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ABSTRACT: SARS-CoV-2 has caused a global pandemic of COVID-19, posing a huge threat to public health. The SARS-CoV-2
papain-like cysteine protease (PLpro) plays a significant role in virus replication and host immune regulation, which is a promising
antiviral drug target. Several potential inhibitors have been identified in vitro. However, the detailed mechanism of action and
structure—activity relationship require further studies. Here, we investigated the structure—activity relationships of the series of
derivatives of tanshinone IIA sulfonate sodium (TSS) and chloroxine based on biochemical analysis and molecular dynamics
simulation. We found that compound 7, a derivative of chloroxine, can disrupt PLpro-ISG1S interaction and exhibits an antiviral
effect for SARS-CoV-2 variants (wild type, delta, and omicron) at the low micromolar level. These studies confirmed that inhibiting
PLpro-ISG15 interaction and, thus, restoring the host’s innate immunity are effective methods for fighting against viral infection.

B INTRODUCTION

The global epidemic of COVID-19 caused by the new
coronavirus SARS-CoV-2 infection has led to the great
harming to the economy and human health. This is the third
worldwide pandemic caused by the coronavirus after SARS-
CoV and MERS-CoV." The clinical manifestations of patients
infected with SARS-CoV-2 range from asymptomatic or mild
infection to acute lung inflammation and pneumonia and are
more common in the elderly and patients with comorbid-
ities.””* Although the symptoms are milder than those of
SARS-CoV and MERS-CoV, SARS-CoV-2 spreads faster.’
This new type of coronavirus is also more contagious and
pathogenic® than influenza virus despite similar symptoms such
as fever, cough, and pneumonia. Initially, some old antiviral
drugs such as remdesivir (targeting RNA-dependent RNA
polymerase, RARP), chloroquine (targeting spike protein), and
tocilizumab (targeting human IL-6 receptor) were tested
directly on COVID-19 patients.” '? Although they have a
noticeable antiviral effect, their efficacy remains controversial."'
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One strategy for developing effective antiviral strategies is to
target key factors in the viral life cycle, particularly, important
viral enzymes such as RARP, main protease (Mpro/3CLpro),
and papain-like protease (PLpro)."” Luteolin was reported to
bind to multiple targets of SARS-CoV-2 PLpro, spike, and
RNA-dependent RNA polymerase (RARP) but with its actual
efficacy unknown."*~"°
avir was approved to target RARP."" ' However, more drugs
for additional targets are clearly needed to fight against this
fast-evolving virus. Here we will focus on SARS-CoV-2 PLpro.

SARS-CoV-2 PLpro is the main protease encoded by nsp3
with an N-terminal ubiquitin-like (UBL) domain and a C-

One recent successful drug molnupir-
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Table 1. In Vitro Inhibitory Activity of Analogues of Tanshinone IIA Sulfonate Sodium (TSS) as Inhibitors of PLpro
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Figure 1. In vitro enzymatic activity of analogues of tanshinone IIA sulfonate sodium (compounds 1—6) as a function of the compound
concentration in uM. Activity analysis of compounds based on the inhibition assay of protease activity of AMC probes. The 50% inhibition
concentrations for compounds 1 (A) and 6 (F) are lower than 100 uM. Others showed poor (B, E) or no inhibition (C, D).

terminal ubiquitin-specific protease (USP) domain. It can
cleave the viral polyprotein to form nspl, nsp2, and nsp3 and
interact with ubiquitin or ISG15 from host proteins™’ for
reducing the host’s innate immunity.”"** This dual role of
PLpro makes it an attractive drug target for developing
effective antiviral drugs and regulating virus—host immunity
interactions. Because SARS-CoV-2 PLpro is highly similar to
the SARS-CoV PLpro with 83% of amino acid similarity and
an identical active site,”> many SARS-CoV PLpro inhibitors
can inhibit SARS-CoV-2 PLpro as well.”>** One example is
GRLO0617, which can interact with either Tyr268 of SARS-
CoV-2 PLpro or Tyr269 of SARS-CoV PLpro.”* GRLO617 can
inhibit SARS-CoV-2 PLpro with ~2 uM IC, values but poorer
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antiviral activity (Vero E6 and Caco2-hACE2: ECs, values
around 20 uM).”>~*" GRL0617 analogues such as Jun9-72-2
and Jun9-75-4 were found with higher enzymatic inhibition
and antiviral activity.”” Furthermore, GRLO617 and its
analogues form hydrophobic interactions between their
naphthalene ring and Tyr268 of SARS-CoV-2 PLpro.”
Therefore, GRL0617 mainly binds around the active pocket
of PLpro.

Recently, we discovered two new PLpro inhibitors:
tanshinone IIA sulfonate sodium (TSS) and chloroxine, with
ICy, lower than 10 yM after screening a library of clinically
approved drugs.”® The structure of these two compounds is
quite different from GRL0617 and its analogues. The naphthyl
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Figure 2. In vitro PLpro-ISG1S binding inhibition of chloroxine analogues (compounds 7—12) as a function of the compound concentration in
uM. All compounds in this group have similar inhibitory activities as chloroxine except compound 8 (B) with no inhibitory activity. In addition,
compound 7 (A) showed good inhibitory activity followed by compound 11 (E). The inhibitory activities of compounds 9 (C), 10 (D), and 12 (F)

were highly similar.

Table 2. In Vitro Inhibitory Activity of Analogues of Chloroxine as the Inhibitor of PLpro-ISG1S5 Binding Activity
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group of GRLO0617, Jun9-72-2, and Jun9-75-4 is the key
binding region to PLpro. Interestingly, TSS and chloroxine
were substituted on the naphthalene ring. Based on this
insight, we examined additional analogues of TSS and
chloroxine to establish structure—activity relationships
(SARs). Several analogues of chloroxine with lower than 10
UM ICy, values were found.

B RESULTS AND DISCUSSION

In Vitro Analysis of TSS Analogs by the Protease
Activity Assay. We employed previously developed enzy-
matic activity”® to examine inhibition of TSS analogues as TSS
was found to inhibit enzymatic activity. Compounds 1—6, like
TSS, are derived from the natural product Danshen. The main
component of Danshen is a cytochrome P450 (CYP)

inhibitor,” and most drugs are metabolized by CYP on liver
microsomes in vivo. Thus, the drug metabolism rate for this
cluster of drugs in vivo may be low. Although compounds 1
and 2 are different from the basic structure of TSS, they are
derived from the main components of Danshen, and they were
considered here as the same type of natural products. Table 1
and Figure 1 show the resulting IC;, values for the derivatives
of TSS (1—6). Most TSS derivatives are poor inhibitors or lack
inhibition of enzymatic activities. The best TSS derivative
(compound 6) has an ICg, value of 68 uM, compared to 1.65
uM TSS.

The above results highlighted the critical role of the sulfonyl
group in inhibiting PLpro enzymatic activity. This is illustrated
by the fact that compound 4 only differs from TSS by lacking
the sulfonyl group. Without this sulfonyl group, compound 4

https://doi.org/10.1021/acsomega.2c06675
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completely lost the inhibition. Interestingly, removing the
double bond in the epoxy group of compound 4 (compound
5) leads to a partial restoration of inhibition, whereas
introducing an additional aromatic ring to compound $§
(compound 6) further improves inhibition. Also, removing the
double bond in the epoxy group of compound 3 (compound
6) leads to a significant recovery of inhibition. The partial
inhibitory effects of compounds 1 and 2 indicated that
phenolic acid compounds were another active ingredient in
Danshen besides tanshinone. Among them, benzenediol may
play an inhibitory role as an active group. It is further observed
that its active components and active groups from the
perspective of natural products are promising strategies for
antiviral drug discovery. The above results suggest that
tanshinone is the active compound skeleton in the natural
product Danshen with a potential effect of inhibiting PLpro.
Moreover, the sulfonic acid group has a significant effect on the
skeleton, and the active conformation it participates in mainly
affects the epoxy group directly connected to it in the skeleton.

In Vitro Analysis of Chloroxine Analogs by the
Fluorescence Polarization Assay (FPA). We further
employed the previously developed 1SG15-binding assay”” to
examine inhibition of binding by chloroxine analogues as
chloroxine was found to inhibit the binding between ISG15
and PLpro. The concentration dependence of binding
inhibition for these compounds can be found in Figure 2A—
F. Table 2 shows the ICy, value results of six chloroxine
derivatives for their deISGylating activity of SARS-CoV-2
PLpro. The chemical structure of this cluster of compounds is
relatively simple, so we mainly focus on its quinoline backbone
and the substitution of different halogen atoms and the size of
the side chain.

Most of these chloroxine analogues maintain chloroxine’s
inhibition ability with <10 uM ICs, values, except compound
8. The corresponding concentration dependence of inhibition
for these compounds can be found in Figure 2A—F. The active
analogues all have a minor substitution/deletion relative to
chloroxine. Substitution of two Cl atoms by Br leads to
compound 7, by one I to compound 9, whereas removal of Cl
leads to compound 10 and shift of a Cl position to compound
12. Compound 11, on the other hand, introduced a
triethylamine group. With quinoline as the main skeleton,
various groups can be added or switched to maintain the
inhibitive activity, suggesting that quinoline is directly involved
in binding inhibition. The inactivity of compound 8 further
suggests that the binding of quinoline may be affected by the
steric hindrance effect of the giant side chain.

Docking and Molecular Dynamics. To further under-
stand the molecular mechanisms of these analogues, we
performed docking and molecular dynamics simulations as we
have done previously.”® Compounds 1—12 were docked onto
PLpro by AutoDock Vina,®® and their interaction sites were
analyzed. The docked complex structures were subjected to
molecular dynamics simulation for relaxing docked structures.

Table SI shows the best docking scores along with the
locations of the ligands. We found that compounds 1—6 were
mainly located in the catalytic pocket of PLpro, while 7—12
(except 8) mainly interacted with the binding interface of
PLpro and ISG1S (Figure S1 and Figure SB). This is mostly
consistent with the fact that compounds 1—6 and 7—12 are the
analogues of TSS (pocket binder) and chloroxine (interface
binder), respectively. Docked conformations were minimized

and subjected to 200 ns MD simulations for examining their
binding stability and interaction details.

Figure S3A—F shows the time dependence of conformation
stability of TSS analogues by the MD simulations. Figure S2
shows a detailed view of the interaction of all compounds with
PLpro. Among compounds 1—6, only compound 6 (Figure
S3F) had weak stable binding to the catalytic pocket of PLpro,
which was consistent with our enzymatic activity analysis
(Figure 1). In particular, similar to TSS, compound 6 mainly
utilizes its aromatic ring through 7—7 stacking near the Tyr268
residue. Unlike TSS, the cation—7 interaction with the Argl66
residue is weaker (Figures S3F and S4F). Compounds 1—6
could not achieve stable binding with PLpro due to the lack of
hydrophilic sulfonic acid groups, considering the fact that
compound 4 only differs from TSS by a sulfonic group.
Although compound 6 is mainly binding at the catalytic
pocket, the binding conformation of compound 6 is flexible
with large fluctuation in distances (Figures S3F and S4F).

Figure S3G—L shows the results of MD simulations for
chloroxine analogues (compounds 7—12). Similar to chlorox-
ine,”® there appear to have two-state binding conformations at
the ISG1S-PLpro interface for those compounds with
inhibition activities (7, 9, 10, 11, and 12) based on distance
fluctuation. For compound 8, although it has an initial docking
binding mode in the activity pocket (Figure S1G), the
conformation is not stable in the MD simulation (data not
shown). This instability may be due to the bulky side chain
introduced in compound 8 (Figure 2B). The interface binders
are mainly anchored by the Arg65 residue near the interface
through cation—r interactions as chloroxine (Figure S3H—L).
For example, after the Cl atom substitution of chloroxine is
replaced by Br atom substitution (Figure 3), compound 7

A B
Cl Br

\
\

OH OH

Figure 3. Comparing the chemical structures of chloroxine (A) and
compound 7 (B); the two share a quinolone ring but have different
halogen atom substitutions at C-S and C-7.

adopts the same binding conformation as the state 1 of
chloroxine®® but is more stable (Figure 5B and Figure S3H).
The bound conformation undergoes a transition from two
states (states 1 and 2) to a single state (state 1). In this
conformation, the halogen atoms are deeply buried in the
protein pocket and possibly because the Br atoms are larger
than the chlorine atoms, resulting in a stronger interaction with
the protein (Figures S3H and S4H). Compared to compound
7, compound 9 is actually buried deeper, possibly because the I
atom is too large and the ring plane cannot reach fully to the
orientation of state 1 (Figures S3I and S41).

Non-binding ligands (compounds 7—12) on the catalytic
binding pocket could be viewed as docking decoys, in
respective to those binding ligands (compounds 1—6) on the
binding pocket. MD simulations of these decoy ligands were
dissociated from the pocket. An example of compound 7
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Figure 4. Stability change of PLpro in the presence of ligands at different pH values (A—L) for compounds 1—12. The determination of the
thermal stability of the protein was done on a real-time PCR system by the thermal shift assay (TSA) method.

dissociating from the initial structure near the pocket is
illustrated in Figures S3G and S4G. By comparison, the
docking results for compounds 1—6 are dominated by the in-
pocket conformations.

To further confirm our findings, we repeated two more MD
runs for each MD setup with stable observed binding events.
Figure S7 shows three independent MD simulations for the
three most interesting compounds 7, 9, and 11. The results for
multiple runs for these three compounds confirmed stable
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binding at the interface. We noted that compound 7 in run 3
adopted a deeply buried state 1-type binding mode with a
rotation of the ligand around the normal vector of the
molecular plane.

Interactions between PLpro and Its Inhibitors.
Stability changes upon ligand addition provide a measure of
interactions between PLpro and its inhibitors. Typically, we
should observe an increase in melting temperature (Tm) upon
binding, except that combining with other destabilizing effects
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Figure 5. Binding of compound 7 to the PLpro. (A) Binding affinity was measured by surface plasmon resonance, and the equilibrium response
unit was plotted against the compound concentration. The estimated Kp is 0.2 uM. (B) The docking results of compound 7 with PLpro showed
that it was located at the PLpro-ISG1S interaction interface. Compound 7 has a hydrogen bond interaction with the Arg65 residue, and its distance

is around 3 A.

such as pH may produce a different outcome. The thermal
melting curves when PLpro is mixed with compounds 1-12
are shown in Figure S5 along with the changes of Tm values at
pH 6.0, 7.0, 8.0, and 9.0, as shown in Figure 4. PLpro has an
optimal stability at pH values between 7.0 and 8.0, and there is
an increase in Tm values in the presence of ligands in most
cases (Figure SSB,C). It should be noted that all ligands
improve PLpro stabilities, regardless of specific or non-specific
inhibition. This indicates that stability change is not a useful
tool to indicate specific inhibition.

Because compound 7 has the best IC;, value for disrupting
ISG1S-PLpro interactions (Table 2), we measured its binding
affinity to PLpro for further validation. Results from surface
plasmon resonance (SPR) indicate an estimated affinity of 0.2
uM (Figure SA). In addition, it was found by docking that
compound 7 was firmly anchored at the PLpro-ISG15
interaction interface by the Arg65 residue through the
hydrogen bond (Figure SB).

Antiviral Assays. To further validate the antiviral activity
with authentic virus, compound 7 was performed on cell-based
assays infected with authentic SARS-CoV-2 wild type, delta, or
omicron variants. We observed a decrease in authentic virus
infections in cells in a dose—response manner (Figure 6). A
significant decrease in intracellular virus could be observed at a
concentration of 11.1 M or above. Meanwhile, the inhibitory
effect of imatinib®" in the positive control was observed when
the drug concentration was greater than 15 yM (Figure S6).
Compound 7 has an inhibitory effect on WT, delta, and
omicron of SARS-CoV-2 and all inhibited virus infections at
low micromolar concentrations. The ECg, values of compound
7 for WT, delta, and omicron inhibition were 4.59, 2.70, and
2.98 uM, respectively. The cytotoxicity of compound 7 in Vero
E6 cells was determined by the CCK-8 method, and the results
showed that its 50% cytotoxicity concentration was greater
than 800 uM (Figure 6B). This suggests that the actual
antiviral level of compound 7 is consistent with our observed
biochemical activity and binding properties.

B CONCLUDING REMARKS

PLpro, one of the proteases of SARS-CoV-2, plays a key role in
viral self-assembly and host antiviral immune response, and it is
a promising antiviral drug target. As the newly reported PLpro
inhibitors, TSS and chloroxine are significantly different from

previously reported inhibitors in the chemical structure. Thus,
it would be interesting to investigate TSS and chloroxine
analogues. We showed that substitutions or removal of
chlorine in chloroxine analogues makes minor changes to
inhibition capability, whereas removal of the sulfonate group is
detrimental to inhibition of enzymatic activity.

We found that aromatic naphthyl and quinolone rings as
active groups play a major role in the active conformation of
SARS-CoV-2 PLpro. GRLO617 has been reported as a
potential lead compound of PLpro inhibitors for ISG1S-
PLpro binding.26’32’33 Here, we also observed that the
inhibitors in chloroxine derivatives share a naphthyl group
with the compound GRLO0617. The quinolone ring is re-
recognized as the active backbone of PLpro inhibitors, and
active compounds sharing the quinolone ring mainly target the
PLpro-ISG1S interaction interface through the Arg6S residue.
The substitutions of halogen atoms on the C-3, C-5, and C-7
positions of the quinolone ring are involved in the active
conformation of the binding interface. The number of
substitutions of halogen atoms also seems to have some
effects on its activity (Table 2). However, the substitution of
the bulky branch at the C-3 position might force compound 8
to PLpro to be away from the binding interface due to the
steric hindrance effect. Indeed, compound 8 is inactive in FPA
analysis (Figure 2B).

For inhibition of PLpro cleavage, the conserved Tyr268
residue of PLpro and the Argl66 residue are the key residues
for anchoring inhibitors. Moreover, the sulfonyl group
occupies a critical position in the active conformation of the
inhibitor, which may be related to its participation in the
formation of the core ring and its effect on the side-chain
formation, as suggested by the inactive compound 4 (TSS
without the sulfonyl group) and sulfonation at the C-16
position of TSS (Table 1).

Overall speaking, we obtained a lead compound (compound
7), which has a uM level of in vitro biochemical and cell-level
antiviral activities. This compound shares the same skeleton as
chloroxine but with a suitable bromine atom substituted at C-5
and C-7 positions.

Small molecule inhibitors have always been a main source of
drugs due to their advantages of good oral availability and
relatively low production cost compared to antibodies. Using
derivatives of a lead compound and analyzing structure—
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Figure 6. Antiviral assay based on the immunofluorescence assay (IFA). (A) Immunofluorescence microscopy was used to observe the inhibitory
effect of compound 7 on SARS-CoV-2 infection. After 24 h of infection, cells were fixed, and intracellular SARS-CoV-2 specific NP levels were
detected. Nuclei were stained with DAPI in blue. SARS-CoV-2 infected cells were stained in green. The scale bar is 500 ym. No compound was
added to the control group under the same treatment. Imatinib was set as the positive control, and the drug concentration above 15 uM started to
show an inhibitory effect. Results are representative of three biological replicates. (B) Inhibition of viral infection of Vero E6 cells by compound 7
was detected by the IFA, and the IFA results showed that compound 7 had an inhibitory effect on authentic SARS-CoV-2 wild type, delta, or
omicron variants at the cellular level. The cytotoxicity (CCsy) of compound 7 on Vero E6 cells was analyzed by CCK-8 assays.

activity relations (SARs) of these derivations have proven
effective tools in optimizing initial leads. Here, we examined
several small molecule inhibitors of PLpro and the SAR
analysis on these novel inhibitors, which are useful to further
accelerate the development of more effective inhibitors to treat
COVID-19.

B EXPERIMENTAL SECTION

Virus and Cell. The SARS-CoV-2 strain (WT) used in this
research was isolated from COVID-19 patients in Guangdong
China passaged and titered on Vero E6 cells. The SARS-CoV-2
delta (B.1.617.2) strain was presented by Guangdong
Provincial Center for Disease Control and Prevention,
China. All work with SARS-CoV-2 was conducted in the
Guangzhou Customs District Technology Center Biosafety
Level-3 Laboratory.

Protein Expression and Purification. The SARS-CoV-2
PLpro gene was cloned into the expression vector pET28a with
a C-terminal 6X His-tag. The recombinant plasmid was
transformed into BL21 (DE3) Escherichia coli cells, and the
protein expression was induced with 0.2 mM isopropyl-$-b-
thiogalactopyranoside (IPTG) at 16 °C for 16 h. The His-
tagged protein was purified by affinity beads Ni-NTA, and
then, the elution from Ni-NTA was purified by Q ion-exchange
chromatography. The protein was further purified with gel
filtration (Superdex 200 Increase, GE Healthcare) balanced
with 20 mM Tris—HC, pH 8.5, 300 mM NaCl, and 5% (w/w)
glycerol. Finally, the purified protein was concentrated and
stored at —80 °C. The expression and purification procedures
of SARS-CoV-2 PLpro mutant C111S and human ISGI1S are
the same as PLpro.
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Derivative Preparation. The derivatives of TSS and
chloroxine were derived from similar structures in the
PubChem database. The CAS numbers of compounds 1-12
are 115841-09-3, 7682221-4, 568-73-0, 568-72-9, 35825-57-1,
87205-99-0, 521-74-4, 54-05-7, 130-26-7, 130-16-5, 747408-
78-2, and 57334-36-8, respectively. These compounds were
purchased from Shanghai Target Mol, China (purity of 99.8%
by HPLC and '"H NMR spectrum).

Protease Activity Assay Based on the AMC Probe.
The protease-activity assay by the AMC probe was developed
previously.”® Briefly, the protease-activity assay employed a
fluorescent probe, ALKGG-AMC, based on the conserved
amino acid sequence of the cleavage active site. The successful
cleavage of the fluorescent probe by PLpro will lead to the
release of the AMC fluorophore that can be detected by a
specific 340 nm fluorescence signal. The AMC fluorescent
peptide was prepared at a final concentration of 20 #M in the
buffer of 50 mM HEPES sodium, pH 7.5, S mM DTT, and 0.1
mg/mL BSA. The PLpro protein was prepared at 1:2 dilutions
in the buffer. Then, 50 4L of AMC fluorescent peptide and 50
UL of PLpro were reacted in a black 96-well plate (Greiner).
After 10 min of incubation at room temperature, the
fluorescence intensity was measured for 30 min on a BioTex
Synergy HTX (Ex: 340 nm, Em: 460 nm). Two controls
(without AMC fluorescent peptide or without PLpro) were
performed along with other samples. Each compound (1 uL)
was added into the reaction for testing its inhibition. Data was
processed using GraphPad Prism 8.3.0.

PLpro-ISG15 Binding Analysis Based on Fluorescence
Polarization. The binding assay by fluorescence polarization
was developed previously.” Briefly, ISG15 was labeled with
FITC according to the manual (Sigma, FITC CAS: 3326-32-
7). Specifically, ISG15 and FITC were reacted in a molar ratio
of 1:5. The FITC labeling efficiency was evaluated by the
A495/A280 absorption (an acceptable A495/A280 ratio
between 0.6 and 1.0). Afterward, 50 uL of ISG1S-FITC and
50 uL of PLpro were reacted in a black 96-well plate (Greiner)
with the buffer of 25 mM NaH,PO,, pH 7.5, 150 mM NaCl,
0.01% BSA, and 7.5 uM ZnCl,. After 1 h of incubation at room
temperature, the fluorescence signals were detected by a Tecan
Spark (Ex: 485 nm, Em: 535 nm, G factor: 1). Two controls
(without ISG1S-FITC or without PLpro) were performed
along with other samples. Data was processed using GraphPad
Prism 8.3.0.

Docking Structure Preparation. The 3D structures of
compounds 1—12 were downloaded from PubChem. The
CIDs of compounds 1—12 are 1399150, 11600642, 114917,
164676, 160254, 11425923, 2453, 2719, 2788, 2817,
10016012, and 384164, respectively. PLpro structures were
obtained from PDB: 6XAA (SARS-CoV-2 PLpro in complex
with ubiquitin propargylamide) and PDB: 6XA9 (in complex
with ISG15 C-terminal domain propargylamide).*

Docking. MGLTools v1.5.6 was employed for adding polar
hydrogen atoms to PLpro and compounds and setting the
rotatable bonds of each docking compound. The solvent and
ligand moieties contained in the original protein crystal
structure were removed to determine the available docking
space. A docking grid space was built to cover all potential
binding sites on the PLpro surface, and the grid point spacing
was set to 1 A with boxes of 52 A X 82 A X 66 A for 6XA9 A
and 60 A X 82 A X 70 A for 6XAA_A. Docking was performed
with AutoDock Vina v1.1.2. The number of runs for each

docking setup was 200, and binding affinity was determined
and reported in kcal/mol.

MD Simulation. A representative conformation was
selected from the above docking results for 200 ns molecular
dynamics simulations. All ligand topologies were prepared
under the ACPYPE force field. Proteins were converted to the
GROMACS format with ParmED, and topologies were
prepared with Ambertools20. Solvation and ionization brought
the salt concentration to 150 mM. Energy minimization was
performed to ensure that the water molecules were optimally
arranged around PLpro. All computations were run on a high-
performance cluster in the Shenzhen Bay Laboratory.

Thermal Shift Assay (TSA). Thermal stabilities of PLpro
in the presence of compounds 1—12 at various pH buffers
were analyzed in a 20 pL system in an optical 8-cap strip
(MicroAmp). The final protein concentration was 0.2 mg/mL,
and the molar ratio of protein to compound was 1:1.2. After
addition of the protein-compound mixture, the fluorescent dye
SYPRO Orange (Sigma) was added to each sample well. Real-
time fluorescence data were collected on StepOnePlus with
StepOne v2.3 (Thermo Fisher Scientific). The experiment type
was melt curve, Rox was selected as the fluorescence channel,
the temperature was set from 25 to 90 °C, and the data
collection was at a 1 °C interval. An equal volume of DMSO to
the compound was used as a control group, and all samples
were set up in triplicate. Data was processed by GraphPad
Prism 8.3.0.

Surface Plasmon Resonance (SPR). The binding kinetics
of compound 7 to PLpro was measured by surface plasmon
resonance on a Plex Array high-throughput molecular
interaction instrument (PLEXERA, America) and a 3D
photocross-linking chip. The compound was immobilized on
the chip and then photocross-linked at a wavelength of 365 nm
for 15 min followed by washing with N,N-dimethylformamide,
ethanol, and pure water for 15 min sequentially. All injections
were done at a flow rate of 2 uL/s and 20 °C. Both the
association and dissociation phases were run for 300 s. The
instrument was equilibrated with 600 yL of 10 mM glycine
(pH 2.0) prior to injection of each compound. Data were fitted
by BIAevaluation software using a 1:1 binding model.

Antiviral Assays. WT, delta, and omicron of SARS-CoV-2
were propagated in Vero E6 cells. For the IFA, the virus (MOI
of 0.05) was first co-incubated with a serially diluted
compound for 1 h at 37 °C. Fifty microliters of mixtures was
then transferred to pre-seeded Vero E6 cells (ATCC, 1.5 X 10*
cells per well) in a 96-well plate for 1 h at 37 °C to allow
infection. The mixtures were removed and covered with the
maintenance medium (DMEM containing 2% FBS) containing
serially diluted compounds for 24 h at 37 °C. Cells were fixed
with 4% paraformaldehyde solution for 1 h at room
temperature before further IFA detection. After being
permeabilized with 0.2% Triton X-100 for 30 min, cells were
co-incubated with SARS-CoV/SARS-CoV-2 Nucleocapsid
Rabbit PAb (Sino Biological, 40143-T62) as the primary
antibody and Alexa Fluor 488 AffiniPure Donkey Anti-Rabbit
IgG (H + L) (Jackson, 711-545-152) as the secondary
antibody. Nuclei were stained with DAPI. The SARS-CoV-2
specific fluorescence intensity signal was collected and read by
a Nexcelom Celigo imaging cytometer for virus inhibition
analysis.

For the cytotoxicity assay, Vero E6 (1.5 X 10* per well) was
pre-incubated in 96-well plates for 24 h at 37 °C, 5% CO,. The
compounds were then introduced in various concentrations.
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The relative number of viable cells was assessed after 24 h
according to the CCK-8 kit’s instructions (Yeasen, China).
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Further details of molecular docking (Figures S1 and S2
and Table S1) and MD simulation (Figures S3, S4, and
S7); thermal melt curves of compounds 1-12 with
PLpro (Figure SS); positive control group for the IFA-
based antiviral assay (Figure S6); compound informa-
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