (NEAA) (Cytiva HyClone, SH30238.01). A Vero-E6
line expressing human angiotensin-converting enzyme 2 (hACE2) and
human transmembrane protease, serine 2 (hTMPRSS2) (Vero-AT),
obtained through NIH-BEI Resources (NR-54970) was grown in DMEM
containing 10% FBS, 1% Pen/Strep, 1× NEAA, and 10 μg/mL puromycin
(InVivogen, ant-pr-1) to maintain the expression of hTMPRSS2 and
hACE2. A Caco-2 line expressing hACE2 and hTMPRSS2 (Caco2-AT)60, a
gift from Dr. Mohsan Saeed (Boston University), was propagated in
DMEM containing 10% FBS, 1% Pen/Strep, 1× NEAA, 1 μg/mL pur-
omycin, and 1 μg/mL blasticidin (InVivogen, ant-bl-05).

The mouse-adapted SARS2-N501YMA30 virus, a gift from Dr.
Stanley Perlman (University of Iowa), was propagated once with Vero-
AT cells and titrated with Vero-E6 cells. The following SARS-CoV-2
strains/isolates were obtained through BEI Resources, NIAID, NIH:
Washington strain 1 (WA1) (NR-52281), recombinant SARS-CoV-2
expressing nano-luciferase reporter (icSARS-CoV-2-nLuc) (NR-
54003), Omicron JN.1 variant (NR-59693), and Omicron XBB1.16 var-
iant (NR-59442). These viruses were propagated once with Vero-AT
cells to obtain large viral stocks and titrated with Vero-AT cells. A
recombinant wild-type SARS-CoV-2 WA1 strain (rSARS-CoV-2) and
nirmatrelvir-resistant mutants rL50F/E166V and rL50F/E166A/L167F
were generated previously14. These viruses were full-genome
sequenced using the ARTIC method61.

Protein expression, purification and crystallization
The PLpro bacterial expression plasmid, obtained from BEI Resources,
NIAID,NIH (VectorpMCSG53 containing theSARS-related coronavirus 2,
Wuhan-Hu-1 papain-like protease gene, NR-52897), was used to produce
SARS-CoV-2PLpro followingapreviouslydescribedprocedurewithminor
modifications28. The protein construct was expressed in E. coli BL21
(DE3) cultured in LBmedium supplemented with ampicillin (100 µg/ml).
Protein overexpression was induced by adding 1mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) at an OD600 of 0.8. After 18 hours of
growth at 16 °Cwith slow agitation, cells were pelleted by centrifugation
at 7000×g, washed with PBS, and stored at -80 °C until purification.

The cell pellets were resuspended in 12.5ml of lysis buffer
(500mM NaCl, 5% (v/v) glycerol, 50mM HEPES pH 8.0, 20mM imi-
dazole, 1mM TCEP, 1 µM ZnCl2) per liter of culture and sonicated at
120W for 12minutes (5 s ON, 20 s OFF). The lysate was clarified by
centrifugation at 37,000×g for 90minutes at 4 °C. Ni-NTA purification
was performed according to the manufacturer’s recommendations
(Qiagen, Valencia, CA, USA) using the lysis buffer. Bound PLpro was
elutedwith 20mlof lysis buffer supplementedwith 500mM imidazole
pH 7.5, followed by treatment with tobacco etch virus (TEV) protease
at a 1:25 protease ratio at 4 °Covernight in dialysis buffer, and a reverse
Ni-NTA purification.

After confirming His-tag cleavage by SDS-PAGE, the dialyzed
protein solution was passed over a 10-mL Ni-NTA gravity column to
removeHis-tagged impurities. The column flowthroughwas collected,
analyzed by SDS-PAGE, and concentrated using a 10 kDa molecular
weight cutoff AmiconUltra-15 ultrafiltrationmembrane. Size exclusion
chromatography was performed on a Superdex 200 Increase 10/300
GL column equilibrated with 150mM NaCl, 50mM Tris-HCl pH 7.5,
1μMZnCl2, and 1mMTCEP. Peak fractionswere pooled, and the buffer
was exchanged for a final buffer with a similar composition, replacing
the reducing agent TCEP with either 10mM DTT or 10mM BME as
needed. The final PLpro concentration was 20mg/ml.

A similar approach was utilized for the crystallization of PLpro and
six inhibitor complexes, as described previously28. Pure PLpro protein at
20mg/ml in 50mM Tris-HCl pH 7.5, 150mM NaCl, and 1mM TCEP/
10mM DTT/10mM BME was mixed with inhibitors at a molar ratio of
1:10 and incubated for 1 hour at 4 °C. The PLpro-inhibitor complexes
were clarified by high-speed centrifugation at 4 °C for 15minutes. The
sitting drop vapor diffusion method was employed using an Oryx8
robot (Douglas Instruments Ltd) in a 96-well Intelli-Plate (Art Robbins
Instruments). Co-crystallizations were attempted with protein-to-well
solution ratios of 1:1, 2:1, and 1:2 at 4 °C, using a focused screen based
on the SARS-CoV-2 PLpro PDB deposited conditions. This screen spe-
cifically included a grid prepared with 200mM zinc acetate, 0.1M Bis-
Tris pH 5.5-6.6, and 6-20%PEG8000. Pyramidal-shaped crystals ( ~ 200
μm) grew overnight, belonging to space group I4122, with one copy of
the complex in the asymmetric unit. Crystals selected for data collec-
tion were transferred into 1-2μl of a cryoprotective solution consisting
of crystallization buffer (without inhibitor) supplemented to a final
concentration of 20%glycerol/ethylene glycol. After a few seconds, the
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crystals were looped up and flash-cooled in liquid nitrogen. All crystal
manipulations were conducted at 4 °C.

Data collection, structure determination, and refinement
Diffraction data were collected at 100K for the PLpro complex with
Jun12665 on beamline 12-2 at the Stanford Synchrotron Radiation
Lightsource (Menlo Park, CA) at a wavelength of 0.97 Å, while data for
the PLpro complexes with Jun13317, Jun13306, Jun13307, Jun13308,
and Jun13296 were collected on beamline 17-ID-1 (AMX) at NSLS-II at
Brookhaven National Laboratory (Upton, NY) at a wavelength of
0.92Å, using Pilatus 6M and Eiger 9M detectors, respectively. The
datasets were collected remotely, with crystal rastering performed
prior to data collection to locate the best diffraction positions. Dif-
fraction data for the complexes were collected with 200° of data per
crystal and a 0.1° oscillation per image, except for the PLpro-Jun12665
complex, for which 360° was collected using a 0.2° oscillation.

For all the datasets, autoprocessed files from XDS were subse-
quently scaled using Aimless62 or autoPROC from Global Phasing63.
Initial phases for each inhibitor structure were obtained by molecular
replacement using PDB 7JIT as the starting model in Phaser64. The
inhibitor electron density was examined, and the inhibitor molecules
were fitted using Coot65. To improve the inhibitor and proteinmodels,
iterative refinement was performed bymanual model building in Coot
alternating with refinement in Phenix66. Solventmolecules were added
using 2mFo-Fc and Fo-Fcmaps as guides. Statistics for diffraction data
processing and the converged refinement statistics for all six datasets,
along with R, Rfree, and other validation measures, are presented in
Table S1. The inhibitor restraints were generated using the Grade
online server67. PLpro-inhibitor complex structures were analyzed, and
figures showing the protein-inhibitor co-crystal structures were cre-
ated with PyMOL (The PyMOLMolecular Graphics System, Version 1.2,
Schrödinger, LLC).

Differential Scanning Fluorimetry (DSF)
Thedrug-bindingassaywasperformed in theThermoFisherSuantStudio
5 Real-time PCR system. 4 µM of SARS-CoV-2 PLpro dissolved in the reac-
tion buffer (HEPES 50mM, DTT 5mM, Trion X-100 0.01%, pH 7.2) was
mixed with different concentrations of compounds. After 30min of
30 °C incubation, 1x final concentration of SYPRO orange (Invitrogen,
#S6650)was added to themixture. Thefluorescencewasmonitoredwith
temperature rising from25 °C to 95 °C at the increment of 0.05 °C/s. The
melting temperature (Tm) of each samplewas obtained by themid-log of
the transition phase from the native to denatured protein using the
Boltzmann model in Protein Thermal Shift Software v1.3.

Enzymatic assays
The enzymatic assay of SARS-CoV-2 PLpro digesting Ub-AMC (UBPBIO,
#M3010) was performed by mixing 50nM of SARS-CoV-2 PLpro with
various concentrations of compounds in the reaction buffer (HEPES
50mM, DTT 5mM, Triton X-100 0.01%, pH 7.2). After the incubation of
10min at 30 °C, Ub-AMC was added to the reaction to a final con-
centration of 2.5 µM.Thefluorescencewasmonitored every 71 swith the
excitation of 360/40nm and emission of 460/40nm for 3 h at 30 °C,
using a Cytation 5 plate reader. The Ki was determined by plotting the
first 1 hof initial velocity against the compoundconcentrations using the
Morrison equation for tight binding (Y=V0*(1− ((((Et+X+ (Ki*(1+ (S/Km
))))− (((Et+X +(Ki*(1 + (S/Km )))) 2̂)− 4*Et*X)0.5̂))/(2*Et ))), X = inhibitor con-
centration;Y= enzymevelocity; Et= enzymeconcentration;V0= enzyme
velocity in the absence of inhibitor). The enzymatic assay of SARS-CoV-2
PLpro digesting ISG15-AMC (R&D, #UL-553) was performed similarly with
the changes in protein and substrate concentrations. The final con-
centrationof SARS-CoV-2 PLpro was 2 nMandof ISG15-AMCwas0.5 µMin
the ISG15 assays. All reported data were the average of 2 replicates with
standard error with a 95% confidence interval calculated as SE = (upper
limit – lower limit)/3.92.

The counter-screening assays with USP14 (ProSci, 91-171) and
USP7(Sino Biological, #11681-H20B) were performed in the USP reac-
tion buffer (HEPES 50mM, pH 7.2, BSA 0.1mg/mL, Triton X-100 0.01%,
DTT 5mM, Glycerol 5%). Compounds were incubated with 40nM of
USP7 and 800nM of USP14 respectively for 10min at 30 °C. 5 µM of
Ub-AMC was added to initiate the reaction. The fluorescence was
monitored, and initial velocities of each group were taken to compare
with the DMSO-treated group. Values reported were performed in 2
replicates and error bars represent standard deviation.

Cell-Based FlipGFP-PLpro assay
The FlipGFP-PLpro assay was performed following the published
procedures28,31,32. Briefly, the reporter plasmid pcDNA3-TEV-flipGFP-
T2A-mCherry was obtained from Addgene (catalog no.124429).
SARS-CoV-2 PLpro cleavage site LRGG↓ APTK was introduced into
pcDNA3-FlipGFP-T2AmCherry via overlapping PCRs to generate a
fragment with SacI and HindIII sites at the ends. SARS-CoV-2 PLpro

expression plasmid pcDNA3.1 SARS2 PLpro was ordered from Gen-
script (Piscataway, NJ) with codon optimization. For transfection,
HEK293T cells were seeded in 96-well Greiner plate (catalog no.
655090) and grown overnight to achieve 70–80% confluency. A total
of 9 μL of Opti-MEM, 0.1μL of 500 ng/μL pcDNA3-flipGFP-T2A-
mCherry plasmid, 0.1μL of 500 ng/μL protease expression plasmid
pcDNA3.1, and 0.3μL of transIT-293 (Mirus) were added to each well
of a 96-well plate. Three hours after transfection in a cell culture
incubator (humidified, 5% CO2/95% air, 37 °C), 1 μL of testing com-
pound was added to each well at 100-fold dilution. Images were
acquired 48 h after transfection with a Celigo Image Cytometer
(Nexcelom) and were analyzed with Gen5 3.10 software (Biotek).
SARS-CoV-2 PLpro protease activity was calculated by the ratio of GFP
signal sum intensity over the mCherry signal sum intensity. The
FlipGFP-PLpro assay IC50 value was calculated by plotting the GFP/
mCherry signal over the applied compound concentration with a
four-parameter dose-response function in Prism 8. The mCherry
signal alone was utilized to determine the compound cytotoxicity.

Enzymatic counter screenings against host proteases
The enzymatic assay of human ubiquitinase in digesting Ub-AMC
substrate (UBPBIO, M3010) was performed in a 384-well plate. The
ubiquitinases were dissolved in the reaction buffer (50mM HEPES,
0.1mg/mL BSA, 0.01% Triton X-100, 5mM DTT, and 5% glycerol in
50 µL) to the final concentrations: 1 nM USP2 (R&D systems, E504),
20 nM USP7 (Sino Biological, 11681-H20B), 20nM USP8 (Boston Bio-
chem. E-520-025), 500 nM USP14 (ProSci, 91-171), 1 nM USP15 (R&D
systems, E594), 20 nM USP30 (R&D systems, E582), and 1 nM UCH-L1
(R&D systems, 6007-CY). Then, 1 µL of Jun13296 with various con-
centrations or DMSO control was added to the PLpro protein solution.
The PLpro protein with Jun13296was mixed by shaking and incubating
at 30 °C for 30min. The enzymatic reactionwas initiated by adding 1 µL
Ub-AMC substrate (UBPBIO, M3010) to a final concentration of 2 µM.
The fluorescent signal was monitored at excitation of 360nm and
emission of 460 nm. The first 500 s of the initial velocity of each
reactionwas calculatedbyGraphPadPrism8.0 andwascomparedwith
the DMSO-treated group to determine the inhibition of Jun13296.

The enzymatic assays of Cathepsin B and K were performed as
previously described68. 100 µl of cathepsin B or K was dissolved in the
reaction buffer (20mM sodium acetate, 1mM EDTA, 5mMDTT). The
final concentration of the enzymes were 1.5 nM of cathepsin B and
100 nMof cathepsin K. The enzyme solutions were incubated at 30 °C
for 30minfor activation, followed by the addition and incubation of
Jun13296. The reaction was initiated by the addition of the substrate
Z-FR-AMC to a final concentration of 5 µM.

Calpain 1 (Sigma, C6108) were dissolved in the reaction buffer
(50mM HEPES, 50mM NaCl, 10mM DTT, and 5mM CaCl2) in 100 µL.
The final concentration of calpain 1 was 0.01 µg/mL. Then, 1 µL of

Article https://doi.org/10.1038/s41467-025-56902-x

Nature Communications |         (2025) 16:1604 10

www.nature.com/naturecommunications


Jun13296 in various concentrations or DMSO controlwas added to the
PLpro protein solution. The PLpro protein with Jun13296 was mixed by
shaking and incubating at 30 °C for 30min. The enzymatic reaction
was initiated by the addition of 1 µL of 4 mM N-succinyl-Leu-Leu-Val-
Tyr-7-amino-4-methylcoumarin (Sigma, S6510) substrate.

Caspase-3 (BioVision, 1083) was dissolved in the reaction buffer
(20mM sodium acetate, 1mM EDTA, 5mM DTT) in 100 µL. The final
concentration of Caspase-3 was 0.01 unit/µL. Then, 1 µL of Jun13296
with various concentrations or DMSO control was added to the
Caspase-3 solution. The Caspase-3 with Jun13296 was mixed by
shaking and incubating at 30 °C for 30min. The enzymatic reaction
was initiated by the addition of 1 µL of 2mM Ac-DEAD-AMC substrate.

Trypsin (Sigma, T6763) was dissolved in the reaction buffer
(50mM HEPES, 50mM NaCl, 10mM DTT) in 100 µL. The final con-
centration of trypsinwas 20 µg/mL. Then, 1 µL of Jun13296with various
concentrations orDMSOcontrolwas added to the trypsin solution. The
trypsin with Jun13296 was mixed by shaking and incubating at 30 °C
for 30min. The enzymatic reaction was initiated by the addition of 1 µL
of 2mM Bz-R-AMC (Bachem, 4002540.0050) substrate. The fluor-
escent signal was monitored at excitation of 360nm and emission of
460nm. The first 500 seconds of the initial velocity of each reaction
was calculated by GraphPad Prism 8.0 and was compared with the
DMSO-treated group to determine the inhibition of Jun13296.

Antiviral assays with live SARS-CoV-2
A SARS-CoV-2 reporter virus assay and an antiviral plaque assay were
employed for antiviral effect evaluation. The reporter virus assay was
performedasdescribedpreviously30. Briefly, Caco2-AT cells at a density
of 1.5 × 104 cells/wellwerebatch inoculatedwith icSARS-CoV-2-nLuc at a
MOI of 0.2 and then added to 96-well plates with 50μL per well of
DMEM containing 4% FBS and 2μMCP-100356. To prepare compound
solutions, the test compounds and positive control (Jun12682) were
3-fold serially diluted in DMEM, starting at 30μM final concentration
for the testing compounds. After dilution, 50μL diluted compound
solutionwas transferred andmixed (1:1 volume ratio) with the cell-virus
mixture pre-seeded in 96-well plates. Cells were incubated for 24 h at
37 °C with 5% CO2 and then subjected to a Nano-Glo Luciferase assay
(Promega, G9243) on a Promega GloMax Discover microplate reader
(Promega, GM3000) following the manufacturer’s instructions. The
raw data were analyzed with Prism 10 using the non-linear regression
curve fit method.

The antiviral plaque assay was performed similarly as we described
previously28. Briefly, Vero-ATcells (3.0 × 105 cells/well) were seeded in 12-
well plates a day before viral infection. The PLpro inhibitors dissolved in
DMSO were serially diluted in DMEM with 3-fold dilutions between test
concentrations, starting at 10μM final concentration for PLpro inhibitors
or 1μM final concentration for nirmatrelvir. Cells in 12-well plates were
infected with approximately 20 plaque-forming units (PFU) per well for
1 h. After incubation, the inoculumwas removedand 1mL 1XDMEM-1.2%
Avicel (FMC polymers) mixture containing serially-diluted compound
and 2μMCP-100356 was added to each well. After 48h of incubation at
37 °C, the DMEM-Avicelmixturewas removed and the cells were stained
using 0.1% crystal violet solution. Plates were photographed and mea-
sured for the area of cells affected by infection using ImageJ.

Mouse experiments
Nine to twelve-week-old female BALB/c mice (Strain #: 000651) were
procured from the Jackson Laboratory and acclimated for a week before
viral inoculation in standard vivarium conditions of dark/light cycle,
ambient temperature, and humidity. The animal sex was not considered
in the study design as both sexes of mice are susceptible to SARS2-
N501YMA30 infection. Mice were randomly assigned to different groups,
with numbers per group sufficient to obtain statistical significance. For
virus inoculation, mice were briefly anesthetized with isoflurane and
inoculated intranasally (i.n.)with6000PFUofSARS2-N501YMA30 ina total

volume of 50μL DMEM. PLpro inhibitors were dissolved in 0.5% methyl-
cellulose solution containing 2% Tween-80 and administered via oral
gavage using 20G/30mm plastic feeding tubes (Instech, FTP203050).
Oral treatmentwith PLpro inhibitors or vehicle started one-hour post-virus
inoculation, following a twice-daily, 10h–14h interval administration for
3 days. Mouse bodyweight and health weremonitored daily. Mice losing
20% of body weight were humanely euthanized (predefined endpoint).
The weight loss and mortality results were analyzed with Prism 10. A
groupof 5mice for each treatmentgroupwereeuthanizedat 2- and4-day
post-infection (DPI) for necropsy. The left lungs were collected in pre-
filled bead tubes (Fisher Scientific, 15-340-153) filled with 1mL DMEM for
viral load determination. For histopathological analyses, the remaining
portion of the lungs was infused with 1mL zinc-buffered formalin solu-
tion (Fisher Scientific, STLBFZ1), followed by removal and fixation with
30mL zinc-buffered formalin solution for at least two days before
removal from ABSL3 per an approved IBC protocol.

Lung viral titer determination by plaque assay
The left lung tissues were homogenized in pre-filled bead tubes using
an automated homogenizer (Fisherbrand™, 15-340-164), followed by
centrifugation (500 × g for 5min). The clarified tissue homogenate
supernatants were aliquoted and stored at −80 °C or subjected to a
standard plaque assay with Vero-AT cells. The supernatants were
serially diluted in DMEM and inoculated onto Vero-AT cells in six-well
plates and maintained at 37 °C in 5% CO2 for 1 h with gentle rocking
every 15min. After removing the inoculum, plates were overlaid with
1.2% agarose (Fisherbrand, BP160-500)-1X DMEM mix containing 2%
FBS. After 2 days, overlays were removed, and plaques were visualized
by staining with 0.1% crystal violet. Viral titers were quantified as PFU
per mL tissue homogenate.

Lung histology and immunohistochemistry (IHC)
Fixed tissues were trimmed and processed using a Sakura Tissue-Tek
VIP® 6 AI tissue processor (Sakura Finetek USA, Inc. 1750 214th St,
Torrence CA, 90501) on a delayed short cycle program and embedded
in paraffin (Leica Surgipath Paraplast Infiltration and Embedding
Medium; Leica Biosystems). Paraffin blocks were cut into 4μm-thick
sections and mounted on VistaVision HistoBond adhesive glass slides
from VWR (Radnor, PA). Hematoxylin and eosin (H&E) staining was
performed following standard operating procedures with the Sakura
Finetek DRS601 (Sakura Finetek USA, Inc., 1750 West 214th Street,
Torrance, CA 90501). For IHC, slides were rehydrated with water, fol-
lowing HIER (Heat Induced Epitope Retrieval) performed at 95 °C for
20min in Citrate Unmasking solution (H-3300, Vector Laboratories,
Newark, CA). SARS-CoV-2 Nucleocapsid antibody [HL448] (Genetex,
GTX635686) was diluted 1:5000 in TBS-Tween 20 buffer with 10%
normal goat serum and slides were incubated for 1 h at room tem-
perature (RT). Slides were washed in TBS-Tween 20 buffer and then
quenched of endogenous peroxidase using 0.3% H2O2 for 10min.
Slides werewashed and detectionwas carried out using VECTASTAIN®
Elite® ABC-HRP Kit, Peroxidase (Rabbit IgG) (Vector Laboratories, PK-
6101) per the manufacturer’s instructions. Hematoxylin diluted 1:10
was used as a counterstain. Stained tissue sections were evaluated by a
board-certified veterinary pathologist for three parameters: presence
of edema or hyalinemembranes, perivascular lymphoid inflammation,
and interstitial inflammation. Edema or hyaline membranes were
evaluated using a distribution-based ordinal scoring on a scale of0 to 5
with 0, none; 1, <5%; 2, 6–25%; 3, 26–50%; 4, 51–75%; and 5, >75% of
tissue affected. Perivascular lymphoid inflammation and interstitial
pneumonia were evaluated using a severity-based ordinal scoring
system on a scale of zero to four: 0 (absent), 1 (minimal), 2 (mild), 3
(moderate), and 4 (severe). An accumulative score is calculated by
summing the ordinal scores of the three parameters. IHC was scored
using a distribution-based ordinal scoring of 0 to 5with 0, none; 1, <5%;
2, 6–25%; 3, 26–50%; 4, 51–75%; and 5, >75% of tissue affected.
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RNA extraction and Real-time PCR quantification
Total RNA was extracted from the lung homogenate supernatants
using TRIzol (Invitrogen, 15596018). A total of 1000 ng RNA was used
for cDNA synthesis using the RT²HT First Strand Kit (QIAGEN, 330411),
which contains a component to eliminate genomic DNA contamina-
tion. Quantitative PCR was performed with specific primers (Table 1)
using PowerUp SYBR Green Master mix (Fisher, A25918) on Quant-
Studio 6 Pro (ThermoFisher, A43160). Cycle threshold values were
normalized to 18S rRNA levels by using the 2-ΔCt method.

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

Data availability
Crystal structures generated during the current study are available in
the Protein Data Bank (PDB) under accession codes 9DO3 (PLpro bound
to Jun13317), 9DNV (PLpro bound to Jun13308), 9DO1 (PLpro bound to
Jun13307), 9DOI (PLpro bound to Jun13306). 9DNU (PLpro bound to
Jun13296) and 9DO5 (PLpro bound to Jun12665). The mouse-adapted
SARS2-N501YMA30viruswas obtained fromDr. Stanley Perlman at the
University of Iowa and the availability of this virus is restricted under a
materials transfer agreement (MTA) with the University of Iowa. The
request for this virus should be directed to Dr. Stanley Perlman. The
recombinant SARS-CoV-2 nsp5 mutant viruses are available upon
request by contacting Xufang Deng through an MTA with Oklahoma
State University. Requests will be processed within 8 weeks, and if
approved, arrangements will be made for materials transfer. The fol-
lowing SARS-CoV-2 strains/isolates were obtained through and avail-
able at BEI Resources (https://www.beiresources.org/), NIAID, NIH:
Washington strain 1 (WA1) (cat# NR-52281), recombinant SARS-CoV-2
expressing nano-luciferase reporter (icSARS-CoV-2-nLuc) (cat# NR-
54003), Omicron JN.1 variant (cat# NR-59693), and Omicron XBB1.16
variant (cat# NR-59442). These viruses may be further distributed to
other entities for any legitimate purpose required to rapidly prevent,
detect, prepare for, and respond to, the spread or transmission of
SARS-CoV-2, as described in an Emergency Use Simple Letter Agree-
ment (EUSLA) Article 1. An MTA is needed for further distribution and
must be reported to BEI (contact@beiresources.org). Source data are
provided with this paper as Source Data file. Source data are provided
with this paper.
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