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The SARS-CoV-2 papain-like protease (PLP™) is a suitable target for drug development, and its deubiquitinating
and deISGylating activities have also been reported. In this study, molecular docking was used to investigate the
binding properties of a selection of dietary compounds and naphthalene-based inhibitors to the previously
characterised binding site of GRL-0617. The structures of the SARS-CoV-2 and SARS-CoV PLP™ in complex with
interferon-stimulated gene 15 (ISG15) and lysine 48 (K48)-linked diubiquitin were utilised. To predict whether
compounds could potentially interfere with the binding of these cellular modifiers, docking was conducted in the
absence and presence of ISG15 and K48-linked diubiquitin.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
the pathogen responsible for causing coronavirus disease (COVID-19)
and the resulting pandemic has had a significant impact on all aspects of
life [1]. Vaccine trials are already underway and drug repurposing has
also formed a crucial part of the response. Computational methods have
been increasingly used during the pandemic to screen large libraries of
compounds, such as U.S Food and Drug Administration (FDA) approved
drugs, against SARS-CoV-2 proteins [2,3]. In silico methods are utilised
in the drug discovery process to explore the mechanisms of action of
compounds, identify lead compounds and for structural optimisation
[2].

The viral replicase polyproteins, ppla and pplab, are produced via
the translation of open reading frames ORFla and ORFlab [1,4]. The
replicase proteins are processed further by two cysteine proteases, the
main protease (MP™) and papain-like protease (PLP™), to generate the
non-structural proteins [1,4]. The PLP™ domain is a component of non-
structural protein 3 (nsp3), the largest multi-domain replicase subunit
encoded by the coronavirus genome [5]. PLP™ specifically recognises the
consensus motif LXGG and is involved in proteolytic cleavage [6]. In

addition to the protease activity of the SARS-CoV and SARS-CoV-2 PLP™,
this enzyme has been found to possess deubiquitinating and deISGy-
lating activities [6-8].

Viral proteins and nucleic acids are detected by pattern recognition
receptors (PRRs) that are found in various locations including the sur-
face of the cell, endosomal membranes, in the cytosol and extracellularly
[9]. This can trigger a cascade of events including the synthesis and
release of interferons, the activation of pro-inflammatory responses, the
production of signals that can regulate the adaptive immune response,
and the induction of apoptosis [9]. Ubiquitin and interferon-stimulated
gene 15 (ISG15) are important components of the innate immune system
and are involved in the antiviral immune response [10]. These cellular
modifiers covalently interact with target proteins and the outcomes can
vary [10].

Viruses have consequently developed mechanisms to avoid being
detected and destroyed by the host’s immune response, and these
evasion strategies continue to be investigated [11]. The C-terminal
portion of ubiquitin and ISG15 contains the LXGG motif and this can be
recognised by PLP™ [6]. The SARS-CoV and SARS-CoV-2 PLP™ can
therefore remove and remodel ubiquitin or ubiquitin-like proteins from
the target substrates [12]. Recent studies have demonstrated that the
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SARS-CoV-2 PLP™ has a preference for ISG15 and it also has the ability to
cleave K48-linked ubiquitin [8,13-15]. Although ISG15 is able to bind to
the SARS-CoV PLP™, this protein has a preference for K48-linked ubig-
uitin [16]. The S1 and S2 ubiquitin-binding sites (SUb1 and SUb2) in the
SARS-CoV and SARS-CoV-2 PLP™ are involved in the binding mode of
ubiquitin and ISG15 [8,16].

The deubiquitinase and delSGylating activities of PLP™ can be
inhibited by compounds, such as GRL-0617 [13,17]. This can reduce
viral replication and increase antiviral signalling [13]. In saying this, a
number of studies have assessed the potential of natural compounds to
target the SARS-CoV-2 and SARS-CoV cysteine proteases. There is a
growing body of literature on the benefits of Traditional Chinese Med-
icine, as well as phytochemicals with a broad range of biological ac-
tivities. This includes tea polyphenols, liquorice extract, molecules from
Withania somnifera and Alpinia officinarum, anthraquinone derivatives,
anthocyanins and curcuminoids to name a few [18-20]. The antiviral
and immunomodulating properties of these plant-based compounds
could be useful for the prevention, management and treatment of
COVID-19 [21,22].

In this study, molecular docking was used to predict the interactions
that occur between a selection of compounds and the protein residues of
the SARS-CoV-2 and SARS-CoV PLP™ crystal structures in the presence
or absence of ISG15 and diubiquitin. The known binding site of
naphthalene-based compounds was of interest and the natural ligands
that were examined included (-)-epigallocatechin gallate, hypericin,
rutin and cyanidin-3-O-glucoside. The aim was to identify leads that
could potentially inhibit the deubiquitinating and deISGylating activ-
ities of PLP™, through preventing the binding of ISG15 and
polyubiquitin.

2. Materials and methods
2.1. Structures of the proteins and ligands

The SARS-CoV and SARS-CoV-2 PLP™ crystal structures in complex
with ISG15 and K48-linked diubiquitin were obtained from the RCSB
Protein Data Bank (PDB) [23]. This included 6xa9 (SARS-CoV-2 PLP™-
ISG15 C-terminal domain propargylamide), 5tl6 (SARS-CoV PLP™ — C-
terminal domain of human ISG15), 5t17 (SARS-CoV PLP™ — C-terminal
domain of mouse ISG15) and 5e6j (SARS-CoV PLP™ — K48-linked diu-
biquitin activity based probe) [7,8,24]. The apo PLP™ structures were
also generated through removing the ISG15 or K48-linked diubiquitin
chains. The zinc ion was retained in the 6xa9, 5t16 and 5tl7 crystal
structures, while nickel was retained in 5e6j. GRL-0617 and 3k were the
naphthalene-based inhibitors examined in this study and their structures
were drawn using Chem3D 19.0 (Perkin Elmer, Massachusetts, USA).
Lopinavir, which is a protease inhibitor, and several dietary compounds
were also selected for analysis. They included cyanidin-3-O-glucoside,
an isomer of hypericin, rutin and (-)-epigallocatechin gallate. The
chemical structures of these ligands were obtained from the National
Centre for Biotechnology Information PubChem [25]. The structure of
hypericin was also downloaded from ChEMBL [26,27]. We previously
identified these compounds as hits in a study that involved the screening
of 300 ligands that were sourced from the OliveNet™ database and the
pre-existing literature [28,29].

2.2. Molecular docking using the Schrodinger Suite

The PLP™ crystal structures and compounds were imported into
Maestro [30]. The crystal structures were prepared using the Protein
Preparation Wizard of the Schrodinger Suite (version 2020-2), and the
ligands were prepared using the LigPrep tool [31]. The receptor grid for
each protein was generated using residues M208, P247, P248, Y264,
G266, N267, Y268, Q269, C270, Y273, K157, L162, G163, D164 and
E167 in the SARS-CoV-2 structure [32]. These amino acids have been
previously found to form a pocket in PLP™ [15,33]. The corresponding
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residues for the SARS-CoV PLP™ were M209, P248, P249, Y265, G267,
N268, Y269, Q270, C271, Y274, K158, L163, G164, D165 and E168. The
grids were 20 x 20 x 20 A in size. The default settings were used for
each of these steps and the optimized potentials for liquid simulations 3e
(OPLS3e) force field was selected [34].

The top-ranking conformer of each compound was used in the mo-
lecular docking stage and the ligands were docked using the quantum-
polarized ligand docking (QPLD) protocol [35]. The extra precision
(XP) mode was selected for the initial docking and redocking stages, and
the Jaguar quantum mechanics (QM) level was set to accurate [36,37].
In the final selection stage of the protocol, the GlideScore option was
chosen and this is a measure of the binding affinity in kcal/mol.

2.3. Protein-protein docking and blind docking

The ISG15 and K48-linked diubiquitin chains were isolated from
each protein and were docked to the apo PLP™ crystal structure using the
HDOCK-server [38]. In this study, ab initio protein-protein docking was
conducted and the top-ranking model was evaluated further. The K48-
linked diubiquitin from the SARS-CoV PLP™ was docked to the SARS-
CoV-2 PLP™. In order to determine whether the presence of com-
pounds within the target region would affect the binding mode of ISG15
or K48-linked diubiquitin, the ligands that were docked through
Schrodinger were retained in this site. ISG15 and K48-linked diubiquitin
were subsequently docked to the ligand-bound structures.

Blind docking was performed on the apo SARS-CoV and SARS-CoV-2
PLP™ crystal structures, as well as the PLP™-ISG15 and K48-linked diu-
biquitin complexes. The crystal structures and compounds were pre-
pared as macromolecules and ligands in PyRx, respectively [39]. The
receptor grid encompassed the entire protein and an exhaustiveness of
2048 was utilised. Once the configuration file had been generated and
the corresponding .pdbqt files were obtained, the jobs were run using
AutoDock Vina through the cloud-computing server Galileo (Hypernet
Labs) [40].

2.4. Molecular dynamics simulations

Classical MD simulations were performed with SARS-CoV-2 PLP™ in
complex with ISG15 in the absence or presence of small molecules, as
previously described [41]. The starting structure of PLP™® and ISG15 in
the absence of small molecules was obtained from PDB ID 6xa9 [8]. The
docked ligands were used as starting structures, with ligand topologies
generated with SwissParam [42]. The structure of the docked ISG15
generated by the HDOCK server in the presence of small molecules
bound to the enzyme served as the starting structure for ISG15 [38]. The
covalent propargylamide linker was removed. Systems were fully sol-
vated with TIP3P water in a dodecahedral box with a minimum distance
of 1.0 nm between protein atoms and the closest box edge. Simulations
were performed with a time-step of 2 fs in triplicate for 100 ns.

Free energy calculations were quantified with molecular Mechanics-
Poisson Boltzmann Surface Area (MM-PBSA) [43] using the g mmpbsa
tool [44], as previously described [41]. Calculations were performed in
triplicate on the final nanosecond of the stabilised trajectories [45].

3. Results and discussion
3.1. Molecular docking to the SARS-CoV-2 PLP™

GRL-0617 is a naphthalene-based compound that was initially
identified by Ratia et al. to noncovalently inhibit the SARS-CoV PLP™
[17]. GRL-0617 has also been found to inhibit the SARS-CoV-2 PLP™ and
its mechanisms of action are being investigated further [13,14]. In the
SARS-CoV and SARS-CoV-2 PLP™, the catalytic triad residues are
essential for protease activity and a number of compounds function
through covalently modifying the catalytic cysteine (C112 in SARS-CoV
and C111 in SARS-CoV-2) [17]. In contrast to this, GRL-0617 has been
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found to bind to a region that is located adjacent to the active site and is
positioned in the S3 and S4 subsites of PLP™ [15].

When examining the apo SARS-CoV-2 PLP™ crystal structure, the
GlideScores of GRL-0617 and 3k were found to be —3.8 and —3.5 kcal/
mol, respectively (Figs. 1 and 2). These naphthalene-based compounds
were predominantly surrounded by hydrophobic residues including
P247, P248, M208, V165, L162, Y264, Y268, C270, Y112 and Y273. The
negatively charged residues E167 and D164, the positively charged
residues R166 and K157, the polar residues N267 and T301, and the
glycine residues G163 and G271 were also present. GRL-0617 formed no
intermolecular bonds with the protein residues, while 3k formed a salt
bridge with D164 and a n—r cation with K157 (Figs. 1 and 2).

Béez-Santos et al. previously identified 3k to be a potent noncovalent
inhibitor of the SARS-CoV PLP™ and although this compound was found
to be less metabolically stable, the authors highlighted how its structure
may be optimised further [46]. In a recent study by Bosken et al., the
binding properties of 3k and the thiopurine inhibitor 6-mercaptopurine
to the SARS-CoV-2 PLP™ were evaluated using computational methods
[47]. In ligand-free proteins, the blocking loop (BL2) exhibits significant
flexibility and most of this motion can be attributed to residues N267,
Q269 and Y268 [47]. The molecular dynamics (MD) simulations
revealed that upon binding, 3k stabilises the BL2 loop (residues 267-
272) in the SARS-CoV-2 PLP™ and this has also been found to occur in
the ligand-bound structures of the SARS-CoV PLP™ [17,47]. This results
in a closed conformation of the BL2 loop and 3k forms hydrogen bonds
with D164 and Y268 of the SARS-CoV-2 PLP™ [47]. GRL-0617 also in-
duces a conformational change in BL2 that results in its closure and the
plasticity of this region has been reported in a number of papers [17,48].
In the crystal structure of the SARS-CoV-2 PLP™ in complex with GRL-
0617, this ligand formed hydrogen bonds with D164 and Q269 [48].
In a study conducted by Shin et al. the results from the MD simulations
showed that Y268 in the SARS-CoV-2 PLP™ and Y269 in the SARS-CoV
PLP™ were important for the binding mode of GRL-0617 [13].

Lopinavir is a drug that has been approved as a human immunode-
ficiency virus (HIV) protease inhibitor by the FDA and the role of this
compound in the treatment of COVID-19 is being explored [49]. When
docked to PLP™, the GlideScore for lopinavir was —5.2 kcal/mol and it
formed hydrogen bonds with the amino acids E167 and D164 (Table S1
and Fig. 2). The dietary compounds were binding with a stronger affinity
to the binding site and rutin had a GlideScore of —10.4 kcal/mol (Fig. 2).
This was followed by cyanidin-3-O-glucoside, (-)-epigallocatechin
gallate, the hypericin isomer and hypericin. In comparison to GRL-0617,
3k, and lopinavir, there were a greater number of intermolecular bonds
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between the functional groups of the natural compounds and the protein
residues (Table S1). Rutin, for example, formed inter-atomic contacts
with Y268 (n—r interaction), Y273 (H-bond), T301 (H-bond), D164 (H-
bond) and R166 (H-bond). Hypericin and its isomer also formed bonds
with T301 (H-bonds), Y273 (H-bond for the isomer), R166 (n—= cations)
and G163 (H-bond for hypericin). Hydrogen bonds were present for
cyanidin-3-O-glucoside and E167, R166, T301, G163, Y273 and G271,
while (-)-epigallocatechin gallate formed hydrogen bonds with R166,
D164 and G163 (Table S1).

3.2. Molecular docking to the SARS-CoV PLP™

The GlideScores for the SARS-CoV PLP™ 5t16 crystal structure indi-
cated that rutin had the strongest binding affinity, followed by (-)-epi-
gallocatechin gallate, the hypericin isomer, hypericin, and cyanidin-3-
O-glucoside (Fig. 2). This was similar to the 5tl7 structure, as rutin
had the strongest binding affinity, followed by cyanidin-3-O-glucoside,
(-)-epigallocatechin gallate, the hypericin isomer and hypericin (Sup-
plementary Fig. 1). Rutin formed hydrogen bonds with the same protein
residues in both crystal structures and they were E168, D165, Y269 and
T302. The isomer of hypericin formed intermolecular bonds with Y269
(H-bonds and n—= interactions) and Y274 (H-bond) in the 5tl6 structure
and in addition to these amino acids, a hydrogen bond was present with
R167 in the 5tl7 SARS-CoV PLP™. Similar to the isomer, hypericin
formed bonds with Y269 (H-bonds and n—r interactions) and Y274 (H-
bond) in the 5t16 PLP™ structure, as well as T302 (H-bond). For the 5t17
crystal structure, hypericin formed bonds with Y265 (H-bond), D165 (H-
bond), E168 (H-bond) and K158 (n—x cation). In both crystal structures,
(-)-epigallocatechin gallate formed hydrogen bonds with K158, E168,
D165 and G164. (-)-Epigallocatechin gallate also formed a hydrogen
bond with L163 and R167 in the 5t16 and 5t17 SARS-CoV PLP™ struc-
tures, respectively. The protein residues of the 5t16 structure that were
involved in intermolecular bonds (hydrogen bonds) with cyanidin-3-O-
glucoside were E168, D165, Y269 and T302. In the 5tl7 structure of the
SARS-CoV PLP™, these residues were T302, K158, E168, G164, Y269 and
Y265.

With the exception of cyanidin-3-O-glucoside for the 5tl6 crystal
structure, the naphthalene-based inhibitors and lopinavir had weaker
GlideScores compared to the natural compounds (Figs. 1 and 2, and
Supplementary Fig. 1). The 3k inhibitor formed a n-n interaction with
Y265 and a salt bridge with D165 in both crystal structures. There was
also a n—r interaction present with Y269 in the 5t17 SARS-CoV PLP™.
GRL-0617 formed bonds with D165 and D303 in the 5tl6 SARS-CoV

SARS-CoV-2 (6XA9)

y ISG15
ﬂ

GRL-0617 GlideScore = -3.8 kcal/mol

SARS-CoV (5TL6)

e

12
A\ Y265 i

GRL-0617 GlideScore = -3.8 kcal/mol

Fig. 1. Crystal structures of the SARS-CoV-2 (6XA9) and SARS-CoV PLP™ (5TL6). The PLP™ structures in complex with ISG15 are depicted and the ubiquitin-like
protein is coloured cyan. The residues that surround the LXGG motif of ISG15 (5 ;\) can be seen and the amino acids are coloured gold. The position of GRL-0617
within the binding site (coloured tan) is shown. The docked ligand can be seen in red and the interactions that were formed with this region are also provided.
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Fig. 2. Molecular docking results for the apo and PLP*°-ISG15 complexes. The protein-ligand interactions for the apo PLP™ are provided for 3k (orange), which is
a naphthalene-based inhibitor, lopinavir (light green), and the dietary compounds cyanidin-3-O-glucoside (yellow), (-)-epigallocatechin gallate (light blue), hypericin
(purple), the hypericin isomer (light pink) and rutin (violet). The polar residues are coloured blue, the hydrophobic residues are coloured green, the positively
charged residues are coloured pink, the negatively charged residues are coloured maroon and the glycine residues are coloured brown. The compounds were also
docked in the presence of ISG15 and they were found to be positioned adjacent to the binding site of interest. In the SARS-CoV PLP™-ISG15 complex, hypericin was
not able to bind and this was also the case for the hypericin isomer in the SARS-CoV-2 and SARS-CoV PLP™ (in the presence of ISG15).

PLP™, whereas bonds were present with Y265, Y269 and Q270 in the
5tl7 crystal structure. In addition to Y269, the residues D165 and Q270
are commonly involved in inter-atomic contacts with naphthalene-based
inhibitors in the SARS-CoV PLP™ [13,17,46]. In the 5t16 and 5t17 crystal
structures, lopinavir formed hydrogen bonds with D165. The protease
inhibitor also formed bonds with Y269 (H-bond) and Y265 (n—r inter-
action) in the 5tl6 structure, and R167 in the 5tl7 structure.

Blind docking was conducted on the SARS-CoV-2 PLP™ and the re-
sults demonstrated that out of the 20 poses generated for GRL-0617, 16
were in positioned in the binding site of interest (Fig. 3). Similarly, there
were 17 out of 18 poses for 3k in this site. Interestingly, all of the blind
docking poses (20 out of 20 poses) for cyanidin-3-O-glucoside, the
hypericin isomer, and lopinavir were found to be in the target binding
site. Hypericin had 13 out of 14 poses, rutin had 16 out of 19 poses, and
(-)-epigallocatechin gallate had 18 out of 20 poses in this region.
Moreover, the blind docking results for the SARS-CoV PLP™ revealed
that the ligands had fewer poses within the region (Supplementary
Figs. 2 and 3).

The mechanisms of action of phenolic compounds, particularly the
flavonoid subclass, and their use as therapeutic agents against corona-
viruses are being explored [22]. Several in silico studies have focused on
the papain-like protease of coronaviruses and computational methods
have been used to identify lead compounds with potential biological
activities from plant sources [19,33]. The antiviral properties of the
dietary compounds that were selected for use in this study, as well as
their derivatives, have previously been reported and their chemical
structures can also be modified to improve their potency, reduce side
effects and increase their bioavailability [22]. Additionally, it would be
important to gain further insight into the anti-inflammatory and anti-
oxidant properties of rutin, hypericin, cyanidin-3-O-glucoside and
(-)-epigallocatechin gallate. Hypericin is classified as an anthraquinone
derivative, cyanidin-3-O-glucoside is an anthocyanin cation, rutin is a
flavonoid, and (-)-epigallocatechin gallate is a catechin. Based on the
results, the compounds hypericin, rutin and cyanidin-3-O-glucoside

could be evaluated further. In terms of SARS-CoV-2, these compounds
have primarily been tested against the spike protein and MP™ [29,50].

3.3. Isgl5

Daczkowski et al. determined the crystal structure of the SARS-CoV
PLP™ in complex with the C-terminal domain of human ISG15 and
mouse ISG15 propargylamide [24]. The SARS-CoV PLP™ had a stronger
affinity towards the human ISG15 and when compared to mono-
ubiquitin, there was a shift in the global orientation of the ubiquitin-
like protein [24]. This rotation was also observed for the C-terminal
domain of ISG15 in the SARS-CoV-2 PLP™ [8]. Both ISG15 and ubiquitin
are positioned on the palm subdomain however, ISG15 interacts with
the thumb subdomain of PLP™ rather than the fingers subdomain [8].
Most notably, the SUb1 site of PLP™ is predominantly involved in ISG15
modifications [8].

When human ISG15 was retained in the SARS-CoV-2 PLP™ and the
compounds were docked to the protein, it was evident that they were
displaced from the binding site. Rather than binding to the SUb1 pocket
that the human ISG15 C-terminal residues extend into, the compounds
were positioned further to the side (Fig. 2). The ligands were conse-
quently interacting with different residues and there were changes in the
GlideScores. The hypericin isomer was unable to dock to PLP™ in the
presence of ISG15. Likewise, the blind docking results revealed that
none of the ligands had poses within the target binding region in the
presence of ISG15 and that there were a number of poses in a distinct
pocket on the fingers domain of PLP™ (Fig. 3). This was also observed for
the SARS-CoV PLP™ crystal structures in complex with mouse and
human ISG15 (Fig. 2, Supplementary Figs. 2 and 3).

Based on the SARS-CoV-2 PLP™ crystal structure, the residues that
were within 5 A of L154-AYE157 of ISG15 were W106, N109, N110,
Cl11, Y112, K157, E161, L162, E163, D164, P248, Y264, N267, Y268,
Q269, C270, G271, H272, Y273 and T301. When the ISG15 chain was
docked to PLP™ through the HDOCK server, these same residues were
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GRL-0617 GRL-0617 3k 3k
16 out of 20 poses 0 out of 20 poses 17 out of 18 poses 0 out of 20 poses

Hypericin Hypericin Hypericin isomer Hypericin isomer
13 out of 14 poses 0 out of 15 poses 20 out of 20 poses 0 out of 16 poses

Epigallocatechin gallate Epigallocatechin gallate Rutin Rutin
18 out of 20 poses 0 out of 20 poses 16 out of 19 poses 0 out of 20 poses

Cyanidin-3-O-glucoside Cyanidin-3-O-glucoside Lopinavir Lopinavir
20 out of 20 poses 0 out of 19 poses 20 out of 20 poses 0 out of 19 poses

SARS-CoV-2 PLP*-ISG15 Lopinavir GRL-0617

Cyanidin-3-O-glucoside
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Fig. 3. Blind docking results for the SARS-CoV-2
apo and PLP™-ISG15 complexes. Blind docking
was conducted in the absence and presence of ISG15
for naphthalene-based inhibitors, lopinavir, and the
dietary compounds. The number of poses that were
found to be in the target binding region are pro-
vided. GRL-0617 is coloured red, 3k is coloured
orange, hypericin is coloured purple, the hypericin
isomer is coloured light pink, (-)-epigallocatechin
gallate is coloured light blue, rutin is coloured vio-
let, cyanidin-3-O-glucoside is coloured yellow, and
lopinavir is coloured light green. ISG15 can be seen
in cyan, while the main PLP™ chain is coloured gray.

Fig. 4. Protein-protein docking results for the
SARS-CoV-2 PLP™, The HDOCK server was used to
dock ISG15 to the main PLP™ chain and the
ubiquitin-like protein is coloured dark blue. The
displacement of ISG15 can be seen for the ligand-
bound structures. GRL-0617 is coloured red, 3k is
coloured orange, hypericin is coloured purple, the
hypericin isomer is coloured light pink, (-)-epi-
gallocatechin gallate is coloured light blue, rutin is
coloured violet, cyanidin-3-O-glucoside is coloured
yellow, and lopinavir is coloured light green.
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found to surround ISG15 in the top ranked model. The root mean square
deviation (RMSD) value between the top ranked model generated from
protein-protein docking and the crystallographic structure was 1.1 A
(Fig. 4). Furthermore, the RMSD values of the human and mouse ISG15
for the 5tl6 and 5tl7 SARS-CoV PLP™ crystal structures were 2.6 A and
0.4 A, respectively (Supplementary Figs. 5 and 6).

The compounds that were docked to the apo SARS-CoV-2 and SARS-
CoV PLP™ were also retained in the protein and the ligand-bound
structures were used for protein-protein docking with ISG15. The
conformation of the docked ubiquitin-like protein differed from that of
the crystallised input when each compound was present and the RMSD
values were larger (Fig. 4). In terms of the SARS-CoV-2 PLP™-ISG15
complex, the RMSD was 22.5 A for GRL-0617, 17.5 A for 3k, 13.3 A for
hypericin, 25.4 A for the hypericin isomer, 21.6 A for rutin, 17.4 A for
cyanidin-3-O-glucoside, 21.3 A for (-)-epigallocatechin gallate, and 20.7
A for lopinavir. The RMSD values were also greater when the com-
pounds were present in the SARS-CoV PLP™ crystal structures. When the
mouse ISG15 was docked to the SARS-CoV PLP™, the RMSD values were
22.3 A for GRL-0617, 21.9 A for 3k, 14.1 A for hypericin, 18.9 A for the
isomer of hypericin, 21.3 A for cyanidin-3-O-glucoside, 18.6 A for
(-)-epigallocatechin gallate, 19.6 A for rutin, and 42.0 A for lopinavir
(Supplementary Fig. 6). The RMSD values of the SARS-CoV PLP™
structure in complex with human ISG15 were 45.9 A for GRL-0617, 46.1
Afor3 k, 24.2 A for rutin, 21.1 A for cyanidin-3-O-glucoside, 19.2 A for
(-)-epigallocatechin gallate, 19.4 A for hypericin, 45.2 A for the hyper-
icin isomer, and 6.4 A for lopinavir (Supplementary Fig. 5).

3.4. Stability of PIP™ complexed with ISG15 in the presence of lopinavir
and hypericin

MD simulations were performed in triplicate for 100 ns to assess the
stability of PLP™ in complex with ISG15 in the absence or presence of
small molecules bound to the naphthalene inhibitor site of the enzyme.
Based on root mean square deviation (RMSD) of the protein backbone of
PLP™, the enzyme structure reached equilibration after approximately
70 ns (Fig. 5 A). Subsequent analysis was performed on the stabilised
trajectory following this timepoint. The average RMSD of PLP™ was
lower with ligands bound to the naphthalene binding pocket, with

SARS-CoV-2 PLr

A

05 r

=04 |
=

ISG15
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values of 0.29 nm for lopinavir-bound and 0.26 nm for hypericin-bound
PLP™, compared to 0.38 nm for the PLP™ in the apo complex. While the
ligand-bound complexes demonstrated slightly lower RMSD values, root
mean square fluctuation (RMSF) analysis showed slightly higher values
in the first ~ 80 residues of PLP™ compared to apo, particularly for
hypericin-bound PLP™ (Fig. 5B). These residues comprise the N-terminal
ubiquitin-like (Ubl) domain (residues 1-62) and a portion of the thumb
domain (residues 63-175) in SARS-CoV-2 PLP™, which are located distal
to the naphthalene binding pocket and ISG15-binding surface. Residue
fluctuations were largely similar at the naphthalene binding pocket
between all three systems. The Ub1l domain was observed to be more
flexible in general, suggesting that binding of ISG15 stabilises PLP™ at its
interface residues and surrounding regions. For all three systems, a
similar backbone RMSD for the bound ISG15 was observed: 0.12 nm for
apo, 0.16 nm for lopinavir-, and 0.17 nm for hypericin-bound (Fig. 5A).
Accordingly, backbone RMSF values for ISG15 are low, with the only
flexibility in the protein apparent at N- and C-terminal residues
(Fig. 5B). This indicates that the structure of ISG15 is similarly stable in
all systems with minimal fluctuation.

MM-PBSA analysis indicates that both lopinavir and hypericin bind
strongly to the naphthalene binding site of PLP™ with binding energies of
—11.7 and —11.3 kcal/mol, respectively (Fig. 5C). While both ligands
have a similar affinity to PLP™, there is a marked change in the binding
energy of ISG15. Compared to the ligand-free PLP™-ISG15 complex, a
14-fold weaker binding free energy for ISG15 is observed in the presence
of hypericin (2.1 kcal/mol for apo, 27.5 kcal/mol for hypericin).
Conversely, binding of ISG15 in the presence of lopinavir is stronger,
with a binding energy of —15.5 kcal/mol. This suggests that hypericin
may be a viable candidate for potential inhibition of de-ISGylating ac-
tivity in SARS-CoV-2 PLP™, warranting further investigation.

3.5. K48-linked diubiquitin

In addition to ISG15, the crystal structure of SARS-CoV in complex
with K48-linked diubiquitin was analysed (Fig. 6). Protein-protein
docking was also used to obtain the structure of SARS-CoV-2 PLP™ in
complex K48-linked diubiquitin and the top ranked model was investi-
gated further (Fig. 6). When the ligands were docked to the binding site

Fig. 5. Stability of SARS-CoV-2 PLP* complexed
with ISG15 in the presence of lopinavir and
hypericin. MD simulations were carried out for
100 ns in triplicate. Systems comprised of PLpro
bound to ISG15 in the absence of ligands (blue), or
with lopinavir (orange) or hypericin (grey) bound to
the naphthalene inhibitor binding site of PLP™. A)

Average root mean square deviation (RMSD) for
backbone with respect to its initial structure for
PLP™ (left) and ISG15 (right). B) Average root mean
square fluctuation (RMSF) for protein backbone was
calculated following stabilisation. C) Average MM-
PBSA binding free energy calculations are dis-
| played for the binding of ISG15 and binding of the
s ligand to PLP™ in each system.

\ AV, N e AA /'"'
2 52 102 152 202 252 302 78 88 98 108 118 128 138 148
Residue Residue
C PLP™.ISG15 PL"™_Ligand
Energy (kcal/mol)
APO  Lopinavir Lopinavir
van der Waal -98.1 -52.2 -61.8 -25.5 -17.1
Electrostatic -34.4 -141.5 -44.4 -3.3 -5.7
Polar solvation 146.3 185.9 141.8 20.5 135
SASA energy -11.6 =17 -8.2 -3.3 -2.0
Binding energy 2.1 -15.5 27.5 -11.7 -11.3
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SARS-CoV (5E6J)

PLr-diubiquitin GRL-0617

Diubiquitin

SARS-CoV-2 (model 1)

PLr-diubiquitin Diubiquitin GRL-0617

in the apo SARS-CoV and SARS-CoV-2 PLP™, the GlideScores of the di-
etary compounds were stronger than that of the inhibitors and the res-
idue interactions can be seen in Fig. 7. In the SARS-CoV and SARS-CoV-2
PLP™, the K48-linked diubiquitin extends into the proximal (SUb1) and
distal (SUb2) ubiquitin sites [7,8]. The compounds were also docked to
the PLP™ structures with the K48-linked diubiquitin present and were
positioned further away from the binding pocket (Fig. 7). This could also
be seen in the blind docking results, as the presence of the K48-linked
diubiquitin interfered with the ability of compounds to bind to this re-
gion (Fig. 8 and Supplementary Fig. 4).

The HDOCK server was used to further evaluate the SARS-CoV PLP™
in complex with K48-linked diubiquitin and when comparing the crys-
tallised structure to the top ranked model from protein-protein docking,
the RMSD was 0.6 A (Supplementary Fig. 7). In terms of the SUb2 site,
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Fig. 6. Crystal structures of the SARS-CoV (5E6J)
and SARS-CoV-2 (model 1) PLP*™, The PLP™
structures in complex with K48-linked diubiquitin
(cyan) are depicted. The main PLP™ chain is col-
oured gray. The HDOCK server was used to dock the
SARS-CoV K48-linked diubiquitin to the apo SARS-
CoV-2 crystal structure and the top ranked model
is shown. Several of the residues (coloured gold)
that surround the LXGG motif in the SUb1 site are
labelled and the key residues in the SUb2 site can be
seen. The docked structure of GRL-0617 (coloured
red) and its interactions with this region are
provided.

GlideScore = -3.9 kcal/mol

Q70

GlideScore = -4.7 kcal/mol

Y268

Y273

Q269

the SARS-CoV PLP™ residues F70 and L76 were within 5 A of the K48-
linked diubiquitin residue I44. In the top ranked model of SARS-CoV-
2, F69 was found to be within 5 A of 144. The SUb2 site of PLP™ plays
an important role in the recognition of K48-polyubiquitin and the N-
terminal ubiquitin-like fold in ISG15 [13,16]. The residues within this
region are less conserved when comparing the SARS-CoV-2 and SARS-
CoV PLP™, and the SUb2 site contained within the thumb subdomain
is dynamic [15,47]. The interactions that occur between residue 144 of
the K48-linked diubiquitin and PLP™ have been described in the litera-
ture [7,8,13]. This includes L76 and F70 in the SARS-CoV PLP™, as well
as T75 and F60 in the SARS-CoV-2 PLP™ [7,8,13].

Like ISG15, the presence of compounds in the crystal structure
altered the conformation of the docked K48-linked ubiquitin (Supple-
mentary Fig. 7). These changes were also reflected in the RMSD values as

3k Cyanidin-3-O-glucoside  Epigallocatechin gallate Hypericin Hypericin isomer Rutin Lopinavir
GlideScore = -3.9 keal/mol GlideScore = -8.6 keal/mol Gli =-7.6 Gli =-6.3 keal/mol GlideScore =-7.2 keal/mol Glid e=-10.6 ) 1 Glid e = -4.6 kcal/mol
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PLr°-diUb
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s

Hypericin

Hypericin isomer

Hypericin

Fig. 7. Molecular docking results for the apo and PLP"°-K48 linked diubiquitin complexes. The protein-ligand interactions for the apo PLP™ are provided for 3k
(orange), which is a naphthalene-based inhibitor, lopinavir (light green), and the dietary compounds cyanidin-3-O-glucoside (yellow), (-)-epigallocatechin gallate
(light blue), hypericin (purple), the hypericin isomer (light pink) and rutin (violet). The polar residues are coloured blue, the hydrophobic residues are coloured
green, the positively charged residues are coloured pink, the negatively charged residues are coloured maroon and the glycine residues are coloured brown. The
compounds were also docked in the presence of K48-linked diubiquitin. In the SARS-CoV and SARS-CoV-2 PLP™-K48 linked diubiquitin complexes, hypericin was not

able to bind and this was also the case for the hypericin isomer.
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GRL-0617
12 out of 20 poses

GRL-0617 3k 3k
0 out of 20 poses 11 out of 20 poses

Hypericin
8 out of 20 poses

Hypericin
0 out of 19 poses

Hypericin isomer
10 out of 20 poses

Hypericin isomer
0 out of 20 poses
%
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Fig. 8. Blind docking results for the SARS-CoV
apo and PLP™-K48 linked diubiquitin com-
plexes. Blind docking was conducted in the absence
and presence of K48-linked diubiquitin for
naphthalene-based inhibitors and the dietary com-
pounds. The number of poses that were found to be
in the binding region are provided. GRL-0617 is
coloured red, 3k is coloured orange, hypericin is
coloured purple, the hypericin isomer is coloured
light pink, (-)-epigallocatechin gallate is coloured
light blue, rutin is coloured violet, cyanidin-3-O-
glucoside is coloured yellow, and lopinavir is col-
oured light green. K48-linked diubiquitin can be
seen in cyan, while the main PLP™ chain is coloured

Rutin
3 out of 20 poses

Epigallocatechin gallate Epigallocatechin gallate
10 out of 20 poses 0 out of 20 poses

Cyanidin-3-O-glucoside Cyanidin-3-O-glucoside
4 out of 20 poses 0 out of 19 poses

Lopinavir
7 out of 20 poses

they were 34.4 A for GRL-0617, 38.9 Afor3 k, 38.8 A for rutin, 34.7 A
for hypericin, 38.7 A for the isomer of hypericin, 38.6 A for (-)-epi-
gallocatechin gallate, 39.0 A for cyanidin-3-O-glucoside, and 46.3 A for
lopinavir. This was also the case for the SARS-CoV-2 model and there
was a clear displacement of K48-linked diubiquitin when the inhibitors
and dietary compounds were bound to PLP™ (Supplementary Fig. 8).

4. Conclusions

Together with previous studies, our findings highlight that occu-
pying the $3-S4 subsites on the SARS-CoV-2 PLP™ with small molecule
ligands can potentially inhibit the protease, deubiquitinating and del-
SGylating activities of PLP™, Regarding the potential deISGylating
inhibitory activities, the lead dietary compounds should be evaluated
further using various in vitro and in vivo methods. Hypericin is of
particular interest and represents a compound that could undergo
further evaluation in antiviral assays.
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