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ABSTRACT: Coronavirus disease 2019 (COVID-19) pandemic, a global
health threat, was caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). The SARS-CoV-2 papain-like cysteine protease (PLpro) was
recognized as a promising drug target because of multiple functions in virus
maturation and antiviral immune responses. Inhibitor GRL0617 occupied the
interferon-stimulated gene 15 (ISG15) C-terminus-binding pocket and
showed an effective antiviral inhibition. Here, we described a novel
peptide−drug conjugate (PDC), in which GRL0617 was linked to a
sulfonium-tethered peptide derived from PLpro-specific substrate LRGG.
The EM-C and EC-M PDCs showed a promising in vitro IC50 of 7.40 ± 0.37
and 8.63 ± 0.55 μM, respectively. EC-M could covalently label PLpro active
site C111 and display anti-ISGylation activities in cellular assays. The results
represent the first attempt to design PDCs composed of stabilized peptide inhibitors and GRL0617 to inhibit PLpro. These novel
PDCs provide promising opportunities for antiviral drug design.

■ INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a pandemic acute
respiratory disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which threatens human health
and public safety.1,2 COVID-19 generally has a lower mortality
rate than SARS but its infection rate, the number of infected
people, and the spatial range of epidemic areas far exceed the
SARS and the Middle East respiratory syndrome (MERS).3 As
of November 2021, the COVID-19 pandemic has resulted in
more than 250 million confirmed cases and more than 5 million
confirmed deaths according to the epidemiological updates of
the World Health Organization (WHO).4 In the past two years
or so, the COVID-19 has caused devastating damage to the
world.
Scientists have been working in the quest for possible

preventive and therapeutic methods.5−7 It is reported that eight
vaccines were approved for full use for the first time, while the
other six vaccines got approval for limited use against COVID-
19.7−9 However, the emergence of SARS-CoV-2 variants led to
increased transmission and resistance, which is associated with
antibody escape from the virus spike epitopes.10 Currently, there
is only one specific oral antiviral agent against SARS-CoV-2,
namely, molnupiravir. Molnupiravir has a good safety profile,
tolerability, and oral bioavailability in humans.11,12 However,
there are inherent risks in this approach such as molnupiravir-
induced tumorigenesis and the emergence of detrimental
mutations in sperm precursor cell generation and embryo
development.13 According to WHO global solidarity clinical

trials, remdesivir, hydroxychloroquine, lopinavir, and interferon
regimens that have completed clinical trials had little or no effect
on hospitalized patients with COVID-19.9,14 Therefore, current
studies are focused on the rapid development of antiviral drugs
to treat SARS-CoV-2 infection.
The papain-like protease (PLpro) is an attractive target in the

antiviral drug design of SARS-CoV-2 and other coronaviruses
(SARS, MERS, etc.) because of its multiple major func-
tions.15−19 PLpro is an essential coronavirus cysteine protease
processing viral polyproteins to yield product nsp1, nsp2, and
nsp3.20 These products generated a functional replicase complex
to initiate the replication and transcription of the viral
genome.20,21 The cleavage specificity of PLpro corresponds to
the LXGG motif.16,22 PLpro is also responsible for cleavage
proteinaceous post-translational modifications on host proteins
(deubiquitinating and deISGylating activities) as an evasion
mechanism against host antiviral innate immune re-
sponses.16,22−27 SARS-CoV-2 PLpro preferentially cleaves
interferon-stimulated gene 15 (ISG15) to attenuate type-I
interferon responses.16 SARS-CoV PLpro is involved in
inhibiting the production of cytokines and chemokines that
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are responsible for the activation of the host innate immune
response against viral infection.23,24,28

Many scientists identified PLpro inhibitors in different
approaches, such as virtual screening using small-molecule
libraries such as Asinex library and FDA-approved inhibitor
library.14,29−31 Several compounds were identified as potential
inhibitors of PLpro such as VIR250, VIR251, tanshinone IIA
sulfonate sodium, and chloroxine.17,31 In addition, noncovalent
small-molecule SARS PLpro inhibitor GRL0617 is highly
effective in reducing the activity of SARS-2 PLpro and showed
high potency and excellent antiviral activity in a SARS-CoV-2
infection model.16,18 Although GRL-0617 demonstrated good
potency, there is a lack of data on its pharmacokinetic profile.
GRL-0617 has not yet been tested in clinical trials or in animal
studies for its in vivo efficacy.
Peptide−drug conjugates (PDCs) are a class of novel

molecules widely designed and synthesized for delivering drug
payloads.32,33 In this work, we designed a novel PDC in which
the GRL0617 was linked to the sulfonium-tethered peptides
derived from PLpro-specific substrate LRGG. This conjugate
could covalently label PLpro active site C111. Two conjugates
EM-C and EC-M showed a promising in vitro IC50 of 7.40 ±
0.37 and 8.63 ± 0.55 μM, respectively. Both conjugates could
effectively inhibit anti-ISGylation activities of PLpro in cells, and
there is low toxicity of PDC EC-M and EM-C in different cells
(Scheme 1).

■ RESULTS AND DISCUSSION
Design of the Novel PDCs Targeting PLpro. Here, we

selected GRL0617 as the drug template of PDCs targeting
SARS-CoV PLpro-2 (Figure S1). GRL0617 was initially found
to inhibit the SARS-CoV PLpro in 2008, with an IC50 of 600
nM.34 Subsequently, scientists found that GRL0617 is also a
promising inhibitor to SARS-CoV-2 PLpro. The targeting range
of small molecules is limited to proteins having hydrophobic
pockets. Therefore, we intended to design PDCs with a stable
covalent peptide to improve GRL0617-targeting specificity and
duration of action.
In our previous study, we reported a unique bio-orthogonal

reaction in which we tethered a peptide between Cys and Met
with a newly formed sulfonium center.35 When such a peptide
recognizes its target and if the protein has a Cys in the vicinity of
the interacting interface, the peptide would bind to the protein

with high selectivity and efficiency.36 Based on this method, we
first designed a series of sulfonium-tethered peptides to target
SARS-CoV-2 PLpro, in which the main catalytic amino acid is
the C111 residue. The PLpro recognized a conserved sequence
with different substrates including the tetrapeptide LXGGmotif
found in between viral proteins nsp1 and nsp2, nsp2 and nsp3,
and nsp3 and nsp4 for cleavage of the viral polypeptide.
Moreover, SARS-CoV-2 PLpro harbors deubiquitinating and
deISGylating activities and recognizes the conserved LRGG
motif at the C-terminal of ubiquitin or ISG-15 proteins (Figure
1A). Therefore, we designed several sulfonium-tethered
peptides derived from the PLpro-specific substrate LXGG
motif, which had a warhead to covalently bond with SARS-CoV-
2 PLpro. We retained the conserved sequence LRGG and added
a cyclic peptide with an on-tether sulfonium center at the C-
terminal of LRGG (peptide CM1 and CM2). Then, one residue
was mutated to C or M, and another M or C was added to
construct the sulfonium-tethered peptides (peptide CM3, CM4,
CM5, CM6, CM7, and CM8) (Figure 1B). The peptides were
constructed via conventional Fmoc-based solid-phase peptide
synthesis (SPPS). Then, peptide cyclization was performed
based on reported protocols.35 The Trt-protected cysteine was
deprotected and let to react with di-halogenated linkers on resin.
The peptide cleavage from the resin will release the free Met and
it will automatically be alkylated to give the cyclized peptides in
high yields in the cleavage cocktail (Figure S2).

Sulfonium-Tethered Peptides Covalently Labeled
SARS-CoV-2 PLpro In Vitro. The peptides were then tested
for their covalent bonding ability with SARS-CoV-2 PLpro.
Different peptides (10 μM) were reacted with SARS-CoV-2
PLpro (5 μM) in PBS buffer for 1 h, respectively. The linear
tetrapeptide LRGG could not label SARS-CoV-2 PLpro because
there was no warhead to covalently react with the residue
cysteine. Instead, the sulfonium-tethered peptides could
covalently label SARS-CoV-2 PLpro.We found that the covalent
bond formation reaction efficiency of sulfonium-tethered
peptides was generally high, especially for CM1, CM2, CM3,
CM4, and CM8. Moreover, the sulfonium-tethered peptides
CM1, CM4, and CM8 with warhead designed near to the SARS-
CoV-2 PLpro C111 showed a higher covalent reaction efficiency
(Figure 1C).

PDCs Covalently Labeled PLpro In Vitro. All of the
sulfonium-tethered peptides successfully covalently react with
SARS-CoV-2 PLpro, and we selected two sulfonium-tethered
peptides (CM7 and CM8) to compose PDCs EM-C and EC-M
by connecting with GRL0617 (Figures 2A and S3). EM-C and
EC-M could covalently bond to SARS-CoV-2 PLpro, while the
PDCwith linear peptides ELRGG could not bind to SARS-CoV-
2 PLpro.
Subsequently, we studied the reaction kinetics and

stoichiometry of EC-M and EM-C. SARS-CoV-2 PLpro (5
μM) was left to react with different concentrations of peptide
EC-M or EM-C (0, 2.5, 5, 10, 15, 20, and 25 μM) in PBS buffer
for 2 h. The reaction showed a dose dependence (Figure 2B,C).
Then, peptide EM-C (10 μM) was left to react with SARS-CoV-
2 PLpro (5 μM) in PBS buffer for different time periods (0.5, 1,
2, 3, and 4 h). The reaction started within 1 h and the efficiency
of the reaction increased with time (Figure 2B,C). The kinetics
and stoichiometric study clearly showed the efficiency of the
conjugation.
There are eleven cysteine residues (C111, C148, C155, C181,

C189, C192, C224, C226, C260, C270, and C284) in SARS-
CoV-2 PLpro, while only Cys111 is close to the binding site. We

Scheme 1. Schematic Presentation of PDCs Covalently
Targeting SARS-CoV-2 PLpro
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identified the binding sites of peptide and protein by tandem
mass spectrometry. TheMS/MS analysis of in-gel digest for EC-
M-bound PLpro showed that peptide EC-M bound to several
Cys sites of PLpro. Nevertheless, the MS/MS analysis of in-gel
digest for EC-M-bound PLpro has shown that covalent
conjugation mainly happened on the C111 site because of rich
ion fragments and high identification score from C111 (Figure
2D) compared with other two possible sites (Figures S4 and S5).
Indeed, we found that mutated PLproC111S has a much weaker
reaction with EM-C than PLpro, confirming a strong selectivity
toward C111 (Figure S6). Altogether, the PDCs EC-M and EM-
C mainly covalently bind to the C111 on PLpro.
To assess the ability of peptides EM-C and EC-M to label

PLpro in a complex proteome environment, 293T cell lysates
(300 μg) were spiked with PLpro (5 μM) and then treated with
10 μM FAM-labeled peptides EM-C and EC-M. The gel data
showed a clear single fluorescent band with the correct
molecular weight indicating a clean and selective conjugation
of peptide EM-C and EC-M to PLpro (Figure S7).
Identification of PDCs EC-M and EM-C as an inhibitor

for SARS-CoV-2 PLpro. The enzymatic activities of SARS-
CoV-2 PLpro were tested using the fluorogenic peptide
substrate LRGG-AMC. The sulfonium-tethered peptides with-
out GRL0617 could not efficiently inhibit SARS-CoV-2 PLpro
(Figure S8), while the sulfonium-tethered peptide conjugate
GRL0617 has a better inhibition ability. Specifically, IC50 values
of EM-C and EC-M were 7.40 ± 0.37 and 8.63 ± 0.55 μM,
respectively (Figure 3A,B).
Also, we tested the peptide inhibition ability to SARS-CoV

PLpro and MERS PLpro. There is a high sequence identity

(83%) between the SARS-CoV-2 PLpro and SARS-CoV PLpro.
The IC50 value of EM-C against SARS-CoV PLpro was 3.43 ±
0.54 μM, close to GRL0617 (IC50 = 2.60± 0.05 μM). Its linear
analogue showed weaker inhibition (Figure 3C). The GRL0617,
EC-M, EM-C, and ELRGG could not inhibit MERS PLpro
(Figure 3D). Both EM-C and EC-M showed better inhibition
for SARS-CoV PLpro than SARS-CoV-2 PLpro.

PDC-Inhibited PLpro Regulates IFN Pathways. To
investigate the inhibitory effects of EM-C and EC-M on the
deISGylation activity of PLpro inside cells, two cell-based
methods, anti-ISG15 immunoblotting and luciferase-based IFN-
β reporter assay, were performed to test whether EM-C and EC-
M could recover the cellular ISGylation level and therefore the
host innate immune response by inhibiting PLpro. Consistent
with their activities in the enzyme inhibition assays, both EM-C
and EC-M can recover the cellular ISGylation level in a dose-
dependent manner (Figure 4A), indicating that they can enter
cells to inhibit SARS-CoV-2 PLpro. Meanwhile, EC-M showed a
higher potency to recover the cellular ISGylation level than EM-
C. Consistent with its potency in anti-ISG15 immunoblotting,
EC-M can also significantly recover the IFN-β promoter activity
suppressed by SARS-CoV-2 PLpro in a dose-dependent
manner, suggesting that it has the potential to reactivate the
host innate immune response (Figure 4B). However, EM-C did
not show significant recovery of the IFN-β promoter activity
even at 100 μM, likely due to its relatively low potency to inhibit
deISGylation on the cellular level.

Low Toxicity of PDCs EC-M and EM-C. MTT assay was
performed with different cell lines to examine peptides’ effects
on cell proliferation. Peptides were used to treat different cell

Figure 1. Preparation of sulfonium-tethered peptides targeting SARS-CoV-2 PLpro. (A) Structure of ISG15-bound SARS-CoV-2 PLpro (PDB ID:
6YVA and 6WX4). ISG15 C terminal amino acid LRGG is close to C111 of SARS-CoV-2 PLpro. (B) Sequence and conversion efficiency of the
designed sulfonium-tethered peptides. (C) SARS-CoV-2 PLpro-peptide conjugation analysis. The different peptides (10 μM) were mixed with SARS-
CoV-2 PLpro (5 μM) in PBS buffer for 1 h.
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lines at different concentrations for 24 h. The GRL0617 and
PDCs EC-M and EM-C showed no growth inhibition of both
A549 and 293T (Figure 4C). The nonspecific toxicity of these
peptide inhibitors was further excluded using the hemolysis
assay (Figure 4D).

■ CONCLUSIONS
COVID-19 pandemic has emerged as a global health threat due
to its high transmission and deaths. Novel designs of antiviral
agents may help in battling against SARS-CoV-2 and other virus-
related pandemics in the future.
In our report, we designed a novel PDC to target SARS-CoV-

2 PLpro. The novel PDC, in which GRL0617 was linked to the
sulfonium-tethered peptides derived from PLpro-specific
substrate LRGG, could covalently label PLpro active site
C111. The PDCs EM-C and EC-M showed a promising in
vitro IC50 of 7.40 ± 0.37 and 8.63 ± 0.55 μM, respectively.
Then, we also evaluated the ability of PDCs to inhibit anti-
ISGylation activities of PLpro in cells. Notably, these conjugates
significantly reduced GRL0617’s cytotoxicity (Figure S9). The

permeability is a crucial factor for their druggability. We found
that the PDCs EC-M, EM-C, and ELRGG had a better cellular
uptake ability, compared to the positive control peptide TAT
(Figure S10).
Furthermore, we found that PDCs EC-M and EM-C are also

covalently bound to SARS-CoV PLpro and MERS PLpro
(Figure S11). The PDCs EM-C and EC-M showed an in vitro
IC50 of 3.43± 0.54 and 16.38± 0.81 μM to SARS-CoV PLpro,
respectively. Both the two PDCs could recover the cellular
ISGylation level suppressed by SARS-CoV-2 PLpro in a dose-
dependent manner in the anti-ISG15 immunoblotting assay, and
EC-M also showed the recovery of IFN-β promoter activity on
the cellular level. These results suggested that EC-M can
potentially not only interfere with SARS-CoV-2 replication by
inhibiting one of its essential proteases but also reactivate the
host innate immune response against viral infection.
The results represent a novel attempt to design covalent

PDCs, which showed intriguing activities and a significantly
reduced cytotoxicity. This PDC-designing strategy could be

Figure 2. Design and reaction formation of novel PDC targeting SARS-CoV-2 PLpro. (A) Sequence of designed peptide−drug conjugations. (B)
Reaction stoichiometric and reaction kinetic study of SARS-CoV-2 PLpro and EC-M. SARS-CoV-2 PLpro (5 μM) reacted with different
concentrations of peptide EC-M (0, 2.5, 5, 10, 15, 20, and 25 μM) in PBS buffer for 2 h. Peptide EC-M (10 μM) reacted with SARS-CoV-2 PLpro (5
μM) in PBS buffer for different time periods (0.5, 1, 2, 3, and 4 h). (C) Reaction stoichiometric and reaction kinetic study of SARS-CoV-2 PLpro and
EM-C. SARS-CoV-2 PLpro (5 μM) reacted with different concentrations of peptide EM-C (0, 2.5, 5, 10, 15, 20, and 25 μM) in PBS buffer for 2 h.
Peptide EM-C (10 μM) reacted with SARS-CoV-2 PLpro (5 μM) in PBS buffer for different time periods (0.5, 1, 2, 3, and 4 h). (D) MS/MS analysis
determines that Cys111 is the modification site.
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applied to targeting other important proteins for therapeutic
applications.

■ EXPERIMENTAL SECTION
Materials and Methods.Materials. All reagents (amino acids and

resins) used for SPPS were purchased from Aladdin Co., GL Biochem
CO., Shanghai Hanhong Chemical Co., or Energy Chemical Co. All
solvents were purchased from Cantotech Chemicals Co. or J&K
Scientific Co. They were used without further purification unless
otherwise stated. The reagents used for biological assays were
purchased from Sigma Aldrich and Thermo Fisher. Cells were
purchased through ATCC and cultured according to ATCC guidelines.
Synthesis and Purification of Sulfonium-Tethered Peptides.

Peptides were assembled on Rink Amide MBHA resin via standard
manual 9-fluorenylmethyloxycarbonyl (Fmoc) SPPS. For N-terminal-
acetylated peptides, the N-terminus was acetylated in DMF with Ac2O
and DIPEA (1:0.4) for 30 min twice. For 5-carboxyfluorescein (FAM)-
labeling peptides, the peptide assembly continued to incorporate the N-
terminal residue Fmoc-βAla-OH before FAM, FAM (7.0 equiv) was
dissolved in DMF, followed by benzotriazole-1-yl-oxytripyrrolidino-
phosphonium hexafluorophosphate (PyBOP, 3.0 equiv), 1-hydrox-
ybenzotriazole (HOBT, 3.0 equiv), and 4-methylmorpholinein (NMM,
6.0 equiv) for 12 h. For circular peptides, they were synthesized with a
previous method reported by Wang et al.35 Peptides were purified by
analytic reverse-phase HPLC (Shimadzu LC-20AT: 4.6× 250mm, 220
nm and 254 nm) and analyzed by LC−MS (AB SCIEX Elite QSTAR or
Shimazu LC−MS 2020) (Figure S1). The peptide purity is >95%.
Synthesis and Purification of PDCs. The synthetic route figures of

PDCs were given in the supplementary methods (Figure S2). First, the
sulfonium-tethered peptides were assembled on Rink Amide MBHA
resin via standard manual Fmoc SPPS. The sulfonium-tethered
peptides were linked to GRL0617 through the linker glutamic acid.
Fmoc-Glu (OAll)-OH (2.0 equiv according to the initial loading of the
resin) and HATU (2.0 equiv) were dissolved in DMF, followed by
DIPEA (4.0 equiv). The mixture was preactivated for 1 min and added

to the resin for 1 h with N2 bubbling. The resin was washed sequentially
with DCM, DMF (5×), and methanol (5×) and then dried under a
stream of nitrogen for the next step. The allyl ester and allyl carbamate
were removed using Pd (PPh3)4 (0.1 equiv) and N,N-dimethylbarbi-
turic acid (4 equiv) in DCM for 2 h. Then, the GRL0617 (5.0 equiv
according to initial loading of the resin), HOBT (3.0 equiv), and
PyBOP (3.0 equiv) were dissolved in DMF, followed by NMM (6.0
equiv). The mixture was added to the resin for 1 h with N2 bubbling.
The peptides were N-terminal-acetylated or FAM-labeled by the
previous methods. Also, the circular peptides were synthesized with a
previous method reported by Wang et al. PDCs were purified by
analytic reverse-phase HPLC (Shimadzu LC-20AT: 4.6× 250 mm, 220
nm and 254 nm) and analyzed by LC−MS (AB SCIEX Elite QSTAR or
Shimazu LC−MS 2020). The purity of PDCs is >95%.

Recombinant Protein Expression and Purification. Coding
sequences of SARS-CoV/MERS-CoV/SARS-CoV-2 PLpro were
codon-optimized, synthesized, and cloned into a pET28a vector. A
protease activity-abolished variant of SARS-CoV-2 PLpro (C111S) was
constructed and also cloned into a pET28a vector. For SARS-CoV-2
PLpro, the expressing plasmid was transformed into competent
Escherichia coli BL21 (DE3) cells. A single colony was picked and
inoculated in 5 mL of LB supplemented with 50 μg/mL kanamycin at
37 °C. The 5 mL inoculum was added to 1 L LB broth with kanamycin.
The cells were allowed to grow to an optical density of 0.6 at 600 nm at
37 °C and 180 rpm and were induced with 0.5 mM isopropyl-beta-D-
thiogalactopyranoside (IPTG). The induced cells were incubated
overnight at 16 °C and 130 rpm. The cells were harvested and
resuspended in lysis buffer [50 mM Tris, 300 mM NaCl, 10 mM
imidazole, and 5 mM 2-hydroxy-1-ethanethiol (β-ME), pH 8.5] and
then lysed by sonication. The cell debris was removed by centrifugation
at 15,000 rpm for 60 min. The supernatant was added to a Ni-NTA
column, and bound proteins were eluted with buffer B (50 mM Tris,
300 mM NaCl, and 250 mM imidazole, pH 8.5). The elution fractions
were finally loaded onto gel filtration (Superdex200, GE Healthcare)
with buffer C (20 mM Tris, 100 mM NaCl, and 1 mM DTT, pH 7.4).

Figure 3. Enzymatic activities of PLpro were inhibited by different PDCs or GRL0617. (A) Enzymatic activity of SARS-CoV-2 PLpro was inhibited by
different PDCs or GRL0617. The activity assay was performed using the peptide LRGG-ACC as a substrate. Error bars represent standard errors of
mean of at least three independent measurements. (B) IC50 of different PDCs or GRL0617 in SARS-CoV-2 PLpro. IC50 of EM-C was 7.40 ± 0.37
μM. IC50 of EC-M was 8.63 ± 0.55 μM. IC50 of ELRGG was 15.38 ± 1.63 μM. IC50 of GRL0617 was 2.64 ± 0.34 μM. (C) Enzymatic activity of
SARS-CoV PLpro was inhibited by different PDCs or GRL0617. (D) Enzyme activity of MERS PLpro was inhibited by different PDCs or GRL0617.
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The proteins fractions were concentrated using a 10 kDa MWCO
concentrator (AmiconMillipore) and stored at−80 °C. The expression
and purification protocols of SARS-CoV PLpro, MERS PLpro, and
SARS-CoV-2 PLproC111S were the same as the one for SARS-CoV-2
PLpro.
In Vitro Protein-Peptide Covalent Conjugation Assay. To measure

the conjugation reactions, first, the different FAM-labeling peptides (10
μM) were reacted with PLpro (5 μM) in PBS buffer. The mixture was
incubated for 1 h and sent for SDS gel analysis. Then, different
concentrations of peptide EM-C or EC-M (0, 2.5, 5, 10, 15, 20, and 25
μM) were incubated with protein PLpro (5 μM) in PBS buffer (pH 7.4,
37 °C) for 1 h and then analyzed through 15% SDS-PAGE. The peptide
EM-C or EC-M (10 μM) was incubated with protein PLpro (5 μM) in
PBS buffer (pH 7.4, 37 °C) for different time periods (0.5, 1, 2, 3, and 4
h) and then analyzed through 15% SDS-PAGE.
In-Gel Trypsin Digestion. EC-M (30 μM) was incubated with

protein PLpro (5 μM) in Tris buffer at 37 °C for 4 h. The gel bands
corresponding to the conjugation were removed from 15% SDS-PAGE
after electrophoresis. Then, the gels were destained by a solution of
ammonium bicarbonate: acetonitrile. The gel pieces were incubated
with trypsin overnight at 16 °C. The digest was extracted in 50%
acetonitrile with 0.5% formic acid and combined with the trypsin
digestion supernatant. The treated samples were used for MS/MS
analysis.
PLpro Enzyme Activity Assays and IC50 Determination. PLpro

activity was monitored using the substrate peptide-ACC (Ac-Leu-Arg-
Gly-Gly-ACC, synthesized by solid-phase synthesis). SARS-CoV-2
PLpro and peptide were incubated for 1 h at 37 °C in assay buffer before
the final substrate was added. The assay buffer contained 50 mM

HEPES, pH 7.4, 0.1 mg/mL BSA, and 5 mM DTT. The SARS-CoV-2
PLpro concentration was 0.1 μM, the final substrate concentration was
1 μM, and the peptide inhibitor concentration was diluted down from
800 μM. Substrate hydrolysis was measured for 30 min at 355 nm
(excitation) and 460 (emission) at least three times. The data were
fitted using Origin 2020b, and the IC50 value was determined.

Cell Lines and Culture. Human lung adenocarcinoma A549 cells
were cultured in RPMI-1640 supplemented with 10% (v/v) FBS and
penicillin/streptomycin (100 μg/mL) at 37 °C and 5% CO2. Human
kidney cells 293T cells were cultured in DMEM with 10% (v/v) FBS
(Gibco) and penicillin/streptomycin (100 μg/mL) at 37 °C and 5%
CO2. Human colorectal adenocarcinoma cells HCT116 cells were
cultured in RPMI-1640 supplemented with 10% (v/v) FBS and
penicillin/streptomycin (100 μg/mL) at 37 °C and 5% CO2. All
reagents were purchased from Gibco. All these cells were maintained in
a humidified incubator containing 5% CO2 at 37 °C.

Cell Viability Assay by MTT Assays. The cells were cultured in each
well of the 96-well plates overnight and then treated with peptides in
100 μL of medium containing 5% FBS for 24 h. A total of 20 μL ofMTT
reagent (5mg/mL) was added and the cells were incubated at 37 °C for
4 h. DMSO (150 μL) was added and shaken for 10 min. The control
group was treated with the same amount of DMSO without peptides.
Absorbance was detected at a wavelength of 490 nm using a microplate
reader (Bio-Rad).

Immunoblotting for Detection of ISGylation. To detect the
intracellular ISGylation level, HEK293T cells were co-transfected
with plasmids encoding Myc-tagged ISG15, E1/E2/E3 ubiquitin
ligases, and SARS-CoV2 PLpro fused with EGFP. After transfection,
the cells were incubated in DMEM with 5% FBS and PDCs (EC-M or

Figure 4. EC-M and EM-C can recover the antiviral activity of ISG15 according to cell-based assays. (A) Immunoblotting for detection of ISGylation
with or without EC-M or EM-C treatment at various concentrations, with the plasmids encoding ISG15, E1/E2/E3 ubiquitin ligases, and GFP-PLpro
in combination. (B) Reduced suppression of IFN-β promoter activity by SARS-CoV-2 PLpro in the presence of EC-M and EM-C according to
luciferase-based IFN-β reporter assay. The negative control is treated with a blank plasmid. The sample treated with ISG15 expressed that the plasmid
is selected as a positive control, and its IFN-β promoter activity is set as 100% percentage of effect. Other samples are presented by scaling to the
positive control. Significance relative to the negative control was calculated by an unpaired two-tailed Student’s t-test and labeled above the histogram
bars. (C) Viability of A549 and 293T treating with different PDCs or GRL0617. The cells were incubated with 1.56, 3.13, 6.25, 12.5, 25, 50, and 100
μMdifferent PDCs or GRL0617 for 24 h. (D) Hemolysis assays were performed to assess the erythrocyte toxicity of PDC inhibitors. Both PDCs with
cyclic peptides and linear peptides had low toxicity to erythrocyte at the concentration of 60 μM. Error bars represent standard errors of mean of at least
three independent measurements.
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EM-C) for 24 h at 37 °C. Then, the cells were washed with PBS and
harvested using the 1× passive lysis buffer (Promega, 11, E1941), and
the extracted protein concentrations were quantitated using the BCA
method. For each sample, 30 μg of the protein was loaded for SDS-
PAGE and transferred to the PVDF membrane afterward. Western
blotting was performed using the following primary antibody dilutions:
1:1000 for anti-ISG15 (CST, 2758), 1:1000 for anti-GFP (CST, 2956),
1:1000 for anti-GAPDH (Biodragon, B1034) antibodies, and 1:1000
for HRP-conjugated secondary antibody (Biodragon, BF03008)
dilution. The membrane was visualized using the ECL substrate
(Beyotime, P0018AFT) with a ChemiDoc MP Imaging System (Bio-
Rad).
Luciferase-Based IFN-β Reporter Assay. In the luciferase-based

IFN-β reporter assay, the effect of PDCs on the suppression of IFN-β
promoter activity by SARS-CoV2 PLpro was investigated following the
same protocol as ref 31. Briefly speaking, HEK293T cells were co-
transfected with plasmids encoding Renilla luciferase as a reference,
Firefly luciferase is driven by an IFN-β promoter, MAVS, to activate
IFN-β promoter and SARS-CoV2 PLpro. Firefly and Renilla luciferase
activities were measured using the dual-Luciferase reporter assay
system (Promega, E1910), and the IFN-β promoter activity was
reflected by Firefly luciferase activity normalized by Renilla luciferase
activity. Experiments were performed in three biological replicates;
unpaired two-tailed Student’s t-test was employed to determine the
statistical significance.
Hemolysis Assays. Fresh mouse erythrocytes were collected and

centrifuged at 1500 rpm for 10 min. Then, the cells were washed four
times and resuspended in PBS to a final density of 108/mL. A serial
dilution of peptides, different PDCs, or GRL0617 was added starting at
60 μM and incubated at 37 °C for 1.5 h. Then, erythrocytes were
centrifuged at 6000 rpm for 10 min. The absorbance of the supernatant
at 570 nm was measured using a microplate reader (PerkinElmer,
Envision) tomonitor the release of hemoglobin. 0.1%Triton X-100 and
PBS were employed as positive and negative controls, respectively. The
calculation formula of the hemolysis rate is % hemolysis = [(A576 nm of
sample − A576 nm of negative control)/(A576 nm of positive control
− A576 nm of negative control)] × 100.
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