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The papain-like protease (PLpro) of SARS-CoV-2 is essential for viral propagation and,
additionally, dysregulation of the host innate immune system. Using a library of 40 potential
metal-chelating compounds we performed an X-ray crystallographic screening against
PLpro. As outcome we identified six compounds binding to the target protein. Here we
describe the interaction of one hydrazone (H1) and five thiosemicarbazone (T1-T5)
compounds with the two distinct natural substrate binding sites of PLpro for ubiquitin
and ISG15. H1 binds to a polar groove at the S1 binding site by forming several hydrogen
bonds with PLpro. T1-T5 bind into a deep pocket close to the polyubiquitin and ISG15
binding site S2. Their interactions are mainly mediated by multiple hydrogen bonds and
further hydrophobic interactions. In particular compound H1 interferes with natural
substrate binding by sterical hindrance and induces conformational changes in protein
residues involved in substrate binding, while compounds T1-T5 could have a more indirect
effect. Fluorescence based enzyme activity assay and complementary thermal stability
analysis reveal only weak inhibition properties in the high micromolar range thereby
indicating the need for compound optimization. Nevertheless, the unique binding
properties involving strong hydrogen bonding and the various options for structural
optimization make the compounds ideal lead structures. In combination with the
inexpensive and undemanding synthesis, the reported hydrazone and
thiosemicarbazones represent an attractive scaffold for further structure-based
development of novel PLpro inhibitors by interrupting protein-protein interactions at the
S1 and S2 site.
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INTRODUCTION

Within the last 20 years, the world has been confronted with three
emerging zoonotic coronaviruses, namely severe acute
respiratory syndrome coronavirus (SARS-CoV-1), middle east
respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-
2, which collectively have claimed more than five million victims
so far (de Wit et al., 2016; WHO, 2021). Previous research on
coronaviruses together with recent advances in biotechnology
enabled the rapid development of novel vaccines in the current
COVID-19 pandemic caused by SARS-CoV-2 (V’kovski et al.,
2020; Tregoning et al., 2021). Although current vaccines offer
good protection against most virus variants, there is still an urgent
demand for complementary antiviral drugs that are suitable for
patients who are already infected, cannot be vaccinated, are
immune compromised or do not have access to any
vaccination. The occurrence of immune escape variants further
highlights the need for alternative treatments.

The high similarity to SARS-CoV-1 in genome sequence and
viral replication helped to rapidly understand the biology of the
newly emerged coronavirus SARS-CoV-2 (Lu et al., 2020; Zhou
et al., 2020). Both genomes encode 16 non-structural proteins
(nsps) including two cysteine proteases, which are essential for
viral replication. These proteases are named main protease
(Mpro, alternatively 3C-like protease) and papain-like protease
(PLpro) and are responsible for the sequential proteolytic
cleavage of the two polyproteins 1a and 1ab, which are the
primary translation products of the viral genome (Chan et al.,
2020). While Mpro releases 11 nsps from the polyprotein chains
including itself (Zhang et al., 2020), PLpro is a component of the
largest multidomain replicase subunit (nsp3) and recognizes the
sequence LXGG (residues P4-P1) in between nsps 1–4 (Barretto
et al., 2006). Both proteases, but in particular Mpro, have been the
target of several extensive drug development projects (Citarella
et al., 2021; Günther et al., 2021). As druggable target, PLpro has
the advantage that its catalytic activity is not only essential for
viral propagation but also interferes with the host innate immune
system (Vabret et al., 2020). Post-translational modifications
(PTM) like the conjugation with ubiquitin and ubiquitin-like
proteins, including interferon-stimulating gene 15 (ISG15),
regulate the cellular location of proteins, their stability and, by
this, their antiviral effect (Mevissen and Komander, 2017). PLpro
can revoke these PTMs by hydrolysing the isopeptide bond at the
C-terminus of cellular ubiquitin (Ub) and ISG15, which results in
a dysregulation in the production of cytokines and chemokines
and type I interferon response (Liu et al., 2021; Munnur et al.,
2021). Together with other dysregulations this leads to an
excessive immune response (“cytokine storm”) that causes
additional collateral damage and is widely responsible for the
substantial morbidity and mortality in COVID-19 patients.
Targeting PLpro with newly designed drugs can therefore not
only inhibit the viral replication but presumably also promote the
host immune function, rendering PLpro as a highly attractive and
prioritised drug target.

PLpro is a monomer in solution and has a right-handed
ubiquitin specific protease (USP) fold which consists of four
domains—the N-terminal ubiquitin-like (Ubl) domain, the

thumb, palm and fingers domain (Ratia et al., 2006)
(Figure 1). At the tip of the fingers a zinc ion is coordinated,
which is essential for protease activity (Barretto et al., 2005). The
peptide bond cleavage in the active site is catalyzed by a conserved
catalytic triad (C111-H272-D286) that is located at the interface
of the thumb and palm domain. Identification of specific active
site inhibitors for PLpro, including approaches to analyse
peptidic, non-peptidic and “dual target” inhibitors (Rut et al.,
2020; Zmudzinski et al., 2020; Shen et al., 2021), is particularly
challenging due to a rather “featureless” active site and a high
similarity to host deubiquitinases compared to proteases like
Mpro. Access to the PLpro active site is regulated by a flexible
blocking loop 2 (BL2) which is involved in substrate binding
(Báez-Santos et al., 2015). PLpro binds ubiquitin and ubiquitin-
like proteins at two distinct sites, S1 and S2, thereby providing
specificity for K48-polyubiquitin (K48-Ub2) and ISG15 (Figures
1, 2) (Békés et al., 2016; Klemm et al., 2020). These sites do not
refer to the commonly used notation of peptide substrate-binding
sites of proteases according to Schechter and Berger (Schechter
and Berger, 1967).

While current research focuses primarily on inhibitors that
bind to the S1 site and interfere with the deubiquitinase activity of
PLpro, the aim of our work was to find inhibitors, as for example
disulfiram (Sargsyan et al., 2020), that interact with the ion in the
zinc finger but not with the active site of the protease. Although
the zinc finger and the catalytic site are about 40 Å apart, the
correct zinc coordination is mandatory for structural stability and
protease activity of SARS-CoV-2 PLpro (Barretto et al., 2005).
Inhibition of a viral enzyme by coordinating one or more metal
cofactors represents a successful strategy in the development of
novel therapeutic agents (Chen et al., 2019); in particular,
chelation of Zinc (II) ions by N-acylhydrazones seems related
to interesting biological effects (Hsu et al., 2012; Huan et al.,
2020). Some data indicating that this approach is applicable to
SARS-CoV-2 viral proteins have already been disclosed (te
Velthuis et al., 2010; Panchariya et al., 2021). Thus, we defined
a small in-house library of 40 previously synthesized quinolone,
hydroxyquinoline, thiosemicarbazone and hydrazone
compounds (Supplementary Table S1), that have been proved
to be protein inhibitors in other relevant viral metalloenzymes
(Rogolino et al., 2015; Carcelli et al., 2016; Carcelli et al., 2017)
and investigated their interaction with PLpro by high-resolution
X-ray crystallography and additional in vitro and in silico
analyses.

MATERIALS AND METHODS

Cloning, Expression and Purification
The PLpro polypeptide corresponding to amino acid residues
746–1,060 of SARS-CoV-2 nsp3 (YP_009742610.1) was cloned
into pETM11 with an additional N-terminal His6-tag and TEV-
cleavage site. The construct was overexpressed in E. coli Rosetta
(DE3) according to a previously published protocol (Studier,
2005) and purified for subsequent crystallization. Lysis was
carried out in 50 mM NaH2PO4 buffer supplemented with
150 mM NaCl and 10 mM imidazole at pH 7.2 using
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ultrasound for cell disruption. After separation of cell fragments
and dissolved protein, a subsequent Ni-NTA chromatography
step was used to extract the fusion protein. The cleavage of the
histidine tag was achieved by TEV protease during an overnight
dialysis step at 8°C. After removing the TEV protease and His6-
tag via Ni-NTA resin, a final size exclusion chromatography was
performed using a HiLoad 16/600 Superdex 75 column attached
to an ÄKTA purifier (GE Healthcare) to purify the protein to
homogeneity in 50 mM Tris-HCl, 150 mM NaCl and 1 mM
TCEP at pH 7.8.

Protein Crystallization
Crystallization of PLpro was achieved by mixing 0.2 μL protein
(20 mg/ml) with 0.1 μL of reservoir solution consisting of 100 mM
Tris-HCl buffer pH 8.0, 10% (w/w) glycerol and 0.8 M NaH2PO4/
1.2 M K2HPO4. The crystallization drops were prepared using an
Oryx6 pipetting robot (Douglas Instruments) and equilibrated by
sitting drop vapor diffusion against 40 μL reservoir solution.
Bipyramidal crystals appeared within a few days at 4°C and
reached a final size of approximately 100 μm. Crystals were
soaked with reservoir solution containing up to 5 mM of the
respective compound with a final DMSO concentration of 5%.
After 24 h the soaked crystals were harvested and cryo-cooled in
liquid nitrogen for subsequent X-ray diffraction data collection.

Data Collection, Processing, Hit Finding and
Refinement
Data collection was performed at beamline P11 at the PETRA III
storage ring at DESY in Hamburg (Germany). The obtained data
sets were processed with DIALS (Winter et al., 2018). The results
for each data set were subjected to automated structure
refinement using phenix (Liebschner et al., 2019) followed by
pan data set density analysis (PanDDA) (Pearce et al., 2017) using

default parameters. The results were manually inspected for hits.
Identified hits were further refined by alternating rounds of
refinement using phenix.refine (Afonine et al., 2018) and
manual model building in COOT (Emsley and Cowtan, 2004).
Diffraction data quality indicators and refinement statistics for all
data sets are summarized in Supplementary Table S2.

Fluorescence Polarization-Based Activity
Assay
Assays were performed using Ub-KG-TAMRA (UbiQ-012, UbiQ
bio) and human ISG15-KG-TAMRA (UbiQ-287, UbiQ bio) to
determine the inhibitory potential of the selected compounds on
PLpro activity following the protocol described by Klemm et al.
(2020). With substrate concentration kept at 150 nM, PLpro
concentration was set to 500 nM for Ub-TAMRA- and to
5 nM for ISG15-TAMRA-cleavage. The protein was
preincubated with 500 µM or 5 µM of the selected compounds
for 20 min at RT before addition of substrate. Reactions were
monitored using a Spark 20 M plate reader (Tecan) with optical
settings for the TAMRA fluorophore (excitation: 540 nm,
emission: 590 nm). Data was plotted and analyzed using the
software Origin (OriginLab).

Nano Differential Scanning Fluorimetry
Nano Differential Scanning Fluorimetry (nDSF) measurements
were performed with a Nanotemper Prometheus NT.48
fluorimeter (Nanotemper) controlled by PR. ThermControl
using Prometheus Premium grade capillaries (Nanotemper).
The excitation power was adjusted to obtain fluorescence
counts above 2,000 RFU for 330 and 350 nm. For all
measurements a PLpro concentration of around 2 mg/ml in
50 mM Tris-HCl, 150 mM NaCl, 1 mM TCEP, pH 7.8
containing 5% DMSO was used with varying ligand

FIGURE 1 | SARS-CoV-2 PLpro structure with the four domains and important features of this protein indicated as follows: fingers (salmon), palm (cyan), thumb
(purple) and Ubl domain (orange). The substrate binding sites S1 and S2 are highlighted as yellow and pink areas, while the close-ups show the tetrahedral coordinated
zinc-ion at the finger tips and the highly conserved catalytic triad next to the flexible BL2. Secondary structure motifs further discussed are labeled accordingly.
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concentrations. For the initial melting temperature screening, we
have used a ligand concentration of 500 µM (468 µM for T3). For
the fluorescence titrations 1:1 dilution series with 15 points (19
points for T5) of ligands was created and then the protein solution
was added. Ligand concentrations range from 500 µM to 28 nM
(5 mM–19 nM for T5). After incubation of 30 min, the solutions
were transferred to capillaries and transferred to the Prometheus
fluorimeter for the measurement.

Data were analyzed and visualized with self-written python
scripts using the Python modules Numpy (Oliphant, 2006; van
der Walt et al., 2011), Matplotlib (Hunter, 2007), Scipy (Virtanen
et al., 2020) and Pandas (McKinney, 2010) and the publicly
available eSPC data analysis platform (Burastero et al., 2021).
The fluorescence titration of T5 was fitted with a simple 1:1
binding model.

F350nm([L]0) � Fupper + (Fupper − Flower)p(1 − α([L]0)) (1)

α([L]0) � ([P]0 − KD − [L]0
+

����������������������������
([P]0 + [L]0 +KD)2 − 4p[P]0p[L]0

√ )/(2p[P]0)
(2)

Molecular Docking
Molecular docking was performed using AutoDock4.2.6 (Morris
et al., 2009). Protein coordinates were obtained from the
corresponding PDB-files (7qcg, 7qch, 7qci, 7qcj, 7qck, and
7qcm) and processed with AutoDockTools. The covalently
connected ligand structures were chosen depending on the
structural overlay visible when aligning the corresponding
PLpro structures with PDB-files 7ofs, 7oft or 7ofu
(Supplementary Table S3) and prepared using eLBOW
(Moriarty et al., 2009) and AutoDockTools. Grid maps with a
box of 45 × 35 × 35 grid points (T1-T5) or with a box of 45 × 35 ×
45 grid points (H1) with 0.375 Å spacing were set around the
corresponding binding sites. The docking calculations were
performed using the Lamarckian genetic algorithm (GA)
combining a global search with a local search (Morris et al.,
1998). The most favorable structure with the highest binding
energy in the maximum cluster of the docked conformations was
chosen as the representative structure in Autodock. To calculate
reliable binding energies the representatives structures were
further processed with Haddock (van Zundert et al., 2016;
Honorato et al., 2021) and Prodigy webserver (Kurkcuoglu
et al., 2018; Vangone et al., 2019).

Synthesis of Compounds
Compounds 1–40 were synthesized following literature methods
according to references reported in Supplementary Table S1.
Characterization of compounds T1–T5 and H1 is reported in the
Supplementary Information Paragraph.

RESULTS

Compounds Bind at Two Different
Substrate Binding Sites in SARS-CoV-2
PLpro
In total 71 diffraction data sets from crystals with 40 different
compounds were collected with high resolution limits ranging
from 1.6—3.0 Å. In the subsequent analysis of the X-ray
diffraction data nine compounds were identified binding to
PLpro in PanDDA difference electron density maps (Pearce
et al., 2017). Out of these nine hits the binding modes of six
different compounds could be unambiguously determined in data
sets with a diffraction limit of 1.75–1.92 Å (Figure 2).

Interestingly, none of the anticipated zinc binders was found
near the zinc binding site but instead at a previously undescribed
groove within the S1 site (Figure 2A) and a pocket between the S2
binding site and Ubl domain (Figure 2B). The S1 site is targeted
by hydrazone H1, whereas five thiosemicarbazones (T1-T5) bind
to the S2 site (Supplementary Table S1, highlighted ligands). For

FIGURE 2 | Identified compounds bind near the S1 (yellow) and S2 site
(pink) of PLpro. Crystal structure of SARS-CoV-2 PLpro in complex with the
identified hydrazone H1 and thiosemicarbazone binders T1-T5 overlayed with
the binding ubiquitin [(A), green, PDB: 6xaa] and ISG15 molecules [(B),
purple, PDB: 7rbs]. Five of the six identified ligands (T1–T5) are in a deep
pocket near the S2 site, while the hydrazone H1 (magenta) is located at the
end of the S1 site.
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both binding sites, one compound each showed superior electron
density maps, where the compound could be refined with full
occupancy (Supplementary Figure S1). In all six structures
compound binding induced only local rearrangements at the

binding sites with an overall r.m.s.d. of 0.15–0.25 Å compared to
the ligand-free structure (PDB: 7nfv). All compounds bind non-
covalently, primarily through hydrogen bonds and π-alkyl
interactions (Figure 3).

FIGURE 3 | Hydrazone and thiosemicarbazones are stabilized in their binding positions by an extensive hydrogen bonding network. Close-up view on the binding
of H1 [(A), magenta] to the S1 site (yellow frame) and T1-T5 (B–F) to the S2 site (pink frames). Compounds and interacting residues are shown as sticks with compounds
highlighted by individual colouring. Possible interactions within hydrogen bonding distance with the surrounding residues are shown as dashes.

Frontiers in Chemistry | www.frontiersin.org April 2022 | Volume 10 | Article 8324315

Ewert et al. Targeting of SARS-CoV-2 Papain-like Protease

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


The hydrazone compound H1 binds in a polar groove at the S1
site of PLpro between β-strand β8 (M206—M208) of the palm
and helix α7 (V165—H175) of the thumb domain. In this groove
H1 is stabilized by eight hydrogen bonds (Figure 3A and
Supplementary Figure S2A). Here, the hydroxyl side chain of
S170 acts as a hydrogen bond acceptor and donor to the nitrogen
atoms of the pyrrole and imino moiety, respectively. The central
carbonyl oxygen of H1 is the hydrogen bond acceptor for side
chain of R166 and again S170, while two phenolic hydroxyl
groups of the terminal benzene substituent are hydrogen
bonded via one water molecule to the amide nitrogen of
M208. One of these hydroxyl groups forms a second hydrogen
bond to the main chain carbonyl of M206, whereas the third
hydroxyl is solvent exposed.When compared with the ligand-free
structure (PDB: 7nfv) S170 is observed in an alternative rotameric
state, which is moved 1.7 Å by the attractive interaction towards
H1 (Supplementary Figure S3A). An additional side chain
rearrangement in the surrounding residues is observed for
residue Q174, which adopts two side chain conformations in
the ligand-free structure but prefers only one conformation in the
H1 bound structure. In this position the carboxamide side chain
has moved by 3.9 Å (conformation A) and 0.9 Å (conformation
B), respectively, to complement the compound binding by a
hydrogen bond to the π-system of the hydrazone. Further
stabilization is achieved by C-H···π interactions between the
phenyl ring of the compound with the side chain of E203 and
the pyrrole ring with the aromatic side chain of Y171.

The thiosemicarbazone derivatives T1–T5 all bind in a deep
pocket close to the S2 site with a volume of about 70 Å3 (Figures
3B–F and Supplementary Figures S2B–F). This cavity is
enclosed by helices α2 (D62—Y72) and α3 (residues
P77—K92) of the thumb domain and loop 7 connecting the
Ubl with the thumb domain. Here the phenolic system of the
compounds points into the N-terminal turn (residues P77 –L80)
of the thumb helix α3 suitable to interact with the helical dipole.
In this position the aromatic plane becomes a part of the
hydrophobic interface between T75, P77 and the adjacent Ubl
domain residue P59 through C-H···π interactions (Figures 2, 3B).
The substitutions on the phenolic system in T1–T5 form a
hydrogen bonding pattern exclusive with main chain atoms of
the N-terminal helical turn of α3. The different arrangements of
hydroxyl- and methoxy substituents at the benzene ring
determine the final orientations of the phenolic system,
displacing the ring system in plane. While the overall position
of the thiosemicarbazide moiety of T1–T5 are almost identical
with polar interactions to the side chain and main chain carbonyl
of R65 (α2), minor differences are observed due to the variation of
the hydroxylation pattern. The specific binding modes for each
compound are explained in more detail in the following.

Within the group of thiosemicarbazones, compound T1
showed the best difference electron density map and was
refined with full occupancy. Compounds T2–T5 could only be
refined with lower occupancy, but highly resemble the T1 binding
position (Supplementary Figure S1). The more defined electron
density of T1 is probably caused by the advantageous pattern of
hydroxyl and methoxy substituents at the benzene ring
(Figure 3B). Especially the para-hydroxyl group, present in

four of the thiosemicarbazones, plays a key role in anchoring
the molecule at the bottom of the binding pocket, as this
substitution acts as a hydrogen bond donor and acceptor to
the backbone carbonyl of P77 and the amide N-H of L80,
respectively. Only in T3 this interaction is guided by a
phenolic hydroxyl group in meta-position (Figure 3E). Due to
the attractive hydrogen bonding pattern to the N-terminal turn of
helix α3 the plane of the benzene ring of T3 is shifted to place its
meta-hydroxyl substituent similar to the para-hydroxyl groups of
T1, T2, T4, and T5. While the direct hydrogen bond to L80 is
substituted by the main chain carbonyl of D76, T3 still interacts
with L80 through a water mediated hydrogen bond.

For all five thiosemicarbazones, the thiosemicarbazide
fragment is sandwiched by side chains R65 (α2) and T75
(loop α2, α3) and its terminal thiourea points towards the
solvent. This fragment forms polar interactions with the side
chain of R65. In case of T1, T2 and T4 this moiety is held in
position by a hydrogen bond of the hydrazine N-H to the
backbone carbonyl of residues R65 (Figures 3B–D).

Thiosemicarbazones T2 and T3 both feature an ethyl chain at
N3 of the thiourea moiety, which extends in the direction of T75
and thereby reduces the solvent accessible area of this residue
(Figures 3C,E). T5 is the only compound with a methyl
substituent at the C=N bond of the thiosemicarbazone. This
methyl group points towards the backbone atoms of the
C-terminal turn of α2 (F69) displacing the T5 benzene axis
slightly, while the phenolic para-hydroxyl still determines the
overall position inside the binding pocket (Figure 3F).

In comparison to the ligand-free structure again two
conformational rearrangements in the surrounding residues
are observable (Supplementary Figure S3B). As a result of
the T1 binding the guanidyl group of R65 is displaced by 3.0 Å to
open the binding pocket for the thiourea moiety of this
compound. To fully accommodate this ligand further
opening of the pocket is induced by the sterical requirements
of the methoxy groups of T1, which enable the side chain
movement of L80 by 1.7 Å compared to the ligand-free
structure.

Compound Binding Indicates Sterical
Hindrance for Substrate Binding
All six compounds bind in close proximity to the S1 and S2 sites
that are responsible for binding the native PLpro substrates
ubiquitin and ISG15. Superposition of these PLpro complex
structures (PDB: 6xaa, 7rbs, respectively) with our structures
suggests that in particular compound H1 is partially overlapping
with the natural substrate binding site. In addition, we observed
altered interactions of key PLpro residues involved in substrate
binding (Figure 4).

Ubiquitin binds to the S1 site of PLpro by sitting on the palm
domain and is additionally held in position by the fingers domain
(Figure 2A). In addition to numerous nonpolar interactions,
multiple intermolecular hydrogen bonds within the active site
and the adjacent S1 site support this binding. At the core of the
ubiquitin binding interface around residue I44Ub are four non-
covalent bonds between ubiquitin and PLpro (one hydrogen
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bond, three salt bridges), all of which are likely disrupted by
binding of H1 (Figure 4A). Interestingly only the hydrogen bond
is lost due to direct sterical hindrance (M208/G47Ub), whereas the
three salt bridges (R166/Q49Ub, E167/R42Ub, and E203/K48Ub)
are disrupted due to side chain reorientations towards the bound
ligand. While E203 alters its conformation without direct
interaction with the ligand, residues R166 and E167 are not
only attracted by H1 but even form alternative hydrogen
bonds with each other and H1 to support a highly polar
ligand environment. In addition to these changes the ligand
further interferes sterically with residue E51Ub.

The C-terminal domain of human ISG15 binds mainly to the
thumb domain at the S1 site of PLpro and interacts with a
different set of residues compared to the PLpro/ubiquitin
complex (Figure 2B). The key interaction sites mediating the
contacts between PLpro and ISG15 can be found around ISG15
residues W123ISG15 and P130ISG15 (Fu et al., 2021; Osipiuk et al.,
2021) (Figure 4B). Within PLpro an overall upward shift of 1.7 Å
in the interacting helix α7 becomes visible that strengthens ISG15
binding. Five hydrogen bonds between G128ISG15 and S170/
Q174, N151ISG15 and R166 and R153ISG15 and E167 thereby
stabilize the interface. Especially the latter one contributes to
the interaction of the proteins, as the side chain not only forms
two hydrogen bonds but further has an aliphatic interaction with
W123ISG15. Y171 further stabilizes ISG15 binding by π-stacking
interactions with P130ISG15. Superposition of the H1 complex
with the PLpro/ISG15 structure reveals a variety of side chain
rearrangements which show that ISG15 binding could not only be
affected by direct overlap with the compound but also by multiple
lost interactions. While the hydrogen bonds with G128ISG15 are
likely disrupted by the sterical clash of H1 and the ISG15 loop
comprising residues F126ISG15 to P130ISG15, the interaction
between N151ISG15 and R166 is impaired due to the
movement of the arginine side chain by 4.0 Å that forms a

hydrogen bond with H1 in the complex structure. This
rearrangement is accompanied by two additional side chain
movements of residues E167 and M208. As a result, residues
W123ISG15 and R166 show a significant overlap with these
residues, which likely further destabilizes ISG15 binding at the
S1 site.

The binding of the N-terminal domain of human ISG15 to the
S2 site is mediated mainly by interactions between helix α2 of
PLpro and two β-strands of ISG15 (Figure 4C). While residues
G3ISG15, S20ISG15 and M23ISG15 form a hydrophobic patch that
interacts with V66, additional stabilization is formed by a
hydrogen bond between S20ISG15 and E70 and a C-H···π
interaction between M23ISG15 and F69. For the ISG15 helix
interacting with the PLpro loop containing T75 also residues
E27ISG15 and Q31ISG15 contribute to the binding. As the
thiosemicarbazone compounds bind in close proximity to the
S2 site, but not prominently at the interface of the N-terminal
domain of ISG15 and PLpro, the potential for direct sterical
interference by these ligands is rather small compared to H1.
However, a closer look at the surrounding residues suggests that
the thiosemicarbazones may alter the polarity and flexibility of
the S2 binding site. T1–T5 are located at the interface of the Ubl
and thumb domain and could interfere with the mobility of the
Ubl domain by disturbing the interaction network between
residues P59, P77 and T75. T75 is highly relevant for ISG15
binding, as it can directly alter the conformation of F69 (Bosken
et al., 2020). T2 and T3may further affect the interaction of PLpro
T75 with E27ISG15, as the ethyl N3 substituent is positioned close
to T75 (Figure 4C).

To test the inhibitory potential of the six compounds on
substrate turnover, T1-T5 and H1 were examined in a
fluorescence polarization assay (Figure 5) using ubiquitin and
human ISG15 as substrates. The results show the highly divergent
turnover rates for both substrates and the preference of SARS-

FIGURE 4 | The bound compounds interfere with key residues for substrate binding at the S1 (yellow frame) and S2 (pink frame) site. (A)Overlay of ubiquitin bound
to PLpro (PDB: 6xaa, PLpro light green, ubiquitin green) and the hydrazone bound structure (PLpro grey, H1 magenta) showing the rearrangement of several PLpro-
ubiquitin interacting side chains to form hydrogen bonds with the compound. (B,C) Overlay of PLpro complexed with human ISG15 (PDB: 7rbs, PLpro light pink, ISG15
purple) and PLpro bound with hydrazone H1 and thiosemicarbazone T2 (PLpro grey, H1 magenta, T2 green) at the S1 and S2 sites respectively highlighting the
structural differences in binding the compound or substrate.
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CoV-2 PLpro for ISG15 (Freitas et al., 2020). While the
thiosemicarbazones show no inhibitory effect on substrate
turnover at the tested concentrations, a significant inhibition
of the ubiquitin cleavage can be detected for 500 µM of hydrazone
H1. The fivefold decrease in substrate turnover is consistent with
the expected sterical interference at the S1 site as mentioned
above. Surprisingly, ISG15 turnover in the presence of 500 µM of
H1 is not reduced but rather increased twofold compared to
ligand-free PLpro. For the other compounds, no inhibitory effect
was detected at the tested concentrations.

As missing inhibition can be caused by low binding affinities
of the compounds, additional nano DSF measurements were
performed (Supplementary Figure S4). The thermal shift
assay showed a considerable stabilization for all compounds
(Supplementary Figure S4A) in combination with a strong
quenching of the intrinsic protein fluorescence caused by the
ligands. This strong fluorescence quenching renders the thermal
unfolding curve almost featureless for some of the ligands. The
signal at 350 nm shows the clearest transitions and was therefore
selected to calculate the melting temperature shifts. To estimate
the binding affinity of the compounds we performed nDSF/
fluorescence titrations, which are shown in Supplementary
Figures S4B, S4C. These titrations indicate dissociation
constants in the high micromolar range for all tested
compounds. However, due to the low solubility of the ligands,
high enough concentrations for a reliable KD determination by
isothermal analysis (Bai et al., 2019; Niebling et al., 2021) or the
initial fluorescence fit are missing. One exception is T5, for which
higher concentration data are available. A fit of the initial
fluorescence at 330 nm yields an apparent KD of
approximately 200 µM. The fluorescence titration of T5 is very
similar to the other tested ligands, therefore we expect
dissociation constants in the same range.

Docking Studies Reveal Lead Compound
Potential
While most of the compounds do not show a clear inhibitory
effect in our assays, their binding positions make them highly
valuable candidates in the development of new lead compounds

targeting PLpro. To explore the possibilities of compound
extension, in silico experiments were performed. Here we
considered additional PLpro binders from the protein data
bank. Among these, three recently described phenolic
fragments were further analyzed and included in the
compound extensions (Srinivasan et al., 2021), as they were
found in adjacent binding positions of the S2 site of SARS-
CoV-2 PLpro and show partial overlap with our ligands
(Supplementary Figure S5). 4-(2-hydroxyethyl)-phenol (YRL;
PDB: 7ofs) and 4-hydroxybenzaldehyde (HBA; PDB: 7oft) bind
in a pocket next to the phenol moiety of the thiosemicarbazones
T1-T5 (Supplementary Figures S5B, S5C). The para-substituent
of both phenol derivatives is observed in a position, which is
almost identical to a meta-methoxy substituent of T1. A similar
situation is observed for a meta-hydroxyl of H1 related to a
symmetry mate of methyl 3,4-dihydroxybenzoate (HE9; PDB:
7ofu) in close proximity to H1 (Supplementary Figure S5A).
Molecular docking with either YRL or HBA covalently linked to
the specific thiosemicarbazone structures was performed based
on the best overlap of these structures, while H1 was elongated
with HE9. The resulting docked compounds thereby largely
resemble the two experimentally determined binding positions,
highlighting the specific interactions of these compounds within
their binding pockets, and show an increase of predicted binding
energies of 0.8–1.8 kcal/mol relative to the also docked non-
extended initial binders (Figure 6A).

For H1 the docking visualizes the high number of possible
polar interaction partners within binding distance to the original
crystallographic compound position (Figure 6B). In addition to
the previously described interactions, the extended compound
can further form two hydrogen bonds to the side chain of E167
and main chain carbonyl of E203 due to a 40° rotation around the
central carbonyl oxygen relative to the parental compound. In
this orientation the newly added phenolic fragment is bound
tightly to the protein via two hydrogen bonds between its meta-
and para-hydroxyl group and the main chain carbonyl and amide
nitrogen of M208. This suggests that even shallow binding
grooves can be useful targets for drug development and opens
up possibilities for a variety of polar fragments to be added to the
phenol and pyrrole moieties of H1.

FIGURE 5 | Effects of the identified binders on substrate cleavage rates. (A) Ubiquitin-cleavage rate of PLpro in the presence of 500 µM or 5 µM compound. (B)
ISG15-cleavage rate of PLpro in the presence of 500 µM or 5 µM compound. Compounds coloured according to Figure 3; protein shown in grey. Average of four
independent experiments with standard deviation shown.
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Similar to H1, also the thiosemicarbazones in conjunction
with the phenolic fragments are predicted to bind tighter inside
their binding pocket indicated by lower predicted binding
energies. In contrast to hydrazone H1, the compounds are
not stabilized by additional hydrogen bonds but mainly by
hydrophobic interactions within the binding pocket that is
enlarged due to the rotation of side chain L80 (Figures
6C,D). As a result of this movement the extended
compounds form new π-stacking and π-alkyl interactions
with the side chains of P59, Y72 and L80. The para-
hydroxyl group of the added phenolic fragments is further
stabilized by a hydrogen bond to the main chain carbonyl of
V11 or V57. Differences in binding energies between the
thiosemicarbazones, caused by the individual phenolic
substitution patterns, were reduced for the compound
extension by the addition of the second phenol ring. As a
result, the extended compounds will most likely not only
possess an increased binding affinity but also an increased
inhibitory potential as the separate phenolic fragments alone
were already shown to inhibit deubiquitination by PLpro
(Srinivasan et al., 2021).

DISCUSSION

In the search for inhibitors of SARS-CoV-2 PLpro, we performed
an X-ray crystallography-based screening. Surprisingly, none of
the compounds of our small library of 40 putative zinc
coordinating ligands were found to bind at the zinc binding
site. Instead we identified six compounds binding to the S1 site
(hydrazone H1) or S2 site (thiosemicarbazones T1-T5) of PLpro.
These sites function as binding sites for ubiquitin and ISG15 as
substrates.

The hydrazone H1 is binding directly at the center of the S1
substrate binding interface, interfering with residues R166/E167
which are highly important for substrate recognition. Mutations
at E167, which forms mandatory interactions with both
substrates, strongly reduce PLpro activity (Fu et al., 2021;
Osipiuk et al., 2021). Binding of H1 has likely a similar effect
on E167 as these mutations. Indeed, our biochemical
characterization confirms an inhibitory effect of H1 on
ubiquitin cleavage by PLpro. At the same time H1 binding to
the S1 site does not reduce ISG15 cleavage by PLpro, which might
be explained by the reported important interaction of ISG15 with

FIGURE 6 | Docking studies of extended compounds highlight potential of binders as lead compounds. (A) Results of the docking studies of crystallized and
elongated binders. (B) The docked compound combining H1 (magenta) with HE9 (PDB: 7ofu, light pink) binding to the S1 site. (C) T1 (blue) combined with HBA (PDB:
7oft, light blue) binding to the S2 site. (D) T4 (orange) combined with YRL (PDB: 7ofs, light orange) binding to the S2 site. Shown are representative structures of the
maximum cluster of the docked conformations.
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the S2 site of PLpro (Klemm et al., 2020; Osipiuk et al., 2021). As
the central role of E167 is not only reported for SARS-CoV-2 but
also for SARS-CoV-1 at this site (Békés et al., 2016), the structural
features of H1 have the potential to inhibit the deubiquitinase
activity of different betacoronaviruses. With differing substrate
preferences between the different PLpros (Freitas et al., 2020) it
remains to be investigated if H1 can interfere with their specific
activity.

The thiosemicarbazones T1-T5 target the S2 binding site. In
the binding pocket, the substituents at the phenolic ring of the
compounds form a distinct hydrogen bonding pattern exclusively
with main chain atoms of the N-terminal helical turn of α3. In
contrast to H1 binding at the S1 site, compound binding of
T1–T5 to the S2 site of PLpro shows no inhibitory effect. Based on
the structural data this might be explained by the smaller overlap
of our compounds with natural substrates binding to the S2 site.
In addition, with binding affinities of the compounds in the high
micromolar range, competitive inhibition will be difficult to
detect in our experiments, as the affinity for ISG15 is reported
in the lower micromolar range and ubiquitin affinity is
approximately 120 µM (Fu et al., 2021; Osipiuk et al., 2021).

Nevertheless the S2 site is highly important for substrate
recognition and PLpro activity in general. As T1–T5 are
binding to the S2 site at the interface of the Ubl and thumb
domain, their thiosemicarbazide moieties interact with residues
P77 and T75, which together with V66 are critical for the
substrate preferences of SARS-CoV-2 (Shin et al., 2020;
Osipiuk et al., 2021). Any mutations of these residues vary the
surface properties. In particular size and hydrophobicity of
residue 75 alters the second ubiquitin binding site and
influences the binding affinity for ISG15 and K48-Ub2 (Shin
et al., 2020). While SARS-CoV-2 PLpro normally shows a higher

efficacy for ISG15 cleavage (Freitas et al., 2020; Klemm et al.,
2020; Rut et al., 2020), SARS-CoV-1 with a leucine at this position
prefers K48-Ub2. Even though showing no inhibition in the
present form, binding positions and extensive interactions of
the tested compounds represent valuable lead structures for the
development of effective inhibitors of PLpro with higher affinity
and specificity. Altering the S2 site properties with ligands based
on our compounds offers the potential to efficiently slow down
the main deubiquitinase activity not only for SARS-CoV-2 but
also for other PLpros, as the compounds bind mainly sequence
independently to the protein back bone. Therefore, it is
reasonable to assume that this type of compound potentially
tolerates mutations of the protein, which for example already
occurred in the SARS-CoV-2 delta variant (P77L) (Patchett et al.,
2021).

Our in silico approach of extending the initial binders is a first
step in structure-based development of novel inhibitors.
Combination of such a fragment extension with the multiple
options for substitutions at the phenolic rings highlights the
potential of developing hydrazones and thiosemicarbazones
into potent PLpro inhibitors (Figure 7 and Supplementary
Figure S6). The compounds T1-T5 already underline the
significance of hydroxylation in para position combined with
hydroxylation or methoxylation in meta position to form
multiple hydrogen bonds especially with residues P77 and L80.
In addition to the thiosemicarbazide core moiety, which is already
involved in hydrogen bonds with R65, further compound
optimization can potentially enhance the sterical interference
with ISG15. T2 and T3, which are ethyl substituted at this
position, represent the first example for extensions at this site
and already demonstrated that such a modification does not
decrease the binding ability. This position could be further

FIGURE 7 | Generic and schematic binding model of the thiosemicarbazones core structure based on the investigated derivatives. Selected PLpro amino acids
participating in hydrophobic interaction and hydrogen bonds are displayed and additionally color-coded if they are only relevant for one of the compounds. Conserved
and individual hydrogen bond positions are labeled. Moieties, which are exclusively present in one compound, are color-coded, e.g., the methoxylation in the position of
R4 is exclusive for T1 and colored blue accordingly. The proposed options to extend the thiosemicarbazone compounds, either at the phenyl ring or at the terminal
nitrogen of the thiourea moiety, are indicated schematically by arrows.
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explored by a bulkier substitution to maximize the sterical
hindrance of ISG15 binding, which should consistently abolish
protein-protein interactions and reduce the deubiquitinase
activity of PLpro due to a highly altered binding surface at the
S2 site.

The compound interaction hotspots, including the
interactions of the polar thiocarbonyl moiety, resemble the
modular composition of other previously described
thiocarbazone lead compounds (Osmaniye et al., 2021).
While thiosemicarbazones currently attract significant
interest as anticancer agents (Baruffini et al., 2020), they also
show antiviral activity against smallpox and other viruses
(Kune, 1964; Rogolino et al., 2015). Hydrazones have shown
biological activity for treatment of Alzheimer’s disease, cancer
and inflammation with properties rendering them beneficial for
medicinal applications (Wahbeh and Milkowski, 2019; de
Oliveira Carneiro Brum et al., 2020). These reports can help
to increase the pharmacokinetic properties of new designed
derivatives based on our lead structures.

Although multiple inhibitors have already been reported for
PLpro in different in vitro and in silico studies, the importance
of searching for new inhibitors remains high. Targeting the
coronaviral proteases essentially involved in processing the
building blocks of the viral transcriptase/replicase complex,
continues to be highly attractive (Hilgenfeld, 2014; Dai et al.,
2020). Nonetheless, recently published results indicate that
some of the previously suggested PLpro inhibitors may lack
specificity or optimal pharmaceutical properties (Ma andWang,
2022). Furthermore, the active site of PLpro does not provide a
variety of individual structural features or scaffolds that are in
favor for active site drug development. Thus, the identified lead
compounds at two different binding sites along with a defined
modification strategy are a good starting point to specifically
target PLpro deubiquitinase activity and thereby viral
replication.

Overall, on the basis of our structural studies, in vitro
evaluation and in silico analysis the described hydrazone and
thiosemicarbazone derivatives represent valuable lead
compounds targeting the protein-protein interaction of
SARS-CoV-2 PLpro. Further investigation of the molecular
mechanisms and antiviral properties of improved
compounds based on these leads are in progress as the
urgent demand for antiviral drugs in the current COVID-
19 pandemic remains.
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