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ABSTRACT: Coronaviruses have been responsible for numerous
viral outbreaks in the past two decades due to the high
transmission rate of this family of viruses. The deadliest outbreak
is the recent Covid-19 pandemic, which resulted in over 7 million
deaths worldwide. SARS-CoV-2 papain-like protease (PLPro) plays
a key role in both viral replication and host immune suppression
and is highly conserved across the coronavirus family, making it an
ideal drug target. Herein we describe a fragment-based screen
against PLPro using protein-observed NMR experiments, identify-
ing 77 hit fragments. Analyses of NMR perturbation patterns and
X-ray cocrystallized structures reveal fragments bind to two distinct regions of the protein. Importantly none of the fragments
identified belong to the same chemical class as the few reported inhibitors, allowing for the discovery of a novel class of PLPro
inhibitors.
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The Covid-19 pandemic caused by SARS-CoV-2, the
present and future variants of this virus, and the potential

for other coronaviruses to cause outbreaks highlight the need
for antiviral drugs targeting critical proteins in the coronavirus
life cycle. Currently, there are three FDA approved drugs for
the treatment of Covid-19: two viral RNA dependent RNA
polymerase inhibitors (Remdesivir and Molnupiravir)1,2 and
one viral main protease (Mpro) inhibitor (Nirmatrelvir).3

Although these drugs have drawbacks/limitations affecting
their ability to be a widely useful treatment for SARS-CoV-2
infections, other polymerase and main protease inhibitors are
under active development. As expected, SARS-CoV-2 mutants
have developed resistance against Remdesivir and Nirmatrelvir
in cellular passaging assays and in drug treated Covid-19
patients.4−6 This suggests that additional antiviral treatments
are needed against new viral targets that act through different
mechanisms of action.
The SARS-CoV-2 genome is a single stranded RNA of

∼30 000 nucleotides which encodes for 4 structural (spike,
membrane, envelope, and nucleocapsid proteins) and 16
nonstructural proteins (NSP1-16).7,8 Following host infection,
SARS-CoV-2 translates its genome in two open reading frames
into two polyproteins, which require subsequent cleavage by
cysteine proteases to generate functionally active nonstructural
proteins. The main protease and papain-like protease (PLPro)
are responsible for the cleavage of nonstructural proteins 4−16
and 1−3, respectively. Both enzymes are considered essential
for viral replication and maturation.9,10 Although inhibitors of
the main protease have been developed, no inhibitors of PLPro

have reached the clinic. The high homology of PLPro across the
coronavirus family makes PLPro an attractive drug target to
overcome drug-resistant variants or new emerging coronavi-
ruses in future.11

In addition to viral replication PLPro plays a role in host
immune evasion through the cleavage of the ubiquitin and
interferon-stimulated gene 15 (ISG-15).12 ISG-15 is a 15 kDa
protein comprised of two ubiquitin-like domains that is
strongly induced by type 1 interferons and bacterial and viral
infections.13−15 While the exact mechanism for ISG-15
inhibition of viral infections is unknown, ISGylation of viral
proteins has been found to effect replication, maturation, and
egress across various viral species.16 Additionally, in vivo
studies where ISG-15 expression has been suppressed have
shown higher rates of viral growth and increased mortality.17,18

PLPro cleaves the C terminus of ISG-15 (RLRGG) with sub-
μM affinity allowing for the virus to delay the immune
response,19 resulting in increased levels of infectivity for SARS-
CoV-2 compared to other members of the coronavirus
family.12
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Previous efforts to target SARS-CoV-1 have led to the
discovery of GRL-0617 which also weakly inhibits SARS-CoV-
2.20,21 Recently, analogues of GRL-0617 have been reported by
several research groups which show improved inhibition
against PLPro (Figure 1).22−25 However, despite numerous
drug discovery campaigns, no novel chemical scaffolds have

been identified for SARS-CoV-2 inhibitors. The substrate
recognition sequence of PLPro (LXGG)26 poses a significant
challenge to the discovery and development of covalent PLPro

inhibitors due to the S1 and S2 subsites forming a narrow
tunnel blocking access to the catalytic triad.

Figure 1. Structure of the first reported PLPro inhibitor GRL-061721 and its analogues developed by Rutgers University22 1, Pfizer24 2, and Oak
Ridge National Laboratory25 3 with their inhibitory and cellular activity reported.

Figure 2. Fragment hits identified in the NMR-based fragment screen. 1H−15N SOFAST HMQC spectra of PLPro without (blue) and with (red)
0.8 mM fragment hits illustrate the different chemical shift changes caused by (A) the class A and (B) class B hits. Characteristic peak shifts of each
class of fragment were highlighted in green circles. Labeled peak assignments are given in panels A and B sourced from literature.29 Representative
structures of the (C) class A and (D) class B fragment hits with their binding affinities (Kd) measured by NMR titration and calculated ligand
efficiency (LE).
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In this paper, we describe a fragment-based screen of a
truncated papain-like protease from SARS-CoV-2 using
protein-observed NMR. This fragment-based screening
method to discover new PLPro ligands is advantageous due to
its ability to detect weak binding fragments, measure binding
affinity without a secondary assay, and differentiate binding
based on chemical shift patterns. In this screen, we have
identified several unique hits that bind to the active site and

additional molecules that bind to a site in another subdomain,
as shown by X-ray crystallography.
In order to obtain a high-quality NMR spectrum of PLPro,

the protein was truncated to remove the ubiquitin-like (Ubl)
domain (residues 1−70), reducing protein size while
maintaining the binding affinity at the active site. In addition,
this construct (residues 71−314) also contained two mutations
(C111S and C270S) to improve stability and reduce
aggregation at high concentrations. An in-house 13,824

Figure 3. 1H−15N SOFAST HMQC spectra of PLPro incubated with 0.06 mM GRL-0617 (blue) and 0.06 mM GRL-0617 + 1 mM fragment (red)
from (A) a class A fragment hit 7 and (B) a class B fragment hit 11.

Figure 4. X-ray crystal structures of SARS-CoV-2 PLPro with fragments. (A) Class A and class B fragments bound to PLPro at palm and finger
domains, respectively. (B) B-factor map of apo PLPro structure (PDB ID: 7D47). Binding pockets in (C) palm domain occupied by class A
fragments (PDB ID: 9BRV and 9BRW for 5 and 7, respectively) and (D) finger domain occupied by class B fragment (PDB ID: 9BRX for 11). Key
hydrogen bonds are shown as black dashes.
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molecule fragment library was screened against uniformly 15N-
labeled recombinant SARS-CoV-2 PLPro using protein-
observed 1H/15N SOFAST-HMQC NMR.27 Fragments were
initially screened as mixtures containing 12 fragments, with a
concentration of 0.8 mM per fragment. All spectra were
manually inspected for chemical shift perturbations (CSP).
The hits of fragment mixtures were identified if there were
visual changes in chemical shifts for the backbone resonances
caused by fragments compared with the reference spectrum of
ligand-free PLPro. Individual fragments from 12-compound
mixture hits were rescreened as singletons to identify the actual
fragments that bind to PLPro. A total of 77 fragment hits that
bind to SARS-CoV-2 PLPro were discovered in this screen, with
a hit rate of 0.56%. Based on the literature, a protein with
greater than a 0.1% fragment hit rate is suggested to be a
druggable target for small molecules.28 Two distinct chemical
shift patterns were observed for the fragments (Figure 2A,B).
This suggests that our fragment hits bind to two distinct
pockets on PLPro. We classify these two groups of hits as class
A or class B according to each shift pattern. To rank the
potency of the hits, a SOFAST-HMQC titration was used to
calculate binding affinities (Kd) by measuring the CSP in the
presence of 0.0625−2 mM fragment hits. Example CSP and
titration curves are given in Figure S1. Twenty-two hits showed
a Kd of less than 1 mM. Representative hits that bind to site A
are shown in Figure 2C, and those that bind to site B are
shown in Figure 2D.
To determine the binding site of the two fragment classes,

GRL-0617, a PLpro competitive inhibitor, was tested against
PLPro and was found to give a chemical shift pattern indicative
of the class A fragments, suggesting that they are binding to the
active site. This is further supported by the fact that when 1
mM of a class A fragment was added to a sample that was
previously incubated with 0.06 mM GRL-0617, no changes in
the NMR spectrum were observed (Figure 3A), suggesting that
GRL-0617 can outcompete the binding of class A fragments.
However, when 1 mM of a class B fragment was added to a
sample incubated with 0.06 mM GRL-0617, extra chemical
shifts indicative of a class B binder were observed (Figure 3B).
This confirms that the class B fragments are binding to a
distinct region of the protein different from the class A
fragments and that binding is not mutually exclusive.
X-ray crystallography was utilized to further clarify the

binding mode of our fragment hits and aid in the design of
fragment analogues. Although we were not able to obtain

crystal structures with the NMR protein construct, the full-
length protein (residues 1−314) containing two cysteine to
serine mutations (C111S and C270S) did produce suitable
crystals for X-ray diffraction with structures for 3 different
protein-fragment complexes being solved. The X-ray data
collection and structure refinement statistics are in Table S1,
and the electron density maps of fragments are exhibited in
Figure S2. The X-ray structures confirmed our NMR studies,
showing class A fragments bound at the S4 subsite adjacent to
the BL2 loop region, while class B compounds bound at a
previously undocumented binding site in the finger region
(Figure 4A). Based on the B-factor analysis of the apo PLPro
structure (PDB ID: 7D47), we observed that the pocket for the
class A compounds is more rigid area than the class B pocket
(Figure 4B).
Class A compounds share a similar binding pocket to other

known SARS-CoV-2 PLPro inhibitors, GRL-0617 and the
peptide-derived VIR-250.26 Like other inhibitors that bind to
the S4 subsite, fragment 7 engages in π−π stacking interactions
between their aromatic ring and Y268 (Figure 4C). This
induces a conformational change of the BL2 loop from the
unbound PLPro structure to form the exterior wall of the
binding site. Fragment 5 binds in a different orientation to
most other PLPro inhibitors, foregoing interaction with Y268
and instead sitting in a small hydrophobic pocket traditionally
occupied by the V70 side chain of the ubiquitin-like domain.
Additionally, the amine group of 5 forms a hydrogen bond to
the side chain of D164, a key binding interaction maintained
by GRL-0617 and its analogues. Class B fragments were found
to occupy a pocket near the zinc binding site in the PLPro finger
region (Figure 4D). The triazolopyrimidine ring of fragment
11 is placed in a pocket containing V187, Q195, T197, T225,
and K232 with a hydrogen bond to a water molecule bridging
K232, while its phenyl group is extended into the hydrophobic
pocket formed by V188, G193, and C192 next to the zinc site.
Interestingly, the chemical structures of the class A fragments
(e.g., 6 and 7) and class B fragment (e.g., 11) are similar in
their primary structures, yet they bind to distinct sites on the
protein based on the different NMR shift patterns and the
cocrystal structures. Despite their structural similarity, the
methyl group at N-1 is the key to the binding preference of the
compounds. This nitrogen is observed to create a hydrogen
bond to a water molecule, which links to K232 in the finger
region. Once it has been methylated, the hydrogen bond

Figure 5. Enzymatic inhibition of previously reported PLpro inhibitor GRL-0617 and initial class A & B fragment hits with their NMR Kd displayed.
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formation is disrupted, resulting in binding to the S4 subsite in
the palm region.
Although there are well-defined binding pockets and clear

avenues for elaboration in both classes of fragment hits, the
increased flexibility of the finger region and variability in
binding pose make the elaboration of class B fragments a more
challenging prospect. Additionally, the distance of the zinc
fingers from the active site of PLPro and the lack of
conformational change associated with fragment binding
raise concerns as to whether class B compounds can modulate
the activity of the protein. Therefore, we developed an
enzymatic inhibition assay to assess the inhibitory capabilities
of our hit fragments. Full-length PLPro with intact C111 was
incubated with various class A and B fragments with NMR Kd’s
ranging from 250 to 500 μM followed by the addition of a
fluorescently labeled substrate (Ac-RLKGG-AMC), and the
rate of peptide cleavage was measured by a change in
fluorescence. All class A fragments displayed some degree of
inhibition of PLPro at 1 mM with the most active fragment 8
showing 62% inhibition (Figure 5). However, no inhibition
was observed for any of the class B fragments, despite many
having a higher Kd than their active class A counterparts,
suggesting that ligand binding at the zinc finger region of the
protein is not capable of modulating PLpro catalytic activity.
Due to the lack of inhibition observed by the class B fragment
series, our efforts to develop small molecule inhibitors of PLPro
have been focused on the elaboration of class A molecules.
There is a clear need to develop novel small molecule

inhibitors of SARS-CoV-2 to improve patient outcomes and
overcome the emergence of drug resistant strains. PLPro is a
critical enzyme for viral replication that has yet to be
therapeutically targeted, making it a promising target for a
drug discovery campaign. We have conducted a primary
fragment screen against PLPro using protein observed
SOFAST-HMQC NMR and identified 77 compounds that
bind PLPro at two distinct regions of the protein, one of which
has not been previously identified. Crucially, all fragment series
are structurally distinct from GRL-0617 and its analogues (the
only other compounds reported to bind PLPro), making them a
promising starting point for development of the first novel
inhibitors of PLPro. X-ray crystallography was employed to
confirm the binding mode of the class A and B fragments
revealing well-defined binding pockets at the S4 subsite near
the catalytic site and finger subdomain near the zinc site,
respectively. While both classes of fragments had clear
structure−activity relationship trends and avenues for lead
compound expansion, class B fragments were unfortunately
not capable of inhibiting the enzymatic reaction of PLPro. Thus,
class A fragments are more attractive to elaborate structure-
based drug development to create a novel class of small
molecule therapeutics to treat SARS-CoV-2 and other
coronavirus infections.
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