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ABSTRACT: Over the last 20 years, both severe acute respiratory
syndrome coronavirus-1 and severe acute respiratory syndrome
coronavirus-2 have transmitted from animal hosts to humans
causing zoonotic outbreaks of severe disease. Both viruses originate
from a group of betacoronaviruses known as subgroup 2b. The
emergence of two dangerous human pathogens from this group
along with previous studies illustrating the potential of other
subgroup 2b members to transmit to humans has underscored the
need for antiviral development against them. Coronaviruses modify
the host innate immune response in part through the reversal of
ubiquitination and ISGylation with their papain-like protease (PLpro). To identify unique or overarching subgroup 2b structural
features or enzymatic biases, the PLpro from a subgroup 2b bat coronavirus, BtSCoV-Rf1.2004, was biochemically and structurally
evaluated. This evaluation revealed that PLpros from subgroup 2b coronaviruses have narrow substrate specificity for K48
polyubiquitin and ISG15 originating from certain species. The PLpro of BtSCoV-Rf1.2004 was used as a tool alongside PLpro of
CoV-1 and CoV-2 to design 30 novel noncovalent drug-like pan subgroup 2b PLpro inhibitors that included determining the effects
of using previously unexplored core linkers within these compounds. Two crystal structures of BtSCoV-Rf1.2004 PLpro bound to
these inhibitors aided in compound design as well as shared structural features among subgroup 2b proteases. Screening of these
three subgroup 2b PLpros against this novel set of inhibitors along with cytotoxicity studies provide new directions for pan-
coronavirus subgroup 2b antiviral development of PLpro inhibitors.
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■ INTRODUCTION

Over the past two decades, betacoronaviruses have spilled over
from animals to humans with deleterious outcomes.1−3

Coronaviruses (CoVs) can be divided into four genera: alpha,
beta, gamma, and delta coronaviruses. Betacoronaviruses can be
further broken down into four subgroups: 2a, 2b, 2c, and 2d. In
2015, a study highlighted that subgroup 2b contained not only
the 2003 pandemic-causing CoV-1 but also a cluster of 15 severe
acute respiratory syndrome (SARS)-like CoVs.4 Many SARS-
like CoVs are prevalent among Chinese horseshoe bats, but they
also have been shown to be able to infect a range of hosts.2 These
viruses are similar enough that after replacing the spike protein
of CoV-1 with that of another subgroup 2b virus from bats they
remain capable of productively infecting primary human airway
cells. For example, these 2b SARS-like CoVs were shown to
reach in vitro viral titers equivalent to CoV-1.4 The 2b SARS-like
CoVs have been found to include over 30 human and zoonotic
viruses. This list now includes CoV-2 that caused a worldwide

pandemic with over 122million cases and 2.7million deaths.5 As
was foreshadowed, the emergence of CoV-2 emphasizes that
CoV-2 and CoV-1 are not likely to be the last CoVs to cross over
to humans.4 The 2003 and 2019 epidemic and pandemic
highlight the urgent need to develop effective CoV therapeutics
that can thwart current and future CoV subgroup 2b health
threats.
As shown by the COVID-19 pandemic, the development and

large-scale distribution of an effective mRNA spike vaccine are
achievable. Unfortunately, the two-shot regimen takes around a
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month to generate robust immunity and cannot be utilized by
individuals with certain immune conditions, reducing their
ability to respond to outbreaks.6 Additionally, some of the most
vulnerable populations such as the elderly, newborns, and the
immunocompromised ones are typically unable to receive
vaccines.7 The spike protein has shown a propensity for
mutation, emphasizing the need for alternative disease
intervention strategies;8 thus, the development of antivirals for
CoVs is vital.
As with other ssRNA(+) CoVs, betacoronaviruses translate

two polypeptides pp1a and pp1ab, which are cleaved into 16
nonstructural proteins (Nsp1 to Nsp16). Nsp1-Nsp16 form a
viral membrane-bound replicase complex, which is necessary to
transcribe the viral RNA genome before translation.9 CoVs
encode two proteases that process the CoV polyproteins into
functional units.10 The 3C-like protease, also known as the main
protease, cleaves Nsp4-Nsp16. The papain-like protease
(PLpro) cleaves Nsp1−Nsp3.11,12 The genomes of CoVs can
contain up to two PLPs. However, the genomes of subgroup 2b
viruses mirror that of Middle East respiratory syndrome
(MERS) CoV, a subgroup 2c virus, by encoding only one
PLpro.10

In addition to serving a critical function in cleaving the viral
polypeptide, PLpros and papain-like protease 2 (PLP2) from
CoVs have immunosuppressive effects on their host by reversing
post-translational modification by ubiquitin (Ub) and interfer-
on-stimulated gene product-15 (ISG15).12,13 Several forms of
ubiquitination and ISGylation have been shown to regulate
various aspects of the innate immune system.14−16 Post-
translational modification with Ub and ISG15 has a profound
impact on host-type I IFN andNFκB inflammatory responses, as
well as upregulating the production of cytokines, chemokines,
and other ISGs.17,18 Additionally, some Ub-like protein (Ubl)
modifiers have been shown to facilitate inhibition, sequestration,
or proteasomal degradation of marked proteins.19−22 By

reversing these modifications, viral encoded PLpros allow
critical viral proteins to remain intact, active, and suppress an
antiviral immune state until the virus can replicate. To determine
if there are identifiable trends in enzymatic activity within
subgroup 2b PLpros, we examined the PLpro from BtSCoV-
Rf1.2004. BtSCoV-Rf1.2004 is a subgroup 2b virus isolated from
greater horseshoe bats, and of the currently identified 2b viruses,
it is the most distantly related to CoV-1 other than CoV-2
(Figure S1).4

The dual activities of the PLpro, that is, aiding viral replication
and suppressing the innate immune system, make it a highly
sought drug target.23−26 Its conserved nature among subgroup
2b coronaviruses also presents an opportunity to develop
inhibitors that have broad specificity for future subgroup 2b viral
threats. Several approaches have been taken to inhibit CoV-1
PLpro, including covalent modification of the catalytic cysteine
by electrophilic warheads, as well as competitive inhibition by
several noncovalently binding compounds.27 This includes two
sets of noncovalent drug-like naphthalene-containing com-
pounds that bind to a pocket adjacent to the active site.28

Excitingly, these naphthalene-based scaffolds, originally identi-
fied to inhibit CoV-1 PLpro, were discovered to possess similar
efficacy against CoV-2.29 This subsequently has drawn
significant attention to the potential of these scaffolds to serve
as a basis for therapeutic development for CoV-2.24,30,31 These
inhibitors typically consist of a naphthyl group and an arene
group with various backbones linking them. Thus far, the
effective inhibitors can be categorized into two sets: series I
compounds such as GRL0617 (Figure 1A), which typically
utilize an amide backbone, and series II compounds such as
6577871, which commonly have a piperidine scaffold (Figure
1B).27,29,32 Both categories have proven effective in inhibiting
PLpros from CoV-1 and CoV-2 but neither are fully optimized
in the backbone structure or arene ring decoration. Recently,
many series I analogues have been synthesized based on

Figure 1. PLpro interactions with series I and II naphthalene-based inhibitors. Western naphthyl groups are highlighted in yellow, eastern arene groups
are highlighted in teal, and core linker groups are highlighted in pink. (A) Key hydrophobic and hydrogen bonding interactions of series I inhibitor
GRL0617. (B) Key hydrophobic and hydrogen bonding interactions of the series II initial hit 6577871.
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GRL0617. Some new series I and series II compounds inhibit
CoV-2 PLpro with low nanomolar potency but are comparable
to existing series I compounds when tested for antiviral activity
and cytotoxicity in Vero E6 cells.23,30 Additionally, it remains
unknown whether these naphthalene-based inhibitors would be
effective against a wider array of coronavirus subgroup 2b
PLpros.
Here, we evaluate the enzymatic activity of the PLpro of

BtSCoV-Rf1.2004 and reveal shared substrate preferences
among subgroup 2b coronavirus PLpros. Two structures of
BtSCoV-Rf12004 PLpro were solved in complex with non-
covalent drug-like naphthalene inhibitors. This new information
revealed signature structural motifs that separate subgroup 2b
PLpros from those of other CoVs. Additionally, these structures
in combination with structural activity relationship data
obtained with a library composed of compounds with
unexplored chemical cores illustrate the potential of developing
a novel inhibitor with pan subgroup 2b potency. Evaluation of
the cytotoxicity of these compounds against multiple cell lines
further emphasizes the potential of noncovalent drug-like
naphthalene scaffolds for future therapeutic development
against subgroup 2b members.

■ RESULTS
PLpros Are Highly Conserved Proteins among SARS-

Like CoVs. Before the emergence of CoV-2, subgroup 2b
contained 15 known SARS-like viruses originating from several
species of old-world bats, primarily horseshoe bats.2,4 Sequence
analysis of these 15 viruses along with that of CoV-2 revealed
that each encoded one of six unique PLpro sequences (Figure
S1). Point mutations within CoV-2 variant strains have
increased the number of unique PLpros with the United
Kingdom and Delta variants having A146D mutations, and the
Brazilian strain having a K233Qmutation, while the new variant
Omicron does not contain any mutations to its PLpro.33,34 Both
the genomes and PLpros of subgroup 2b viruses share sequence
identity greater than 80%. However, PLpros and PLP2 vary in
terms of substrate preference and activity. To gain a better
understanding of subgroup 2b substrate preferences, a third
subgroup 2b PLpro originating from BtSCoV-Rf1.2004 was
selected to identify subgroup 2b DUB and deISGylase activity,
as well as to assist in subgroup 2b broad-spectrum inhibitor
development. BtSCoV-Rf1.2004 was isolated from the greater
horseshoe bat (R. ferrumequinum) in Yichang, China, just 320
km from the location of the initial outbreak of the CoV-2
pandemic.2 BtSCoV-Rf1.2004 was chosen because at 93.9%
conservation it is the most distantly related subgroup 2b virus
from CoV-1 other than CoV-2. Highlighting that PLpro is
conserved among subgroup 2b viruses, the PLpro of BtSCoV-
Rf1.2004 retains 97.8 and 82.2% sequence homology,
respectively. Initial examination of key functional areas,
particularly the active site, naphthalene inhibitor-binding
pocket, and the Ub-interacting motif (UIM) reveals that these
areas are highly conserved among subgroup 2b PLpros (Figure
S1). Despite three major emergent strains which are now
observed only two mutations within CoV-2 PLpro have been
detected. The Brazilian strain, K233Q, is located in a
functionally relevant location; however, this mutation is
conserved converting a lysine residue to the subgroup 2b
consensus glutamine residue.
Deubiquitinase and DeISGylase Activity of BtSCoV-

Rf1.2004 PLpro. To identify differences in enzyme kinetics
between BtSCoV-Rf1.2004 PLpro and those of other subgroup

2b viruses, the kinetic parameters of BtSCoV-Rf1.2004 PLpro
for various substrates were determined. The kinetic values for
PLpro substrates ubiquitin−7-amino-4-methylcourmarin (Ub-
AMC) and human ISG15−7-amino-4-methylcourmarin
(ISG15-AMC), as well as the last five consensus amino acids
between them (RLRGG; peptide-AMC), were determined by
monitoring the release of the fluorogenic reporter group 7-
amino-4-methylcoumarin (AMC) moiety (Table 1). The

catalytic efficiency of BtSCoV-Rf1.2004 PLpro for peptide-
AMC is 0.100± 0.007 μM−1 min−1, which is within the range of
other subgroup 2b PLpros. The efficiency of BtSCoV-Rf1.2004
PLpro for Ub-AMC is 1.0 ± 0.1 μM−1 min−1 with KM and kcat
values of 14.3± 0.9 and 13.9± 0.4, respectively. Similar to other
subgroup 2b viruses, BtSCoV-Rf1.2004 PLpro had a clear
preference for ISG15 over Ub. BtSCoV-Rf1.2004 PLpro was not
able to be saturated with ISG15-AMC at the concentrations
used; however using first-order enzyme kinetics the catalytic
efficiency was determined to be 56.6 ± 5.3 μM−1 min−1. The
difficulty in saturating the PLpro appears to be due to its robust
deISGylase activity which is twice as efficient as any other SARS-
CoV PLpro. Despite not being able to calculate a maximum
turnover number, a rate of 595 min−1 was observed. The
calculated maximum turnover for ISG15-AMC by CoV-1 is 436
min−1, making BtSCoV-Rf1.2004 PLpro the most robust
deISGylase among coronavirus PLpros evaluated so far.29,35,36

Poly-Ub Linkage Preferences for BtSCoV-Rf1.2004.
PLpros have often shown a greater ability to process poly-Ub
chains than those of mono-Ub conjugates.24 To determine if this
is the case with BtSCoV-Rf1.2004, PLpro cleavage activity was
tested against the eight different linkage types of di-Ub M1, K6,
K11, K27, K29, K33, K48, and K63. Utilizing similar

Table 1. Kinetic Analysis of BtSCoV-Rf1.2004 PLpro with
PEP-AMC, Ub-AMC, and ISG15-AMC

substrate

RLRGG-AMC Ub-AMC ISG15-AMC

BtSCoV-Rf1.2004 PLpro
kcat/Km (μM−1 min−1) 0.100 ± 0.007a 1.0 ± 0.1 56.6 ± 5.3a

kcat (min−1) 13.9 ± 0.4
Km (μM−1) 14.3 ± 0.9
SARS-2 PLprob

kcat/Km (μM−1 min−1) 0.0051a 1.3 ± 0.1 10.3 ± 0.5
kcat (min−1) 10.0 ± 0.8 40.0 ± 1.8
Km (μM−1) 7.9 ± 1.4 3.9 ± 0.5
SARS PLproc

kcat/Km (μM−1 min−1) 0.3a 1.5 ± 0.3 28.9 ± 5.3
kcat (min−1) 75.9 ± 8.1 436 ± 40
Km (μM−1) 50.6 ± 7.4 15.1 ± 2.4
MERS PLproc

kcat/Km (μM−1 min−1) 0.003a 1.3 ± 0.2 9.9 ± 1.6
kcat (min−1) 18.8 ± 1.2 32.6 ± 1.8
Km (μM−1) 14.3 ± 2.0 3.3 ± 0.5
MHV PLP2+d

kcat/Km (μM−1 min−1) 0.0016a 38.3 ± 6.3 2.3 ± 0.1a

kcat (min−1) 49.8 ± 2.9
Km (μM−1) 1.3 ± 0.2

aFor nonsaturating substrates kapp is calculated to approximate kcat/
Km.

bThe kinetic parameters of SARS-2 PLpro and MERS-CoV are
based on Freitas et al.29 cThe kinetic parameters of SARS PLpro and
MERS Plpro are from Baez-Santos et al.35 dThe kinetic parameters of
MHV PLP2 are from Chen et al.36
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experimental conditions to those used to evaluate other
PLpros,29,37 10 μM of each di-Ub was incubated with 20 nM
PLpro from BtSCoV-Rf1.2004. Divergent from PLpros, and
related PLP2s originating out of subgroup 2a and 2c, BtSCoV-
Rf1.2004 had modest ability to cleave di-Ub and only a small
amount of K48 was cleaved after 60 min by BtSCoV-Rf1.2004
PLpro (Figure 2A). This mirrors previous observations seen in
assays using other SARS-CoV PLpros which showed little to no

activity toward di-Ub.29,37 However, when tested against tetra-
Ub chains BtSCoV-Rf1.2004 PLpro demonstrated significantly
higher DUB activity (Figure 2B). The K48-linked tetra-Ub was
entirely converted to di-Ub in <5 min, and well-defined bands of
tri and di-Ub appeared in the K63 tetra-Ub cleavage experiment
after 40 min.

Species-Specific DeISGylase Activity of BtSCoV-
Rf1.2004 PLpro. DeISGylases are selective for ISG15s from

Figure 2. Deubiquitination and deISGylation activity of BtSCoV-Rf1.2004 PLpro. Different poly-Ub linkages were tested against BtSCoV-Rf1.2004.
(A) At 37 °C, 10 μM each of M1, K6, K11, K27, K29, K33, K48, and K63 linked di-Ub were incubated with 20 nM BtSCoV-Rf1.2004 PLpro. Samples
were taken from the reaction tube at indicated time points. (B) Under similar reaction conditions, 13.65 μM each of K48 and K63 linked tetra-Ub was
incubated with 23 nM PLpro for 3 h with samples taken at given time points. (C) Activity of BtSCoV-Rf1.2004 PLpro for proISG15 from multiple
species. BtSCoV-Rf1.2004 PLpro was evaluated for the cleavage of proISG15s from the following species: human (Homo sapiens; AAH09507.1), cow
(Bos taurus; NP_776791.1), vesper bat (Myotis davidii; ELK23605.1), Egyptian fruit bat (Rousettus aegyptiacus; XP_015999857.1), pig (Sus scrofa;
ACB87600.1), hedgehog (Erinaceus europaeus; XP_007525810.2), mouse (Mus musculus; AAB02697.1), dromedary camel (Camelus dromedarius;
XP_010997700.1), sheep (Ovis aries; AF152103.1), northern tree shrew (Tupaia belangeri; AFH66859.1), greater horseshoe bat (Rhinolophus
ferrumequinum; XP_032969719.1), Chinese rufous horseshoe bat (Rhinolophus sinicus; XP_019567580.1), rabbit (Oryctolagus cuniculus;
XP_017195918), and jackknife fish (Oplegnathus fasciatus; BAJ16365.1). At 37 °C, 10 μM of each ISG15 was incubated with 20 nM of SARS-
CoV-2 PLpro for at least 1 hr with samples taken at the time points indicated. The summary of the proISG15 cleavage assays for BtSCoV-Rf1.2004
PLpro is presented as a heat map. Colors range from dark red (no cleavage) to green (relatively robust cleavage).
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Figure 3. Tertiary structure of subgroup 2b PLpros compared to groups 2a and 2c. (A) Cartoon representation of the BtSCoV-Rf1.2004 PLpro
(green) secondary structure with helix and sheet labels corresponding to Figure S1 DSSP calculations. (B) Overlaid cartoon representations of
BtSCoV-Rf1.2004 PLpro (green), SARS-CoV-1 PLpro (PDB 3E9S) (pink), and SARS-CoV-2 PLpro (PDB 7JIR) (blue). The four PLpro domains are
labeled and color coded: Fingers (purple), palm (orange), thumb (yellow), and Ubl (cyan). (C) Overlaid cartoon representations of BtSCoV-
Rf1.2004 PLpro (green), MERS-CoV PLpro (PDB 5W8T) (yellow), and MHV PLP (5WFI) (gray) with their Ubl domains represented by ribbons.
The red circle denotes the finger domain.
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species which they have been found to productively
infect.10,29,38−40 Unlike Ub, which is almost completely
conserved between species, ISG15 can vary with sequence
similarity as low as 60% within the Mammalia class.38 In vivo,
ISG15 is translated as a proform that consists of the mature
ISG15 with several amino acids following the LRLRGG cleavage
site (proISG15). Given the similarity of BtSCoV-Rf1.2004
PLpro with other subgroup 2b PLpros in substrate preference
for ISG15 over mono-Ub, molecular weight shift experiments
using proISG15s from various species were used to assess ISG15
species preference among a collection of 14 species.10,29,38 The
experimental parameters that were employed were consistent
with previous studies focusing on other PLpros, incubating 20
nM PLpro with 10 μM proISG15 originating from the various
species (Figure 2C).10,29

In line with previous findings of other PLpros preferring
ISG15s from species that serve as reservoirs for their parent
virus, BtSCoV-Rf1.2004 PLpro distinctly possesses the highest
activity toward ISG15s encoded by the greater horseshoe bat
and the Chinese horseshoe bat. Horseshoe bats are known
reservoirs for subgroup 2b viruses and are present throughout
much of southeast Asia, sub-Saharan Africa, and southern
Europe.2 BtSCoV-Rf1.2004 PLpro is also proficient at cleaving
vesper bat, sheep, and northern tree shrew proISG15s with
moderate activity toward humans, cows, camels, and mice.
Relatively weak activity toward pigs, hedgehogs, and Egyptian
fruit bats was observed with no detectable activity against rabbit
or fish ISG15. The cleavage rate of several important ISG15s

such as humans, mice, and vesper bats by BtSCoV-Rf1.2004
PLpro closely matched what was observed with CoV-1 and
CoV-2.10,29 While some species ISG15s are cleaved more slowly
than long-chain K48-Ub, those of BtSCoV-Rf1.2004’s natural
hosts R. ferrumequinum and R. sinicus appear to be the preferred
substrates.

X-ray Crystal Structure of Betacoronavirus Subgroup
2b BtSCoV-Rf1.2004 PLpro. To evaluate any differences
between subgroup 2b PLpros, an X-ray crystal structure of the
BtSCoV-Rf1.2004 PLpro was obtained for comparison to
structures of CoV-1 and CoV-2 PLpros. The structure was
determined to a resolution of 3.16 Å in space group P21212
(Table S1). A homology model of BtSCoV-Rf1.2004 PLpro
based on a CoV-1 PLpro (PDB 3E9S) catalytic core was used as
a search model. Upon finding two monomers of the catalytic
core in the asymmetric unit, the Ubl domain for the monomers
was subsequently located using the Ubl of 3E9S as a search
model.
Globally, the BtSCoV-Rf1.2004 PLpro resembles other

subgroup 2b PLpros in secondary and tertiary structure (Figure
3A/B). It consists of a catalytic core made up of a palm, thumb,
and zinc finger domain. The core was found in a holo, open
conformation.32 Additionally, the PLpros contain an N-terminal
Ubl domain. The Ubl domain of BtSCoV-Rf1.2004 is shifted
approximately 90 degrees from previously seen elongated
forms10 and is tucked against the catalytic domain when
compared to the typical extended conformation (Figure S1).
Until now, this tucked conformation had only been seen in CoV-

Figure 4. Inhibitor-binding pocket of three subgroup 2b viruses. (A) Fo − Fc electron density composite omit map is shown contoured at 3σ (green
mesh). With GRL0617 shown in purple and BtSCoV-Rf1 PLpro shown in green. (B) GRL0617 (purple) bound to BtSCoV-Rf1 PLpro (green
cartoon) overlaid with SARS-CoV-2 (white surface and cartoon) showing a possible path to active site for future inhibitors. (C) Stereoview overlay of
GRL0617 bound to three different SARS-CoV PLpros: BtSCoV-Rf1 (green and purple) (PDB 7SKQ), SARS-CoV-1 (pink and orange) (PDB 3E9S),
and SARS-CoV-2 (blue and yellow) (PDB 7JIR).
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1 PLpro in complex with mouse ISG15 (PDB 5TL7). When in
this conformation, a seam of electrostatic interactions is formed
between residues on the Ubl domain and α-helix 3 of the thumb
domain. These interactions appear to stabilize the association of
the two domains.
When compared with the PLP of the group 2a MHV (PDB

5WFI) and the PLpro of group 2c MERS-CoV (PDB 5W8T), it
appears that most secondary structures are conserved between
these proteases, however, there is variation in the overall tertiary
structure between the PLpros of CoV subgroups (Figure 3C).
The finger domains vary the most between subgroups, with not
only loops shifting, but β-sheets orienting differently. This is
most pronounced in the MERS PLpro, where the finger domain
is shifted approximately 6 Å away from the P3/P4 pocket relative
to MHV and BtSCoV-Rf1.2004. This variance seems to go
beyond the open and closed conformations of the finger domain
induced by substrate binding previously observed.41,42

Interactions between GRL0617 and the P3−P4 Pocket
of BtSCoV-Rf1.2004 PLpro. When examining the BL2 loop,
Fo − Fc density was readily observed for GRL0617 in both
monomers (Figure 4A). Within the pocket GRL0617 is
oriented similarly in all subgroup 2b PLpros, forming hydrogen
bonds with D165 and Q270, as well as hydrophobic interactions
with P248 and P249 (Figure 4C). However, between the
monomers of BtSCoV-Rf1.2004, there are differences in the
positions of the Q270 side chain, the eastern arene ring, and
most notably the western naphthyl group (Figure 4C). The
differences appear to be due to a crystal contact present on the B
chain that is absent on the A chain in which V226 of the B chain
zinc finger forms a hydrophobic interaction with the western
naphthyl group of B chain GRL0617 (Figure 5).

Crystal contacts on the BL2 loops of CoV-1 and CoV-2
PLpros influence the positioning of the loops and GRL0617 in
these structures as well. The absence of a BL2 loop contact on
the A chain of BtSCoV-Rf1.2004 PLpro likely places GRL0617
in its most natural orientation within the pocket. The chain B
V226 contact is also responsible for a shift in the zinc finger loop
(Figure 5). The zinc finger loop appears to be the most variable

region within the catalytic core of the PLpro (Figure 3B). CoV-1
and CoV-2 PLpro structures form different crystal contacts at
similar sites to those of BtSCoV-Rf1.2004 chain B that cause
shifts in the zinc finger and BL2 loops. This suggests that the
influence of crystal contacts should be considered when using
these structures in a structure-based drug design approach.
Beyond the crystal lattice-induced changes to the BL2 loop

among the subgroup 2b PLpro structures, the only other notable
difference is a rotamer in residue L163, which in CoV-1 and
BtSCoV-Rf1.2004 is angled toward the 2-methyl group of
GRL0617, but in CoV-2 angled away from the pocket (Figure
4B). This altered conformation is seen in structures of CoV-1
PLpro bound to human and mouse ISG15, along with a shifted
BL2 loop to accommodate the C-terminal GG cleavage motif of
Ubl substrates (PDB 5TL6 and 5TL7). These changes provide
insight into the flexibility of the BL2 loop when accommodating
BL2 inhibitors.

Inhibition of SARS-CoV Family PLpros with Novel
Inhibitors. With GRL0617 being readily accommodated
within the BtSCoV-Rf1.2004 PLpro P3/P4 site, the practicality
of targeting PLpro broadly appears feasible. As a result, 30
compounds were synthesized based on series I and series II
compounds designed for the inhibition of CoV-1 PLpro. All
compounds were assayed for their ability to inhibit CoV-2, CoV-
1, and BtSCoV-Rf1.2004 PLpros, with an initial survey
determining percent inhibition at a fixed concentration of 50
μM (Table 2).
While variation in PLpro sequences exists among subgroup 2b

viruses, the residues lining the active site and the adjacent P3 and
P4 sites are fully conserved (Figure S1). These residues bind
RLRGG residues of Ubl substrates to facilitate cleavage.13 They
have also been shown to be critical in binding naphthalene-based
compounds that successfully inhibit PLpro cleavage activity in
CoV-1 and CoV-2.32 Preliminary studies show that inhibitors
designed to bind at this site in CoV-1 exhibit similar IC50 and
EC50 values when tested against CoV-229 (Table 3).
The naphthalene-based inhibitors can be categorized into two

groups by their backbone structure. The series I and II hits share
a common binding site for their western hydrophobic moieties.
The two series differ in the eastern arene moieties, which occupy
proximal but different binding pockets, and by the central core−
a simple amide unit in series I and a piperidine ring in series II
(Figure 1). This suggests that there exists considerable capacity
for innovation in the central core, in terms of both the spacing it
provides between the eastern and western arenes and the basic
structure employed. With this in mind, we set out to explore
alternative central cores based on piperidine analogues such as
azetidines and spiroazetidines43 and other bicyclic systems that
would allow for variation of the separation between the eastern
and western arene while retaining the basic geometry of a 4-
substituted piperidine ring.
The X-ray crystallographically derived essential interactions of

series I compoundGRL0617 in complex with the CoV-1 PLpro
(PDB 3E9S) are summarized in Figure 1A. Early X-ray
structures of a series II inhibitor 1 with CoV-1 PLpro (PDB
3MJ5) revealed the occupancy of the same hydrophobic pocket
by the naphthalene ring but showed the piperidine ring in an
unlikely high-energy twist-boat conformation with no inter-
action of either the basic ring nitrogen or the adjacent amideNH
with D165.44 A subsequent reevaluation of this X-ray structure,
however, represented the piperidine ring in a more standard
chair conformation with an H-bond from the basic piperidine
nitrogen to D165.28 Adopting the latter structure as the more

Figure 5.Crystal contacts affecting PLpro conformation (PDB 7SKQ).
(A) Overlaid cartoon representations of BtSCoV-Rf1.2004 PLpro
chain A (green) and chain B (blue). (B) Zinc finger loops of the two
domains differ because of a crystal contact being made by chain B. (C)
GRL0617 of chain B is shifted in the binding pocket because of a crystal
contact with chain B V226.
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likely, the strong parallels between the interactions of the
western halves of the series I and II compounds with the protein
are evident and form a solid base on which to engineer next-
generation compounds for the inhibition of CoV-2 PLpro. The
aromatic rings of the eastern halves of the series I and II
compounds occupy different sites because of the dissimilar
dimensions of the central portions. In series I, the backbone

amide of Q270 H-bonds to the amide carbonyl of the inhibitor,
whereas in series II the hydrocarbon part of the Q270 side chain
forms one face of hydrophobic pocket encapsulating the eastern
arene, which is completed by the side chain of M209 and other
residues. Y269 interacts with the amino group in the eastern
arene of the series I compound, but with the amide carbonyl of

Table 2. Naphthalene-Based Inhibitor Efficacy against Subgroup 2b PLpros and Percent Inhibition of CoV-2 (Blue), CoV-1
(Red), and BtSCoV-Rf1.2004 (Green) PLpros Ability to Cleave Peptide-AMC When Incubated with Series I (a) and II (B)
Compounds at 50 μM. *Because of Solubility Limitations, the Inhibition of Subgroup 2b PLpros by 50 μM 8 Could Not Be
Accurately Assessed

Table 3. IC50 Values of Series I and II Compounds When Tested against PLpros of CoV-2 (Blue), CoV-1 (Red), and BtSCoV-
Rf1.2004 (Green) PLpros
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the series II compound. Chemical synthesis of all compounds is
described in full in the SI.
Structure of BtSCoV-Rf1.2004 PLpro − 37 Complex.

There is a paucity of data on how series II compounds interact
with subgroup 2b PLpros, in addition to no structures of
compounds with spiroazetidine backbones. SAR data indicate
that the use of either piperidine or spiroazetidine backbones will
affect the potency of series II inhibitors. Perhaps more
importantly, it shows that the optimal decoration of the eastern
arene ring differs depending on which backbone is used. To
explore these differences, we crystallized BtSCoV-Rf1.2004
PLpro in complex with 37. Utilizing X-ray diffraction, its
structure was determined to a resolution of 2.89 Å in space
group P6422 (Table S1). The BtSCoV-Rf1.2004 PLpro-
GRL0617 complex structure was used as a search model for
phasing the catalytic core. Upon finding a single monomer in the
asymmetric unit, the Ubl domain was added. As with the
GRL0617 cocrystal structure, the Ubl domain of this structure
was in a tucked conformation (Figure S1).
Within the active site, Fo − Fc density fitting 37 is readily

observed within the P3/P4 binding pocket (Figure 6A). In this

pocket, 37 forms five hydrogen bonds with the protein. The
amide scaffold forms hydrogen bonds with the main chains of
L163, Y269, and Q270, while spiroazetidine nitrogen forms
bonds with the side chains of D165 and Y274. Additionally,
strong hydrophobic interactions are formed between the
western naphthyl group and P248 and P249 as is typical of
naphthalene-based PLpro inhibitors. However, when compared
with a structure of CoV-1 PLpro in complex with 1 (PDB 3MJ5)
we see that the naphthyl group of 37 is situated approximately
0.9 Å further away from the two prolines (Figure 6B). The
difference in the naphthyl group location could be due to a shift
of the BL2 loop caused by the bulky 1,3-dioxolane ring. The
eastern arene groups of both 37 and 1 cause a shift in the BL2
loop that is similar to that observed in order to accommodate
Ubl substrates. However, this shift is more pronounced in the 1
cocrystal structure, even causing Q270 to flip away from the
arene rings to avoid a steric clash.

In Vitro Cytotoxicity, Serum Binding, and Stability of
Protease Inhibitors. We determined the toxicity of these
inhibitors by assessing their ability to decrease the reductive
capability of numerous cells using the MTT assay (Figure 7A)
and determining CC50 values. We compared these values to
those forGRL0617, 1, and 31, all of which have been previously
shown to have CC50s greater than 100 μM in Vero E6 cells with
the latter two tested inHEK293 cells as well.27,32 To confirm this
trend in immunologically relevant human cell lines, all three
compounds, along with 37 and 38, were assessed for CC50 in
multiple cells, including human renal proximal tubule cells
(RPTECs), Beas-2B, A549, and Sh-SH5Y cells. None of the
other compounds were able to decrease MTT staining below
50% in A549 of Sh-SY5Y cells at concentrations as high as 100
μM. Focusing on RPTEC and BEAS-2b cells, 37 displayed the
highest CC50 values in comparison to 1, 38, and 41. The CC50
reported in these cells is 10-fold higher than the IC50 reported
for inhibition of PLpro degradation, as determined above. In
general, among the newly prepared compounds, alteration of the
east moiety appeared to alter the CC50, as compared to the west
moiety or the central rings. The addition of the central ring
decreased the CC50 as compared to GRL0617, as shown by
comparison to other of the new series of compounds. The effect
of these compounds on MTT staining was validated using cell
morphology, which demonstrated morphological characteristics
of cell death in combination with a reduced cell number
(Supporting Information). When tested for in vitro efficacy
against Vero E6 cells infected with CoV-2, treatment with 37
resulted in significant cytotoxicity in concentrations >25 μMand
some viral plaque reduction observed between 25 and 12 μM
(Figure 7B). Plaque reduction in cells treated with 6, 3, or 1 μM
was not significantly different when compared to the 0 μM
control treatment suggesting limited efficacy of 37 as a CoV-2
PLpro inhibitor.

■ DISCUSSION
Effects of Variation in Betacoronavirus PLpros on DUB

Activity. The PLpros of subgroup 2b viruses are highly
conserved in primary, secondary, and tertiary structures,
particularly at important function sites. The residues lining the
active site, BL2 loop, P3 site, and P4 site are identical among all
seven subgroup 2b PLpros but vary considerably in other
betacoronaviruses. This results in both series I and II
naphthalene-based compounds having similar inhibitory proper-
ties in all subgroup 2b PLpros but having negligible inhibition
toward other betacoronaviruses.24,45 Furthermore, the UIM,

Figure 6. BtSCoV-Rf1 PLpro in complex with 37 (PDB 7SKR). (A) Fo
− Fc electron density composite omit map is shown contoured at 3σ
(green mesh). With 37 shown in blue and BtSCoV-Rf1 PLpro shown in
raspberry. (B) Overlay of 1 (teal) bound to SARS-CoV-2 PLpro
(yellow).
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known to accommodate both Ub and ISG15 binding, is fully
conserved between BtSCoV-Rf1.2004 and CoV-1. The UIM of
CoV-2 PLpro differs from those of CoV-1 and BtSCoV-
Rf1.2004 at six positions, T171(S), H172(Y), K196(Q),
L217(F), V226(T), and Q233(K). Of the six points of
difference in CoV-2, five are identical across the other subgroup
2b PLpros. The high conservation of Q233 across subgroup 2b is
noteworthy because experiments have shown that inserting a
Q233(E) mutation in CoV-1 PLpro notably diminished DUB
activity but increased deISGylase activity. Additionally, CoV-2
has a lysine residue at site 233 and has reduced DUB activity,
compared to CoV-1 and BtSCoV-Rf1.2004.
The only difference within the UIM of BtSCoV-Rf1.2004 is

L188, which is a valine in CoV-1 (Figure S5). This change may
result in the BtSCoV-Rf1.2004 finger domain having stronger
interactions with the hydrophobic pocket of Ub, particularly F45
when compared to SARS. Additionally, the increased proximity
of L188 to I223 and V226 on the Zn finger loop seems to cause
the loop to adopt a slightly more closed conformation around
the Ub, increasing the proximity of the hydrophobic PLpro
surface. A stronger interaction at the proximal Ub binding site
would explain the lowerKm BtSCoV-Rf1.2004 PLpro has toward
mono-Ub. When BtSCoV-Rf1.2004 PLpro DUB activity is
examined through cleavage of various poly-Ub substrates, it is
apparent that its activity toward long-chain poly-Ub is most
similar to that of CoV-1. Like other subgroup 2b viruses, it
follows a distinct di-distributive cleavage pattern in which it
struggles to process mono-Ub-AMC and any linkage type of di-
Ub but readily cleaves K48 linked poly-Ub chains of three or
more (Figure 2).
Conversely, MHV PLP and MERS PLpro share secondary

structure topology with subgroup 2b PLpros but vary widely in
sequence homology. These residue differences, particularly in
areas such as the UIM, are responsible for differences in kinetics
and substrate preferences. Both have monodistributive DUB
activity in which they can cleave any length poly-Ub chain and
do not have as strong a preference for K48-linked poly-Ub as
subgroup 2b PLpros. The trend in conservation extends to the
residues stabilizing the interaction between the Ubl and thumb

domain as well and may provide insight into the nature of mono
vs di-distributive DUB activity. These residues are highly
conserved among subgroup 2b PLpros but are not found in
other betacoronaviruses, which points to the possibility that the
tucked conformation is a distinct feature of subgroup 2b PLpros.
It is unclear if this affects PLpro activity, but the correlation
between di-distributive DUB activity and the ability to adopt
tucked Ubl conformations warrants further study.
A significant trait that BtSCoV-Rf1.2004 PLpro differs from

CoV-1 on is a reduced KM to mono-Ub. Like MERS and CoV-2
PLpros, BtSCoV-Rf1.2004 PLpro is readily saturated with
mono-Ub at concentrations equivalent to those found in
mammalian cells which range from 10 to 23 μM. The ability
to be saturated at cellular Ub concentrations and relative
inability to process mono-Ub make BtSCoV-Rf1.2004 suscep-
tible to product inhibition similar to CoV-2 and MERS.
Meanwhile, at physiological concentrations, CoV-1 PLpro
would not even be at its KM.

Trends in Subgroup 2b PLpro DeISGylating Activities.
Despite Ubls being inherently similar substrates, viral proteases,
including coronavirus PLpros, display a high degree of substrate
specificity. Differences in poly-Ub chain linkage can affect how
they fit within the UIM, and ISG15 mutations between species
can affect interactions at critical specificity sites. Typically, viral
proteases will be adapted to rapidly process substrates involved
in pathways detrimental to their survival and may retain off-
target activity toward highly similar substrates. While all
betacoronaviruses prefer the ISG15 of their natural host over
Ub, host species and therefore substrate preferences vary widely
between viruses. Similar to what has been observed for CoV-1
and CoV-2, the deISGylase activity of BtSCoV-Rf1.2004 PLpro
exceeds its DUB activity, except in the case of long-chain K48-
Ub. The consistently robust deISGylase activity displayed by
subgroup 2b PLpros relative to their modest DUB activity
suggests that ISG15-regulated immune pathways may be more
detrimental to viral replication than pathways regulated by Ub.
Despite this, the specific utility deISGylase activity that serves
CoVs is unknown. Because deISGylase activity appears critical
to CoV replication, species-specific deISGylase activity can be a

Figure 7. Cytotoxicity studies of inhibitors. (A) CC50 values of PLpro inhibitors in human cell lines after 48 h. (B) For testing of compound 37 for
cytotoxicity Vero E6 cells were plated at 6 × 105 cells/well and incubated overnight at 37 °C. Subsequently, the cells were washed 1× with PBS.
Compound 37 drug dilutions were prepared to 100, 50, 25, 12, 6, 3, and 1 μM in overlay media (Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 1% serum). Culture media were decanted, and 1 mL of virus diluted in infection media to a multiplicity of infection (MOI) = 0.1
was added to the cells and incubated for 1 h at 37 °C. Following incubation, the inoculumwas removed, and 3mL/well of compound 37 dilutions were
added and incubated for 4 days at 37 °C and 5% CO2. Control wells included a virus only, uninfected, or DMSO well. Following the 4-day incubation,
cells were fixed with methanol: acetone (80:20) for 20 min at room temperature and then stained with 0.2% crystal violet. Plaques were counted and
analyzed using Prism8 from GraphPad.
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factor in determining what species a virus can productively
infect. Interspecies variation in ISG15 has been shown to limit
the zoonotic range of influenza B viruses.46,47 The similarity in
species specificity between subgroup 2b viruses indicates that
these viruses probably infect many of the same host species.
Humans, palm civets, pangolins, minks, and several bats have all
been identified as host species for subgroup 2b viruses, and some
have been shown to host multiple 2b viruses.2,4,5,48 The largely
conserved species preferences of subgroup 2b viruses may also
enable them to productively infect new species that already serve
as reservoirs for other 2b viruses with relatively few mutations.
BtSCoV-Rf1.2004 PLpro may be able to serve as a useful tool

in determining residues that affect interspecies differences
between CoV-1 and CoV-2. The deISGylase activities of these
PLpros differ against ISG15s from sheep, camel, northern tree
shrew, and jackknife fish. The PLpro of BtSCoV-Rf1.2004
matches the activity of CoV-2 against sheep, camel, and
jackknife fish but matches that of CoV-1 against northern tree
shrew.While mammalian respiratory viruses would not naturally
infect fish, CoV-1, MERS-CoV, and MHV PLpros all
demonstrate some off-target activity toward jackknife fish
ISG15. CoV-2 was the first betacoronavirus to show no
appreciable activity toward fish ISG15, but the lack of activity
demonstrated by BtSCoV-Rf1.2004 PLpro, which is more
closely related to CoV-1, could help discern which differences
are responsible.
The ability of BtSCoV-Rf1.2004 PLpro to quickly process

horseshoe bat and vesper bat ISG15s, while having little activity
toward Egyptian fruit bats is not unusual. This was observed in
CoV-2 as well and is likely due to the diversity within order
Chiroptera. Bats make up over 20% of all mammal species and
ISG15 can share as little as 60% sequence identity between bats
from different families, which is no greater than the similarity
expected between any two mammalian ISG15s.
Naphthalene-Based Inhibitors as Lead Compounds

for Coronavirus Subgroup 2b Therapeutic Develop-
ment. Initial evaluation of each novel compound at 50 μM
revealed that most compounds have equivalent levels of
inhibition against all three subgroup 2b PLpros regardless of
inhibitor efficacy. This trend was further supported by IC50
testing of top compounds, which determined that IC50 values for
each inhibitor for all three PLpros were usually within one to
twofold and always within one order of magnitude. In addition
to previously examined compounds, several of the newly
designed compounds demonstrated low μM IC50 values and
show promise as potential lead compounds. Of the compounds
tested in this study GRL0617, 1, 31, and 37 were the most
potent inhibitors. In all four cases, IC50 values are below 10 μM
andCC50 values are more than five times the IC50 in RPTEC and
BEAS-2B cells and greater than 100 μM in A549 and SH-SY5Y
cells. Within series II, the eastern arene ring was the most critical
factor affecting CC50 compared to the western naphthyl group or
backbone ring system. Alteration of the 1,3-dioxolane ring of 1
and 38 to a 2-methoxy-4-pyridine ring yielded larger therapeutic
windows, but only when paired with a spiroazetidine backbone
to orient the group properly within the pocket. These two
modifications result in 37 having the highest CC50 when
compared to other series II compounds tested. Investigation of
37 in plaque reduction assays against CoV-2 in Vero E6 cells
resulted in limited plaque reduction between 25 and 12 μMwith
cytotoxicity limiting observations to concentrations ≤25 μM.
However, this observed cytotoxicity in 37 is not particularly
surprising considering the naphthalene-based inhibitor synthe-

sized in previous studies, recently referred to as rac5c, which is
numbered as 31 in our studies, also displays some levels of
toxicity in Vero E6 cells.30 As described above, when the toxicity
of 37was investigated more closely and compared to compound
31 CC50 values for the former were 56.07 and 80.54 μM in
RPTEC andBEAS-2B cells respectively with greater than 100
μM CC50in A549 and SH-SY5Y cells. In contrast, 31 showed
increased toxicity in RPTEC and BEAS-2B with 35.58 and 62.23
μM in these cells, respectively. Taken together, these data
suggest that GRL0617, 1, 31, and 37 are potent CoV-2 PLpro
inhibitors and have antiviral activity, with 37 outperforming 31
from a toxicity standpoint among series II leads but with still too
narrow of a therapeutic window for viable use. This suggests that
further optimization of the series II scaffold is necessary tomatch
the more promising series I lead like GRL0617 in terms of
toxicity as a pan subgroup 2b virus therapeutic. Overall, the
results illustrate that compounds based on these lead scaffolds
would likely have the potential to inhibit a broad swath of
subgroup 2b viruses.

■ CONCLUSIONS

The ability of all three 2b PLpros to productively cleave ISG15
from humans as well as several important livestock species
further highlights the need to monitor these viruses and develop
effective therapeutics to mitigate events linked to future
spillover. Most naphthalene-based compounds inhibit all three
subgroup 2b PLpros at similar levels, indicating that P3−P6
binding drugs will be useful for the treatment of future subgroup
2b CoV outbreaks as well as the current COVID-19 pandemic.
Structural data indicate that these compounds could be
optimized to bind these pockets, enhancing potency and
specificity. Current naphthalene-based PLpro inhibitors are
effective at treating both CoV-1 and CoV-2 in vitro with variable
levels of cytotoxicity. While further compound optimization and
significant in vivo testing are required before these compounds
could be used therapeutically, they are promising lead
compounds for treating immunocompromised patients that
cannot receive vaccines or 2b viruses that induce short-lived
immunity.

■ METHODS

Chemicals and Reagents. 5-Amino-2-methyl-N-[(R)-1-
(1-naphthyl)ethyl]benzamide (GRL0617) was purchased from
Raystar, CN; 5-(acetylamino)-2-methyl-N-[(1R)-1-(1-
napthanlenyl)ethyl]-benzamide (compound 6) was purchased
from MedChem Express; Z-RLRGG-7-amino-4-methyl-cour-
marin (peptide-AMC) was purchased from Bachem; Ub-AMC
was purchased from Boston Biochem; human ISG15-AMC was
purchased from Boston Biochem; Lys6, Lys11, Lys29, Lys33,
Lys48, Lys63, and linear linked di-Ub were obtained from
Boston Biochem; DL-dithiothroitol (DTT) was purchased from
GoldBio; Isopropyl β-D-thiogalactopyranoside (IPTG) was
purchased from GoldBio; 4-(2-Hydroxyethyl)-1-piperazinee-
thanesulfonic acid (HEPES) was purchased from Fisher
BioReagents; imidazole was purchased from Acros Organics;
tris(hydroxymethyl)aminomethane (Tris) was purchased from
Fisher Scientific; sodium chloride (NaCl) was purchased from
Fisher Chemical; bovine serum albumin (BSA) was purchased
from Sigma Life Science; dehydrated Luria−Bertani (LB) broth
was purchased from Fisher Scientific; ampicillin was purchased
from GoldBio.
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Construction, Expression, and Purification of Viral
Deubiquitinases. The Ubl and the catalytic core of BtSCoV-
Rf1.2004 PLpro (pp1ab 1536−1850; 2−316) were cloned into
pET-15b by Genscript and transformed into T7 express
Escherichia coli. Cells were cultured in 4.5 L of LB broth
containing 100 μg/mL ampicillin at 37 °C until the OD600
reached 0.6. Once reached, the expression was induced by the
addition of 0.5 mM isopropyl β-D-thiogalactopyranoside
(IPTG), and the culture was incubated at 18 °C overnight.
The culture was centrifuged at 12,000 g for 10 min, and the
pellet was collected and stored in a −80 °C freezer. The cell
pellet was dissolved in lysis buffer (500 mM NaCl and 50 mM
Tris−HCl [pH = 7.5]) and then sonicated in Fisher Scientific
series 150 on ice at 50% power with 5 s pulses for 6 min. The
lysate was centrifuged at 30,000 g for 30 min to remove all
insoluble products. The supernatant was then filtered and placed
onto Ni-nitrilotriacetic agarose resin (Qiagen). The resin was
washed using five column volumes of lysis buffer containing 10
mM imidazole. The protein was eluted using five column
volumes of lysis buffer containing 250mM imidazole. Thrombin
was added to the elution to remove the 6× His-tag, and the
combined solution was dialyzed in size-exclusion buffer (100
mMNaCl, 5 mMHEPES, and 2 mMDTT [pH = 7.4]) and run
over a Size Exclusion Superdex 200 column (GE Healthcare,
Pittsburgh PA). Purity was confirmed by gel electrophoresis.
Cocrystallization of BtSCoV-Rf1.2004 PLpro with

GRL0617. Size-exclusion chromatography fractions containing
BtSCoV-Rf1.2004 PLpro were pooled based on the chromato-
gram, confirmed by sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS-PAGE) and concentrated to 10.5 mg/mL
and 10.4 mg/mL for cocrystallization with GRL0617 and 37,
respectively. GRL0617 in 100% DMSO was added to the
protein sample at a 5:1 molar ratio with a final DMSO
concentration of 3%. The sample was screened in 96-well
hanging-drop plates against a suite of 1728 commercially
available conditions (Qiagen and Hampton) using a Mosquito
robot (TTP Labtech). Plate-like crystals under different
conditions formed in a time ranging from one to 3 weeks. Hits
from the screen were scaled up to hanging-drop 24-well plates
containing a 500 μL reservoir of the crystallization solution and
were optimized using varying salt, precipitant, pH, additive, and
protein concentration gradients. The final crystallization
condition for the optimized BtSCoV-Rf1.2004 PLpro-
GRL0617 cocrystal was 0.2 M ammonium Acetate, 20% PEG
1000; 37 in 100% DMSO was added to the protein sample at a
5:1 molar ratio and a final DMSO concentration of 0.5%. A
crystal screen was set up for the sample against a suite of 768
commercially available conditions (Qiagen) in 96-well hanging-
drop plates using a Mosquito robot (TTP Labtech). The final
crystallization condition for the BtSCoV-Rf1.2004 PLpro-37
cocrystals was 0.1 M Tris−HCl pH 8.5, 0.6 M sodium fluoride,
resulting in bipyramidal crystals in 1−3 weeks.
Data Collection and Processing. All crystals were flash-

cooled in liquid nitrogen. BtSCoV-Rf1.2004 PLpro-GRL0617
complex structural data were collected under a dry N2 stream on
the 17-ID (AMX) beamline at Brookhaven National Laboratory
using an Eiger-9 M detector. BtSCoV-Rf1.2004 PLpro-37
complex structural data were collected on the 22-ID beamline
using an Eiger-16 M detector at Argonne National Laboratory
under a dry N2 stream. Collection wavelengths for both data sets
was 1 Å. The data were indexed, integrated, and scaled in HKL-
2000.49 Data-collection statistics are included in Table S1.

Structure Solution and Refinement. Phases for the
BtSCoV-Rf1.2004 PLpro−GRL0617 and 37 cocrystal struc-
tures were solved by molecular replacement in Phaser.50−52 A
homology model of BtSCoV-Rf1.2004 PLpro based on a CoV-1
PLpro−GRL0617 cocrystal structure (PDB 3E9S) was used as a
reference for the GRL0617 complex, while the BtSCoV-
Rf1.2004 PLpro−GRL0617 structure was used as the model
for the 37 complex. In both cases, the finger, thumb, and palm
domains of the PLpro were used as a search model, placing two
copies in the asymmetric unit of theGRL0617 complex and one
in the asymmetric unit of the 37 complex. Afterward, the Ubl
domains were built in manually. The phased models were
modified through alternating rounds of manual building and
refinement in Coot and Phenix.53 The final models were
validated in MolProbity,54 and the associated refinement
statistics are included in Table S1. The coordinates and
structure factors have been deposited and will be released
upon publication with PDB accession codes 7SKQ (GRL0617
complex) and 7SKR (Compound 37 complex).

BtSCoV-Rf1.2004 PLpro Deubiquitinase and deISGy-
lating Assays. All assays were run using Corning Costar half-
volume 96-well plates containing AMC buffer (100 mM NaCl,
50 mMHEPES [pH = 7.5], 0.01 mg/mL BSA, and 5 mMDTT)
to a final volume of 50 μL and performed in triplicate. The
CLAIROstar plate reader (BMG Lab Tech, Inc.) was used to
measure the fluorescence of the AMC cleavage, and the data
were analyzed using MARS (BMG Lab Tech, Inc.). The AMC
fluorescence was observed from the cleavage of Ub-AMC and
ISG15-AMC obtained from Boston Biochem,MA. ISG15-AMC
concentrations of the substrate ranged from 625 nM to 20 μM,
and Ub-AMC ranged from 235 nM to 30 μM. Protease
concentrations used for the Ub-AMC and ISG15-AMC assays
were 5 and 1 nM, respectively. To calculate KM and Vmax values,
the initial rates were fitted to theMichaelis−Menten equation, υ
= Vmax/(1 + (KM/[S])), using the Enzyme Kinetics (v. 1.3)
module of SigmaPlot (v. 10.0, SPSS Inc.). Vmax was translated
into kcat using kcat = Vmax/[E].

BtSCoV-Rf1.2004 PLpro Poly-Ub Cleavage Assays.
Lys6, Lys11, Lys29, Lys33, Lys48, Lys63, and linear linked di-
Ub obtained from Boston Biochem were incubated at 10 μM
with 20 nM BtSCoV-Rf1.2004 PLpro. Reactions were
performed in AMC buffer at a volume of 45 μL and a
temperature of 37 °C; 10 μL samples were taken at the indicated
time points and heat-shocked at 98 °C for 5 min. Lys48 and
Lys63-linked tetra-Ub obtained from Boston Biochem were
incubated at 13.67 μM with 23 nM BtSCoV-Rf1.2004 PLpro.
Reactions were performed in AMC buffer at a volume of 70 μL
and a temperature of 37 °C; 8 μL samples were taken at the
indicated time points and heat-shocked at 98 °C for 5 min. SDS-
PAGE analysis was performed usingMini-PROTEAN TGX and
Coomassie blue.

Protease Activity Assay with proISG15 Substrates. At
37 °C, 20 nM BtSCoV-Rf1.2004 PLpro was run against 10 μM
of each ISG15. Reaction mixtures were 100 μL in AMC buffer;
10 μL samples were taken at the indicated time points, and the
reaction was quenched in 2× Laemmli sample buffer followed by
boiling at 98 °C for 5 min. SDS-PAGE analysis was performed
using Mini-PROTEAN TGX Stain-Free.

BtSCoV-Rf1.2004 PLpro Inhibition IC50 Value Deter-
mination. IC50 assays were performed using similar methods to
peptide-AMC, Ub-AMC, and ISG15-AMC cleavage experi-
ments and those described previously. BtSCoV-Rf1.2004 PLpro
was run at 1 μM against 50 μM peptide-AMC in 98% AMC
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buffer/2% DMSO. Reactions were performed in triplicate with
inhibitor concentrations ranging from 195 nM to 100 μM,
depending on compound tested. IC50 calculations were
performed using Prism8 from GraphPad.
Compound Synthesis.The synthesis of series I and series II

compounds is described in the Supporting Information section.
Cells and Culture Conditions. Nontargeted toxicity was

assessed in numerous diverse cell lines, including RPTECs
(ATCCCRL-4031), BEAS-2B bronchial epithelial cells (ATCC
CRL-9609), A549 human alveolar epithelial cells (ATCC, CCL-
185), and SH-SY5Y neuroblastoma cells (ATCC, CRL-2266).
RPTECs were grown in DMEM/F12 (ATCC, 30−2006)
supplemented with a hTERT Immortalized RPTEC Growth
Kit (ATCC, ACS-4007); A549 and SH-SY5Y cells were grown
in DMEM (ATCC, 30-2002) supplemented with 10% fetal
bovine serum (VWR, 97068-085) and 1% penicillin−
streptomycin solution (ATCC, 30-2300). BEAS-2B cells were
grown using the BEGM BulletKit (Lonza, CC-3170), and flasks
were coated with 0.03 mg/mL bovine collagen (Fisher, CB-
40231) and 0.01 mg/mL human fibronectin (Fisher, CB-
40008A). All cells were maintained at 37 °C in a 5% CO2
incubator.
Cytotoxicity was assessed using MTT staining and cell

morphology. Cells were seeded in 48-well tissue culture plates at
densities between 25 and 50,000 (A549, BEAS-2B), 100,000
(RPTEC), and 50 and 150,000 (SH-SY5Y) cells per well
depending on the growth rate and experimental conditions.
Cells were maintained at 37 °C in a 5% CO2 incubator for a
minimum of 24 hr. and were at least 80% confluent before
dosing. Inhibitors were dissolved in DMSO and diluted in
different culture media to their final concentrations. Cells were
treated with DMSO alone (vehicle control, no greater than 0.1%
(v/v)) or 1, 5, 10, 50, 75, or 100 μMof each inhibitor; except for
GRL0617, where cells were also treated with 175, 250, 500, 750,
or 1000 μMconcentrations. For serum binding assays, inhibitors
(and DMSO controls) were preincubated in DMEM containing
10% (v/v) fetal bovine serum and 1% penicillin−streptomycin
for 5 min prior before exposure. Stability was assessed by
incubation of inhibitors for 24 h at 37 °C inmedia. Alterations in
cytotoxicity as compared to unincubated controls were
indicative of serum binding or inhibitor instability. Regardless
of the experiment,MTT (Sigma,M2128-1G)was added after 48
h treatment at a final concentration of 0.1 mg/mL, and plates
were incubated for 2 h at 37 °C. After media aspiration, the
remaining MTT formazan crystals were dissolved in DMSO,
and absorbance was determined for each well at 490 nm using a
BMGCLARIOstar plate reader. Experiments were performed in
triplicate per passage in at least three distinct passages of cells.
The concentration of protease inhibitor that resulted in 50%
growth inhibition (CC50) as compared to the DMSO control
was estimated from a nonlinear regression curve as calculated in
GraphPad Prism 7. When GraphPad could not automatically
determine accurate CC50 values, the concentration in the linear
regression curve at which MTT staining was half of the control
was utilized. Changes in MTT staining were compared to
changes in cell morphology at either 24 or 48 h after exposure to
inhibitors using a Nikon Eclipse Ti. Figures were assembled in
Photoshop.
In vitro efficacy of 37 against SASR-CoV-2 was evaluated

using the CoV-2 isolate nCoV-WA1-2020 (MN985325.1). This
isolate was received from BEI resources under contract by
American Type Culture Collection (ATCC) and propagated in
Vero E6 cells. Propagation was performed at a MOI of 0.1 in

serum-free DMEM for 1 h after which the inoculum was
removed and replaced with DMEM supplemented with 1% heat-
inactivated fetal bovine serum.55 The virus was harvested 72 h
postinoculation. Viral titers were determined by plaque assay
using Vero E6 cells.56 Cells were seeded in a six-well plate at 6 ×
105 cells/well and incubated overnight at 37 °C; 100, 50, 25, 12,
6, 1, and 0 μM dilutions of compounds were prepared the
following day in DMEM supplemented with 1% fetal bovine
serum. The cells were washed once with PBS 1X and then
inoculated at anMOI of 0.1 for 1 h, after which the inoculumwas
removed, and compound dilutions were added in triplicate wells
and incubated for 96 h at 37 °C and 5% CO2. The cells were
fixed and then stained with crystal violet to determine plaque
numbers. Analysis was performed using Prism8 from GraphPad.
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[1-(2-naphthyl)ethyl]benzamide; 6,577,871, N-(4-methoxy-
benzyl)-1-(1-naphthylmethyl)-4-piperidinecarboxamide oxa-
late; 9,247,873, 1-benzyl-N-(3,4,5-trimethoxybenzyl)-4-piperi-
dinecarboxamide; DTT, DL-dithiothreitol; IPTG, isopropyl β-D-
thiogalactopyranoside; HEPES, 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid; Tris , tr is(hydroxymethyl)-
aminomethane; BSA, bovine serum albumin; DMSO, dimethyl
sulfoxide; UIM, Ub-interacting motif
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