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We report the discovery and optimization of a potent inhibitor
against the papain-like protease (PLpro) from the coronavirus that
causes severe acute respiratory syndrome (SARS-CoV). This unique
protease is not only responsible for processing the viral polypro-
tein into its functional units but is also capable of cleaving ubiquitin
and ISG15 conjugates and plays a significant role in helping
SARS-CoV evade the human immune system. We screened a
structurally diverse library of 50,080 compounds for inhibitors of
PLpro and discovered a noncovalent lead inhibitor with an IC50

value of 20 �M, which was improved to 600 nM via synthetic
optimization. The resulting compound, GRL0617, inhibited SARS-
CoV viral replication in Vero E6 cells with an EC50 of 15 �M and had
no associated cytotoxicity. The X-ray structure of PLpro in complex
with GRL0617 indicates that the compound has a unique mode of
inhibition whereby it binds within the S4-S3 subsites of the enzyme
and induces a loop closure that shuts down catalysis at the active
site. These findings provide proof-of-principle that PLpro is a viable
target for development of antivirals directed against SARS-CoV,
and that potent noncovalent cysteine protease inhibitors can be
developed with specificity directed toward pathogenic deubiquiti-
nating enzymes without inhibiting host DUBs.

ubiquitin-specific protease � noncovalent cysteine protease inhibitor �
severe acute respiratory syndrome antiviral � X-ray structure

Proteolytic enzymes are key regulators of physiological processes
in humans and are also essential for the replication of patho-

genic viruses, parasites, and bacteria that cause infectious disease.
Their importance in such fundamental processes has been widely
recognized, and as a result, since the mid-1990s, �30 new protease
inhibitors have entered the marketplace for the treatment of a wide
spectrum of diseases including HIV/AIDS (1). These drugs target
at least 10 structurally diverse proteases representing every class of
protease (metallo, aspartic, serine, and threonine), with the excep-
tion of the cysteine proteases.

Historically, the development of cysteine protease inhibitors with
drug-like properties has been plagued with a number of challenges,
most notable being their toxicity and lack of specificity due to
covalent modification of untargeted cysteine residues. As a result,
only a small number have entered into late-phase clinical trials thus
far. Despite such challenges, cysteine proteases hold significant
promise as drug targets, because they are involved in many disease-
related processes and as such, a number of compounds have entered
into preclinical evaluation or development (2). To capitalize on the
success of targeting proteases as therapeutics, especially in the
antiviral drug discovery area, we report here the discovery and
optimization of a noncovalent lead inhibitor of the papain-like
protease (PLpro) from the coronavirus that causes severe acute
respiratory syndrome (SARS), SARS-CoV.

Although the spread of SARS-CoV, which caused the pandemic
of 2002–2003, was effectively halted within a few months after the
initial outbreaks, the recent isolation of strains from zoonotic
origins thought to be the reservoir for SARS-CoV (3, 4) accentuates

the possibility of future retransmissions of SARS-CoV, or related
coronaviruses, from animals to humans. The development of novel
antivirals against SARS-CoV is therefore an important safeguard
against future outbreaks and pandemics, but so far potent antivirals
against SARS-CoV with efficacy in animal models have not yet
been developed.

Because of the complex nature of SARS-CoV replication, a
number of processes are considered essential to the coronaviral
lifecycle and therefore provide a significant number of targets for
inhibiting viral replication. An early and essential process is the
cleavage of a multidomain viral polyprotein into 16 mature com-
ponents termed nonstructural proteins (nsps), which assemble into
complexes to execute viral RNA synthesis (reviewed in refs. 5 and
6). Two cysteine proteases that reside within the polyprotein, a
PLpro and a 3C-like protease (3CLpro), catalyze their own release
and that of the other nsps from the polyprotein, thereby initiating
virus-mediated RNA replication (Fig. 1A). Despite numerous
biochemical, structural, and inhibitor-development studies directed
at 3CLpro (reviewed in ref. 7), potent antivirals that directly target
3CLpro have yet to be developed. In contrast, structural and
functional studies directed at PLpro are far less numerous but have
established important roles for PLpro beyond viral peptide cleavage
including deubiquitination, deISGylation, and involvement in virus
evasion of the innate immune response (8–12). Recent studies have
also shown that an enzyme homologous to PLpro from the human
coronavirus 229E, PLP2, is essential for viral replication (13).

Results and Discussion
Identification of a SARS-CoV PLpro Inhibitor. The numerous func-
tions and requisite roles of PLpro in viral replication and patho-
genesis suggest that PLpro may serve as an attractive target for
antiviral drugs. Therefore, to identify potential inhibitors of PLpro,
we developed a sensitive fluorescence-based high-throughput
screen based on our initial work, which showed that PLpro is more
catalytically active toward ubiquitin-derived substrates relative to
polyprotein-based peptide substrates (11). We used a commercially
available peptide substrate representing the 5 C-terminal residues
of ubiquitin derivatized with a C-terminal 7-amido-4-methylcou-
marin (AMC) fluorogenic reporter group (Fig. 1B). To validate the
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assay, we performed a prescreen of 10,000 diverse compounds in
the absence of reducing agent to assess the reactivity of PLpro’s
active site cysteine with electrophiles common to many diverse
compound libraries. The vast majority of hits displaying �60%
inhibition were determined either to be known electrophiles or to
exhibit no inhibitory activity in the presence of reducing agent
during follow-up analysis (data not shown). Although the majority
of cysteine protease inhibitors described in the literature act co-
valently, the inherent electrophilic nature of these compounds often
leads to nonspecific reactivity with unintended nucleophiles, re-
sulting in adverse side effects (14). In the interest of discovering and
developing only noncovalent inhibitors against PLpro, 5 mM DTT
was incorporated into all subsequent primary high-throughput
screens.

A primary screen of 50,080 diverse, lead-like, and drug-like
compounds was performed in 384-well plates, in duplicate, which
resulted in a Z�-factor of 0.8 [supporting information (SI) Fig. S1).
Only a small number of compounds, 17 total (0.04%), were found
to have �35% inhibitory activity toward PLpro (Fig. 1C). These 17
compounds were subjected to a series of confirmatory and second-
ary assays to test for interference of AMC fluorescence, dose-
dependent inhibition of PLpro, and inhibition of the enzyme in the
presence of Triton-X, a test to eliminate promiscuous inhibitors
(15). Of the original 17 hits, 9 compounds were found to interfere
with the fluorescence of the AMC reporter group, and of the
remaining 8 compounds, only 2 reproducibly inhibited PLpro in a
dose-dependent manner, both in the absence and presence of
Triton-X. Compound 7724772, a racemic mix of 2-methyl-N-[1-(2-
naphthyl)ethyl]benzamide (Fig. 1C), inhibited PLpro with an IC50
value of 20.1 � 1.1 �M and was chosen for further development
(Fig. 2A).

Because compound 7724772 contains a stereogenic center ad-
jacent to the carboxamide moiety, both the (S) enantiomer, 1, and
the (R) enantiomer, 2, were synthesized to determine whether
PLpro exhibits any stereospecificity. At 100 �M, the (S) enantiomer
was found to have only slight inhibitory activity (14%), whereas the
(R) enantiomer inhibited PLpro activity �90% with an IC50 value
of 8.7 � 0.7 �M (Fig. 2A). The stereochemical preference for the
(R) over the (S) enantiomer established 2 as a lead compound and
is consistent for a protein that utilizes the 4-location model for

stereospecific recognition (16). Therefore, compound 2 served as
the basis for further rounds of synthetic optimization.

Synthetic Optimization of Lead Increases Potency. The preference for
a methyl group over hydrogen at the R1 position of 7724772 was
found to be required for potency based on a structure–activity
analysis of the primary high-throughput screen (HTS) data and on
the follow-up studies of the primary screen. Therefore, other
substituents at the R1 position were explored. The substitution of
a chlorine atom at R1, 3, resulted in a 2-fold decrease in inhibitory
potency (IC50 � 14.5 � 0.9 �M) compared with 2, and the
substitution of a larger ethyl group, 4, almost abolished activity
(IC50 � 100 �M), suggesting that the optimum size of a substituent
at the R1 position is a methyl group. Compound 2 was further
optimized by probing the effect of changing the orientation of the
relatively bulky naphthalene group (R2 in Fig. 2A). Replacing the
2-naphthyl group of 2 with a 1-naphthyl to form compound 5
resulted in a 4-fold increase in inhibitory potency (IC50 � 2.3 �M).
Finally, the addition of a second functional group to the R3 position
of the ortho-methyl benzene ring of 5 was explored. Addition of an
NHAc group, 6, was found to have little effect on the IC50 value
(2.6 � 0.1 �M) compared with 5, whereas the addition of a nitro
group, 7, decreased activity nearly 3-fold. In contrast, the addition
of an amino group at the same position increased the inhibitory
potency almost 4-fold (IC50 � 0.6 � 0.1 �M), suggesting that an
additional hydrogen bond may be formed in the enzyme–inhibitor
complex. The resulting compound, designated GRL0617, is the
most potent inhibitor in the series (Fig. 2A) and was therefore
subjected to more extensive mechanistic and structural analyses.

Mechanism of Inhibition of Most Potent Lead-GRL0617. To charac-
terize the mechanism of inhibition by the GRL0617 class of
compounds, kinetic and biochemical studies of the enzyme–
inhibitor complexes were performed. A kinetic study of PLpro
activity, in which the concentration of its optimal substrate, ISG15-
AMC, was varied relative to fixed concentrations of inhibitor,
reveals that GRL0617 is a potent competitive inhibitor of PLpro
with a Ki value of 0.49 � 0.08 �M (Fig. S2A). Progress curve
analysis also suggested that the inhibitor is noncovalent. To further
probe for noncovalent inhibition of PLpro by GRL0617, PLpro was
incubated for 1 h with 12 �M GRL0617 (�20-fold the Ki value), and

Fig. 1. High-throughput screening using a ubiquitin-like peptide substrate identifies a PLpro inhibitor. (A) Schematic of the SARS-CoV polyprotein, with
cleavage sites of the 2 proteases, PLpro (red) and 3CLpro (blue), indicated by color-coded arrows and dashed lines. Nsp numbering is indicated below the
polyprotein. (B) The sequences of the 3 PLpro polyprotein cleavage sites are aligned with the peptide substrate used for high-throughput screening. Conserved
residues are shown in bold. (C) Results from screening 50,080 compounds in duplicate for inhibition of PLpro activity. The replicate plot shows the percentage
inhibition of PLpro by each compound. The structure of the lead compound 7724772 is shown, and its activity is plotted in red. The hit zone for the assay (�35%
inhibition) is indicated by a white box.
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the resulting complex was dialyzed to allow the inhibitor to diffuse
away and therefore restore enzymatic activity (Fig. S2B). Approx-
imately 25% of the PLpro activity was recovered after 3 h of dialysis
compared with a recovery of 100% for the enzyme without
inhibitor. The inability to fully recover PLpro activity after 3 h could
be either a result of a slow off-rate of the inhibitor from the
PLpro-GRL0617 complex or a result of covalent modification of the
active-site cysteine by a direct reaction with the inhibitor or by
indirect oxidation. Because GRL0617 has no apparent thiol-
reactive groups, the inability to recover enzymatic activity is likely
a result of both mechanisms, a slow off-rate of inhibitor and
oxidation of the cysteine, despite the use of reducing agents
throughout all studies. Evidence for cysteine oxidation is revealed
in the structural studies described below.

SARS-CoV Antiviral Activity. To probe the antiviral activity of the
PLpro inhibitors, several compounds were assayed for their ability
to rescue cell culture from SARS-CoV infection. The viability of
virus-infected Vero E6 cells as a function of inhibitor concentration
was measured relative to mock-infected cells by using a lumines-
cence assay, which allows for the evaluation of both inhibitor

efficacy and cytotoxicity (Fig. 2B). Most significantly, GRL0617
and compounds 5 and 6 display significant antiviral activity with
EC50 values ranging from 10 to 15 �M without toxicity up to the
highest concentration tested (Fig. 2 A and B). Notably, the increas-
ing antiviral potency correlates with the in vitro inhibition of PLpro,
suggesting that the compounds work directly on the enzyme in cells.

Structural Basis for Potent Inhibition of SARS-CoV PLpro Revealed by
X-Ray Crystallography. To better understand the molecular basis for
inhibition of PLpro by GRL0617 and the structure–activity rela-
tionship described above, we determined the X-ray structure of the
PLpro-GRL0617 complex to a resolution of 2.5 Å (Table S1). The
structure reveals unambiguous electron density for the inhibitor,
which binds in a cleft leading to the active site (Fig. 3A). The
inhibitor is well-removed from the catalytic triad and instead bound
within the S3 and S4 subsites of PLpro (Fig. 3B). The interaction
between GRL0617 and PLpro is stabilized through a pair of
hydrogen bonds and a series of hydrophobic interactions stemming
from residues lining the pocket. Specifically, the amide group of the
inhibitor forms hydrogen bonds with the side chain of D165 and the
backbone nitrogen of Q270 (Fig. 3C). D165 is highly conserved
among the ubiquitin-specific protease (USP) family of deubiquiti-
nating enzymes (17) and among most coronaviral papain-like
proteases (11, 18). Several structural studies of USPs have revealed
that this aspartic acid residue hydrogen bonds with the backbone of
ubiquitin molecules at the P4 position, an interaction presumed to
be important for ligand stabilization (19–21).

Aside from the 2 aforementioned hydrogen bonds, the majority
of contacts between PLpro and inhibitor GRL0617 are hydrophobic
in nature. The 1-naphthyl group is partly solvent-exposed but forms
hydrophobic interactions with the aromatic rings of Y265 and Y269
and with the side chains of P248 and P249 (Fig. 3C). These residues
line the pocket and accommodate the leucine at the P4 position of
PLpro substrates (10) (Fig. 3B). The (R)-methyl group, attached to
the stereocenter of the inhibitor, points directly into the interior of
the protein between Y265 and T302, where it is accommodated by
a cavity that is mostly polar in nature. The positions of 3 bound
water molecules in this cleft suggest the potential for extending the
(R)-methyl group further into the pocket by the addition of polar
substituents.

The di-substituted benzene ring at the opposite end of the
inhibitor occupies the putative P3 position of bound substrate. The
benzene ring stacks against the aliphatic portions of G164, D165
and Q270, whereas the ortho-methyl substituent at the R1 position
points into the floor of the cavity, which is lined by the side chains
of Y265, Y274 and L163 (Fig. 3C). The other ring substituent, -NH2
at the R3 position of GRL0617, extends from the opening of the
cleft where it is surrounded by a series of polar groups, including the
side chain oxygens of Q270 and E168 and the hydroxyl of Y269, any
of which could serve as a hydrogen bond acceptor (Fig. 3 C and D).

Comparison of the unbound and inhibitor-bound structures
reveals 2 significant conformational differences, both presumed to
be induced by inhibitor binding. In the apoenzyme structure, a
highly mobile loop hinged by 2 glycine residues (G267-G272) is
positioned in different conformations in each of the 3 monomers of
the asymmetric unit (10). Movements of homologous loops in the
deubiquitinating enzymes USP14 and HAUSP upon substrate
binding have been observed (19, 20). With PLpro, inhibitor-binding
induces closure of this loop such that it clamps the inhibitor to the
body of the protein (Fig. 3D). The side chains of Y269 and Q270
become well-defined and reorient to close over the inhibitor,
whereas the mainchain of the loop moves to within hydrogen
bonding distance of the carbonyl at the center of the inhibitor.
Additional movements are observed upon inhibitor binding
whereby the side chain of L163 moves to cradle the ortho-methyl of
the benzene ring while simultaneously blocking access to the
catalytic triad. The plasticity of this region, especially the G267-
G272 loop, which is a highly variable region both in length and

Fig. 2. PLpro inhibitors follow a structure–activity relationship and have
antiviral activity against SARS coronavirus. (A) The structure–activity relation-
ship of synthetic compounds based on the HTS lead compound 7724772 is
shown in a table format. An asterisk indicates the position of the chiral carbon
in the chemical structure at top. IC50 values represent inhibitory activity of
PLpro in vitro. EC50 values represent antiviral activity of the compounds
against SARS-CoV. NI, no inhibition; NA, not assayed. (B) SARS-CoV infected
(red points) and mock-infected (blue points) Vero E6 cells were incubated in
the presence of inhibitor compounds 7724772, 5, 6, or GRL0167 at the con-
centrations indicated for 48 h. Cell viability was measured 48 h after infection
by using the CellTiter-Glo Luminescent Cell Viability Assay (Promega), and
output was expressed as RLU. The error bars represent the standard deviation
between triplicate samples. Structures of the tested inhibitors are included as
Insets.
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sequence among papain-like proteases, may account for the range
of substrates recognized by these enzymes.

In contrast to the motions observed outside of the catalytic
center, the residues of the catalytic triad of PLpro (C112, H273,
D287) undergo limited movement between the bound and unbound
conformations. Interestingly, a significant amount of residual elec-
tron density surrounding the sulfur atom of the catalytic cysteine
was observed. Modeling and refinement of this density against a
fully oxidized sulfur atom was consistent with a sulfonic acid moiety,
vs. sulfinic or sulfenic acids (Fig. S3). This observation likely
explains the inability of PLpro to regain full activity after incubation
with inhibitor over extended periods of time. The presence of
reducing agents in solution most likely helps to maintain the active
site cysteine of PLpro in a reduced state. However, upon inhibitor
binding, loop closure may restrict access to the cysteine by reducing
agents but still allow for oxidation, thereby generating an inactive
enzyme. A similar mechanism has been proposed for protein
tyrosine phosphatase 1B inhibitors (22).

Inhibitor Specificity. Structural and functional studies have revealed
that PLpro is homologous to human deubiquitinating enzymes and
is capable of cleaving ubiquitin and ubiquitin-like modifiers such as
ISG15 (9–12, 23). Because there are �50 putative deubiquitinating
enzymes in humans that are also cysteine proteases (24), it is
important that any inhibitors being developed be selective for
PLpro. To test the selectivity of the lead inhibitor against PLpro, the
inhibitory activities of GRL0617 against a series of cysteine pro-
teases, including the human deubiquitinating enzymes HAUSP,

USP18, UCH-L1, UCH-L3, and a papain-like protease (PLP2)
from the human coronavirus NL63, were tested (Fig. 4A). Although
the tested enzymes share similar active site architectures to PLpro,
it is significant that none of these DUB-like enzymes were inhibited
by GRL0617. Structural alignment of PLpro with 1 of its closest
structural neighbors, HAUSP, reveals that at least 2 residues of
HAUSP, F409 and K420, sterically clash with the inhibitor-binding
site (Fig. 4B). Based on a structural alignment of 54 human
ubiquitin-specific proteases (USPs), these 2 residues are �80%
identical among family members (17, 21), suggesting that GRL0617
is unlikely to inhibit other human USPs.

To further explore the specificity of inhibitor GRL0617 for PLpro
over human DUBs, we probed the ability of human deubiquitinat-
ing enzymes from cellular lysates to be modified by the active-site-
directed probe HA-Ub-vinyl sulfone (VS) in the presence and
absence of GRL0617. HA-Ub-VS and similar Ub-derived covalent
modifiers have been invaluable tools in identifying and studying
various novel cellular and viral deubiquitinating enzymes (25–27).
Numerous cellular DUBs become modified when treated with
HA-Ub-VS and can therefore be visualized by Western blot
analysis by using an anti-HA antibody. If these DUBs are poten-
tially inhibited by compound GRL0617, concurrent treatment with
the compound should reduce the extent of VS modification. When
lysed cells were treated with HA-Ub-VS in the absence and
presence of GRL0617, no change was noted in the immunoblot
pattern (Fig. 4C). When PLpro was added to the lysate, it too
underwent modification by the HA-Ub-VS, but unlike the cellular
DUBs, its modification by the VS was almost completely eliminated
in the presence of GRL0617S (Fig. 4D).

Fig. 3. Inhibitor GRL0617 binds within the S3 and S4 subsites of PLpro and induces loop closure over the inhibitor. (A) An Fo-Fc electron density omit map,
generated with the inhibitor excluded from the phase calculation, is shown contoured at 4� (orange mesh). The inhibitor is shown as orange sticks. The location
of the catalytic triad is indicated, as is the oxidized active site cysteine residue. (B) Stereoview of PLpro (white surface) bound to the inhibitor (orange), which
lies within a narrow groove proposed to bind to the P3 and P4 positions of substrate (cyan). The structure of the C-terminal residues of ubiquitin, which were
modeled into the PLpro apoenzyme active site (10) is shown superimposed on the inhibitor-bound complex. For clarity, only the P3 (Arg) and P4 (Leu) residues
of substrate are shown. (C) Stereoview of the hydrogen bonds and hydrophobic interactions between the inhibitor (orange) and PLpro (blue). Hydrogen bonds
are indicated by dashed lines. (D) A ribbon diagram of apo PLpro (blue) superimposed on the inhibitor-bound enzyme (orange). The inhibitor is shown as spheres
representing van der Waals radii. Catalytic triad residues are designated by asterisks.
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Conclusions
This work validates PLpro as a candidate drug target for the
development of therapeutics against SARS-CoV. We discovered
and optimized the potency of a first generation of lead compounds
that act as noncovalent competitive inhibitors of PLpro by binding
to the S4-S3 subsites and inducing a conformational change that
renders the active site nonfunctional. Although the in vivo potency
of this first generation of compounds is likely not yet sufficient to
make them therapeutics, they will serve as an important basis for
further optimization of in vivo potency and ADMET properties.
Together, these results hold significant promise for the develop-
ment of noncovalent inhibitors directed against virally encoded
cysteine proteases that also share significant structural homology
with host-encoded deubiquitinating enzymes. A number of viral
DUBs are predicted to exist (28), and in addition to SARS-CoV
PLpro (11), the deubiquitinating activity and X-ray structures of
herpesvirus UL36USP (29) and adenovirus proteinase (30) have
been reported. Although our goal has not been to discover inhib-
itors of human deubiquitinating enzymes, recent studies have begun
to evaluate this group of enzymes as potential anticancer drug
targets (31). However, because of the high active-site sequence
homology among �50 USPs, selective targeting of 1 USP vs.
another remains an unresolved issue (25). Here, we demonstrate
that selective noncovalent targeting of an enzyme highly homolo-

gous to human USPs can be achieved, which engenders new
opportunities and potential for selectively targeting this class of
enzymes.

Materials and Methods
PLpro Purification and Kinetic Assays. Untagged native SARS-CoV PLpro
(polyprotein residues 1541–1855) was expressed and purified to �99% purity,
as described (11). Kinetic assay development was first optimized in a 96-well
plate format to establish suitable assay conditions and incubation times. The
fluorogenic peptide substrate, Arg-Leu-Arg-Gly-Gly-AMC (RLRGG-AMC), was
purchased from Bachem Bioscience. PLpro activity as a function of substrate
concentration was measured to determine a suitable subsaturating substrate
concentration for HTS. Enzyme concentration and incubation time with sub-
strate were optimized to yield a linear response in a 6-min time frame. BSA was
included in the assay to stabilize PLpro, to prevent the adsorption of PLpro to
the assay plate, and to reduce the effects of promiscuous inhibitors. Reducing
agent, 5 mM DTT in this case, was included in all assays to eliminate cysteine-
reactive compounds.

Primary HTS Screening. A compound library consisting of 50,080 structurally
diverse small molecules was purchased from ChemBridge and maintained as 10
mM stock solutions dissolved in DMSO and stored desiccated at �20°C. The
automated primary screen was performed on a Tecan Freedom EVO 200 robot
equipped with a Tecan 3 � 3 mounted 96-well dispenser and a 384-pin stainless
steel pin tool (V&P Scientific) with a 100-nL capillary capacity. Fluorescence values
were measured on an integrated Tecan Genios Pro microplate reader. All assays
were performed in duplicate at room temperature, in black flat-bottom 384-well
plates (Matrix Technologies) containing a final reaction volume of 50 �L. The
assays were assembled as follows: 40 �L of 142 nM PLpro in Buffer A (50 mM
Hepes, pH 7.5; 0.1 mg/ml BSA; and 5 mM DTT) was dispensed into wells and then
incubated with 100 nL of 10 mM inhibitor (20 �M final concentration) for �5 min.
Reactions were then initiated with 10 �L of 250 �M RLRGG-AMC in Buffer A,
shaken vigorously for 30 s, and then incubated for 6 min. Reactions were subse-
quently quenched with 10 �L of 0.5 M acetic acid, shaken for 30 s, and measured
for fluorescence emission intensity (excitation �: 360 nm; emission �: 460 nm).
Each384-wellplatecontained32positivecontrolwells (100nLofDMSOreplacing
100 nL of inhibitor in DMSO) and 32 negative control wells (assay components
lacking PLpro). Because of the low hit rate of compounds displaying significant
PLpro inhibition, compounds that showed �35% inhibition were selected for
further analysis. Secondary screening methods are included in SI Text.

Synthesis of GRL0617 and Related Compounds. 1H-NMR and 13C-NMR spectra
were recorded on Varian Oxford 300, Bruker Avance 400 spectrometers. Optical
rotations were recorded on Perkin-Elmer 341 polarimeter. Anhydrous solvent
was obtained by distillation of dichloromethane from CaH2. All other solvents
were reagent grade. Column chromatography was performed with Whatman
240–400 mesh silica gel under low pressure of 3–5 psi. TLC was carried out with
E. Merck silica gel 60-F-254 plates. The detailed protocols for synthesis of com-
pounds 1–7 are included in SI Text.

IC50 Value Determination. IC50 measurements were performed by hand, in
duplicate, in a 96-well plate format. Buffer, enzyme, and substrate conditions
matched those of the primary screen. Reactions containing 50 �M substrate, 2%
DMSO, and varying concentrations of inhibitor (0–200 �M) were initiated with
the addition of enzyme. Reaction progress was monitored continuously on a
Tecan Genios Pro microplate reader (excitation �: 360 nm; emission �: 460 nm).
Data were fit to the equation : vi � vo/(1 � [I]/IC50) by using the Enzyme Kinetics
module of SigmaPlot (v. 9.01 Systat) where vi is the reaction rate in the presence
of inhibitor, vo is the reaction rate in the absence of inhibitor, and [I] is the
inhibitor concentration.

Reversibility of Inhibition. To test the reversibility of inhibition, 50 nM PLpro was
incubated with and without inhibitor (at 20-fold the inhibitor IC50 concentration)
in buffer containing 0.05 mg/ml BSA; 50 mM Hepes, pH 7.5; 5 mM DTT; and 1%
DMSO in a final volume of 3 mL, for 1 h at room temperature; 1.5 mL of each
sample was then dialyzed against 1 L of dialysis buffer (50 mM Hepes, pH 7.5; 5
mM DTT) for 3 h at room temperature by using 10,000 molecular weight cutoff
Slide-A-Lyzer dialysis cassettes (Pierce). Samples were transferred to 1 L of fresh
dialysis buffer each hour. The other 1.5 mL of each sample (undialyzed samples)
were excluded from dialysis but remained at room temperature for the 3-h time
period. All samples were assayed for activity after the 3-h incubation in the same
manner as used for IC50 measurements.

Fig. 4. Inhibitor GRL0617 is selective for SARS-CoV PLpro. (A) IC50 values of
compounds 5, 6, and GRL0617 are listed for PLpro and 5 other papain-like
proteases. (B) Stereo representation of HAUSP (Protein Data Bank ID no. 1NBF,
with ubiquitin ligand removed) superimposed with the PLpro-inhibitor com-
plex. HAUSP is shown in green, PLpro in blue, and the inhibitor molecule in
orange. HAUSP active site residues that clash with the inhibitor are labeled. (C)
An �-HA Western blot of lysed Vero E6 cells treated with HA-Ub-VS in the
presence of N-ethyl-maleimide (NEM) or varying concentrations of GRL0617.
(D) An �-HA Western blot of lysed Vero E6 cells mixed with 0.1 �g of PLpro and
HA-Ub-VS, both in the absence and presence of 40 �M GRL0617.
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PLpro de-ISGylating Assays. PLpro activity with ISG15-AMC (Boston Biochem)
was measured in 96-well half-volume plates at 25°C in buffer containing 50 mM
Hepes, pH 7.5; 0.1 mg/ml BSA; 5 mM DTT; 2% DMSO; and fixed inhibitor concen-
trations of 0, 0.1, 1, and 3 �M. Substrate concentration was varied from 0 to 16
�M, and release of AMC was measured in the same manner as for the IC50

measurements described above. The Ki and mode of inhibition of inhibitor
GRL0617 were determined through Lineweaver–Burk analysis of the above data
by using the Enzyme Kinetics module of SigmaPlot.

Inhibitor Specificity Assays. The specificity of inhibitors 2, 5, and GRL0617 was
tested against 2 human ubiquitin C-terminal hydrolases, UCH-L1 and UCH-L3, the
human deubiquitinating enzyme HAUSP, the human de-ISGylating enzyme USP-
18, and a coronaviral papain-like protease from HCoV NL63, PLP2. Full-length
UCH-L1 and full-length UCH-L3 were purchased from Biomol International; the
catalytic domain of HAUSP (residues 213–548) and full-length USP-18 were pur-
chased from Boston Biochem; and PLP2 was purified as described (32). All kinetic
assays were performed at 25°C in 50 mM Hepes, pH 7.5; 0.1 mg/ml BSA; and 5–10
mM DTT in a 96-well plate format. Enzymes were assayed in the absence and
presence of 100 �M inhibitor, with 100 nM ubiquitin-AMC (Boston Biochem) as
substrate (excitation�:360nm;emission�:460nm),withtheexceptionofUSP-18,
which was assayed with 1 �M ISG15-AMC (Boston Biochem) as substrate. PLpro
was assayed under the same conditions, as a control.

Electrophilic Labeling and Detection of DUB Profile in Vero E6 Cells. For each
labeling reaction, 50 �g of Vero E6 lysate was preincubated with 0–40 �M
GRL0617 for 30 min in 60 �L of homogenization buffer (50 mM Tris, pH 7.5; 5 mM
MgCl2; 0.5 mM EDTA; 2 mM DTT; 2 mM ATP; and 250 mM sucrose). After the
incubation, 0.8 �g of the probe HA-Ub-VS (Boston Biochem) was added and then
incubatedforanadditional30minatroomtemperature.Samplesweresubjected
to 10% SDS/PAGE, and the proteins were then transferred to nylon membrane
and immunoblottedwithmousemonoclonalantibodyspecific toHAfollowedby
goat anti-mouse IgG-HRP. For samples containing PLpro, 0.1 �g of purified
enzyme was added to cell lysate samples and analyzed as above. The DUB profile
approach was modeled from the experiments of Kattenhorn et al. (33) and
detailed materials and methods of lysis, labeling, and detection are included in SI
Text.

SARS-CoVAntiviral Activity Assays. Vero E6 cells were maintained in Minimal
Essential Media (MEM) (Gibco) supplemented with 100 units/ml penicillin, 100

�g/ml streptomycin (Gibco), and 10% FCS (Gemini Bio-Products). The SARS-CoV
Urbani strain used in this study was provided by the Centers for Disease Control
and Prevention (34). All experiments using SARS-CoV were carried out in a
Biosafety Level 3 facility by using approved biosafety protocols.

Vero E6 cells were seeded onto flat-bottom, 96-well plates at a density of
9 � 103 cells per well. Cells were either mock-infected with serum-free MEM
or infected with 100-fold the median tissue culture infective dose of SARS-CoV
Urbani per well in 100 �L of serum-free MEM and incubated for 1 h at 37°C
with 5% CO2. After the 1-h incubation period, the viral inoculum was removed
and, 100 �L of MEM supplemented with 2% FCS and containing the inhibitor
compound of interest at the desired concentration (serial 2-fold dilutions from
50 to 0.1 �M) was added. Cells were incubated for a period of 48 h at 37°C with
5% CO2. Each condition was set up in triplicate, and antiviral assays were
performed independently on at least 2 separate occasions. Cell viability was
measured 48 h after infection by using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega), according to the manufacturer’s recommendations.
Cell viability for the CellTiter-Glo Luminescent Cell Viability Assay was measured
as luminescence and output expressed as relative luciferase units (RLU).

Crystallization, X-Ray Data Collection, and Structure Refinement. The complex
of inhibitor GRL0617 with PLpro was crystallized by vapor diffusion in a sitting-
drop format after a 16-h incubation of 8 mg/ml PLpro (in 20 mM Tris, pH 7.5; 10
mM DTT) with 2 mM inhibitor at 4°C. Immediately before crystallization, the
sample was clarified by centrifugation. A 1-�L volume of the enzyme-inhibitor
solution was then mixed with an equal volume of well solution containing 1 M
LiCl; 0.1 M Mes, pH 6.0; and 30% PEG 6,000 and equilibrated against well solution
at 20°C. Before data collection, crystals were soaked in a cryosolution containing
well solution, 400 �M inhibitor, and 16% glycerol. Details of X-ray data collection
and structure refinement are included in SI Text. Final X-ray data collection and
refinement statistics are given in Table S1.
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