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Abstract: The urgent need for novel and effective drugs against the SARS-CoV-2 coronavirus
pandemic has stimulated research worldwide. The Papain-like protease (PLpro), which is essential
for viral replication, shares a similar active site structural architecture to other cysteine proteases.
Here, we have used representatives of the Ovarian Tumor Domain deubiquitinase family OTUB1
and OTUB2 along with the PLpro of SARS-CoV-2 to validate and rationalize the binding of inhib-
itors from previous SARS-CoV candidate compounds. By forming a new chemical bond with the
cysteine residue of the catalytic triad, covalent inhibitors irreversibly suppress the protein’s activ-
ity. Modeling covalent inhibitor binding requires detailed knowledge about the compounds’ reac-
tivities and binding. Molecular Dynamics refinement simulations of top poses reveal detailed lig-
and-protein interactions and show their stability over time. The recently discovered selective
OTUB2 covalent inhibitors were used to establish and validate the computational protocol. Struc-
tural parameters and ligand dynamics are in excellent agreement with the ligand-bound OTUB2
crystal structures. For SARS-CoV-2 PLpro, recent covalent peptidomimetic inhibitors were simu-
lated and reveal that the ligand-protein interaction is very dynamic. The covalent and non-covalent
docking plus subsequent MD refinement of known SARS-CoV inhibitors into DUBs and the
SARS-CoV-2 PLpro point out a possible approach to target the PLpro cysteine protease from
SARS-CoV-2. The results show that such an approach gives insight into ligand-protein interactions,
their dynamic character, and indicates a path for selective ligand design.

Keywords: deubiquitinase; OTUB2; papain-like protease; SARS-CoV-2; drug design; molecular
dynamics; covalent docking

1. Introduction

The most recent pandemic, the SARS-CoV-2 coronavirus outbreak, is one of the
largest threats to the human population worldwide and still significantly increasing in
absolute numbers. According to WHO reports, it is one of the worst pandemics seen
during recent times. The SARS-CoV-2 genome encodes for 29 proteins, of which 4 are
structurally encoding and make up the virus’s actual structure. Thus far, the spike (S)
protein and the main protease MLpro have received the most attention in drug design.
The X-ray crystal structure of the six-helical bundle (6-HB) core of the HR1 and HR2
domains in the SARS-CoV-2 spike protein S2 subunit was released [1]. The
non-structured proteins (Nsp’s 1-16) are obtained after cleavage of a large polyprotein
into 16 smaller proteins in which the main protease (Mpro) plays a significant role.

One of the best-characterized drug targets among coronaviruses is the main prote-
ase (Mpro, also called 3CLpro), for which the crystal structure was solved at low tem-
perature [2] and room temperature [3]. Peptidomimetic a-ketoamides were shown to
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bind in the substrate-binding cleft located between domains I and II of the Mpro. Virtual
screening studies have also explored this protein as a potential target against Covid-19
[4]. They revealed known antiviral compounds such as velpatasvir and ledipasvir as
drug candidates. The Papain-like protease (PLpro), an enzyme essential for processing
the polyproteins translated from the viral RNA, is less explored as a drug target.

Similar to that Severe Acute Respiratory Syndrome coronavirus (SARS-CoV) [5], the
Papain-like protease (PLpro) of SARS-CoV-2 can be a potential target for antiviral drug
development since it is essential for generating a functional replication complex (see
above). The PLpro protease from SARS-CoV is structurally similar to the deubiquitinase
(DUB) USP7 and shows deubiqutinating activity [6]. The triad of catalytic site residues
Cys/His/Asp is essential for its DUB activity and conserved in the above PLpro enzymes.
Cysteine proteases react with a variety of electrophilic or “‘warhead’ functional groups
from covalent inhibitor molecules. These warhead inhibitors typically function by first
forming a non-covalent pre-complex within the cysteine protease active site. The war-
head group of the inhibitor is positioned in proximity of the reactive cysteine nucleo-
phile. The X-ray structure of the catalytic domain of the Nsp3 SARS-CoV PLpro showed
that, like in some other cysteine proteases, SARS-CoV PLpro could react with electro-
philic warheads and incorporate an inhibitor from a nucleophilic attack of the cysteine
thiolate [7]. For SARS-CoV, there are several designed covalent inhibitors in the literature
[8].

The current state of drug development and medicinal chemistry efforts towards
SARS-CoV-2 and Covid-19 treatments are summarized in reference [9]. With the ad-
vancement of computational power, virtual high-throughput screening of millions of
compounds can be performed in a relatively short time [10]. Smith and Smith, for exam-
ple, have investigated the re-purposing of existing drug molecules to bind to an MD en-
semble of the SARS-CoV-2 spike protein at its host receptor region or its interface with
human ACE2 [10].

There are a plethora of computational approaches tackling selected protein targets
from SARS-CoV-2. They range from virtual screening of different ligand databases or
selective subsets to specific protein targets, neural networks, machine learning, and arti-
ficial intelligence.

A recent study shows that the screening of the large ZINC database entries plus an
in-house database with antiviral compounds against all SARS-CoV-2 proteins gave hits
such as on-the-market antiviral drugs (ribavirin, valganciclovir, and thymidine), antibi-
otics (cefpiramide, sulfasalazine, phenethicillin, lymecycline, demeclocycline, doxycy-
cline, oxytetracycline, and tigecycline), and anti-asthmatic drugs (montelukast, fenoterol,
and reproterol). It remains to be demonstrated how reliable and trustworthy these sug-
gested compounds will be [11]. The Papain-like protease PLpro was chosen as the target
in computational studies focusing on existing drug re-purposing and a conventional
ligand docking into the S3/54 pockets of the enzyme’s active site. As a result, 16 already
FDA approved drugs, including the now discarded malaria drug chloroquine and the
asthma drug formoterol, were suggested [12].

Since PLpro is also functional in removing post-translational signaling tags like
ubiquitin and interferon-stimulated gene product 15 (ISG15), it dampens inflammation
response and antiviral signaling [13]. Drugs that target SARS-CoV-2 PLpro may also be
effective as treatments or protection against Covid-19 by reducing the viral load and re-
instating an innate immune response [14]. Given this conceptual and functional similar
role to human deubiquitinases (DUBs), we take a physiologically and chemically moti-
vated approach instead of high-throughput screening.

Otubain-1 and Otubain-2 (also termed OTUB1 and OTUB2) are cysteine proteases
like PLpro with the same Cys/His/Asp, Asn catalytic residue triad [15]. They are mem-
bers of the DUB superfamily with ubiquitin-cleavage activity like PLpro and representa-
tives of the ovarian tumor domain (OTUs) subfamily. Only very recently, a screening of
an electrophilic fragment library revealed the first selective Otubain-2 inhibitors [16].
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These inhibitors also use a chemical warhead to establish a covalent cysteinate pro-
tein-ligand complex, as reported for the SARS-CoV PLpro (see above). Since covalent in-
hibition was previously reported for SARS-CoV, it also may appear feasible for
SARS-CoV-2.

Modeling the binding of covalently bound ligands is a multi-step process and re-
quires more computational time than standard ligand virtual screening. Since the bind-
ing pocket has to accommodate the pre-reactive ligand, the relative orientation of nu-
cleophile (here cysteinate) and electrophile must be taken into account. When the binding
site accessibility of the target cysteine is initially increased, the result from covalent
docking is more accurate. It shows improved binding mode predictions (RMSD) and
significantly lower computational expense than mere covalent docking [17].

We assess and validate the quality of modeling the covalent OTUB2 inhibitors by
refining their co-crystallized structures using molecular dynamic (MD) simulations. By
monitoring ligand fluctuations, structural re-orientation, and deviations from the crystal
structure, stringent and covalent cysteinate-ligand binder modeling protocols are estab-
lished. It may be challenging to develop PLpro inhibitors specific for the viral protease
without blocking cellular human DUBs. Thus, we perform covalent docking for com-
pounds 3, 4, and 5 and non-covalent docking for 1, 2, and 6 plus MD refinement of a
representative set of known SARS-CoV inhibitors into OTUB2, OTUBI, and the PLpro
from SARS-CoV-2 to probe their inhibitor binding and rationalize a DUB selectivity. We
point out that the structural differences in cellular DUBs suggest that these enzymes may
be different enough to be selectively targeted.

2. Results and Discussion
2.1. Covalent OTUB?2 Inhibitors

The Ovarian tumor domain (OTU) deubiquitinylases show a DUB activity and a
functional similarity to the SARS-CoV-2-PLpro. Thus, our computational approach was
validated and benchmarked by modeling the recently discovered covalent inhibitors of
OTUB2 [16]. The screening of a library of mild electrophile fragments as pre-reactive
compounds revealed irreversible chemical bonds with the catalytic Cys51 residue. A total
of 11 reported selective covalent inhibitors for OTUB2 were co-crystallized by high
throughput crystallization (PDB entries from 5QIP to 5QIZ (Table S1)) and selected for
MD refinement studies to validate our molecular dynamics protocol. We assessed the
applicability and accuracy of the OPLS2005 force field plus the correct structural repro-
duction of the covalent protein-ligand cysteine-carbon bond. Given the short timescale of
multiple MD runs, the focus was on the ligands’ conformational re-orientation and rota-
tional flexibility rather than protein conformational changes. From MD refinement, steric
clashes were removed, and the dynamic nature of ligand-protein interactions became
apparent.

For each of the 11 OTUB2-ligand complexes, we carried out short MD refinement
simulations of 3 x 100 ns. The trajectories were analyzed to rationalize the stability of the
covalent ligand-protein complex and identify crucial interactions. Table S1 shows the
co-crystallized ligand-OTUB2 structures and the MD refined structures.

2.1.1. OTUB2 (5QIP) in Complex with PCM-0102153

Simulations of OTUB2 with the compound PCM-0102153 (benzyl acetylcarbamate;
PDB id: 5QIP) showed that the covalent inhibitor-cysteine bond was stable throughout
the simulation (distance 1.81 + 0.04 A vs. 1.77 A in the crystal structure). The ligand re-
mained in a conformation close to its initial position (with ligand RMSD of 1.23 + 0.3 A)
during the first half of the simulation (Table S1). The benzyl ring underwent a rotational
motion in the second half of the simulation time (to be seen from ligand RMSF and ligand
torsional profile). Hydrogen bonding interactions with protein residues Cys51, Arg49,
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and Ser223 were persistent for more than 85% of the simulation time. Asp48 shows in-
teraction with the compound for nearly 50% of the simulation time (see Figure S1).

2.1.2. OTUB2 (5QIQ) in Complex with PCM-0103050

The OTUB2-PCM-0103050 (N-[(4-bromothiophen-2-yl)-methyl] acetamide) complex
(PDB id: 5QIQ) showed a flexible rotational motion of the thiophene ring. Here, interac-
tions with Cys51, Arg49, and Ser223 were most relevant and showed strong and stable
hydrogen bond interactions with the ligand atoms (Figure S2); the ligand RMSD was
around 1 A (Table S1).

2.1.3. OTUB2 (5QIR) in Complex with PCM-0102305

The third complex (PDB id: 5QIR) with OTUB2 in complex PCM-0102305
(N-[(4-fluoro-3-methylphenyl)-methyl] acetamide) showed that the ligand orientation
was very stable throughout the simulation. In this case, the Arg49 and Ser223 residues
showed stable and persistent hydrogen bond interactions with ligand atoms for more
than 95% of the simulation time. Asp48 and Cys51 showed interactions for more than
50% and 30% of the simulation time (Figure S3), and, in this case, the ligand RMSD was
around 1 A (Table S1).

2.1.4. OTUB2 (5QIS) in Complex with PCM-0102500

MD results of PCM-0102500 (N-(5-methyl-1,2-oxazol-3-yl) acetamide) in complex
with OTUB2 (PDB id: 5QIS) showed that Arg49 and Ser223 formed strong hydrogen
bond interactions with ligand atoms for more than 90% of the simulation time on aver-
age. Cys51 and Asp48 showed interactions for nearly 80% of the simulation time on av-
erage (Figure S4), and the ligand RMSD is just 0.35 A (Table S1).

2.1.5. OTUB2 (5QIT) in Complex with PCM-0102821

The fifth complex (PDB id: 5QIT) with the compound PCM-0102821
(N-[(E)-(3-methylphenyl) methylidene] acetamide) displayed a rotation of the sol-
vent-exposed phenyl ring. In this complex, we can identify that Arg49 and Ser223 formed
hydrogen bond interactions with ligand atoms for more than 95% of the simulation time
with a ligand RMSD of around 1 A (Table S1). Cys51 and Asp48 showed interactions for
nearly 35% of the simulation time (Figure S5).

2.1.6. OTUB2 (5QIU) in Complex with PCM-0103011

The compound PCM-0103011 (N-3-[3-(trifluoromethyl) phenyl]
prop-2-yn-1-ylacetamide) in complex with OTUB2 (PDB id: 5QIU) showed a higher de-
gree of rotational flexibility of the terminal phenyl ring due to the methyl group. Still, the
ligand RMSD was around 1.1 A (Table S1). Arg49, Ser223 showed strong hydrogen bond
interaction for more than 95% of the simulation time. For less than 10% of the simulation
time, some hydrophobic interactions were also observed by active site residues His224
and Lys221 (Figure S6).

2.1.7. OTUB2 (5QIV) in Complex with PCM-0102998

OTUB2 in complex with the compound PCM-0102998 (N’-acetyl-2-[(3R)-1,1-dioxo-1
lambda~6~-thiolan-3-yl] acetohydrazide) (PDB id: 5QIV) showed a rigid ligand confor-
mation throughout the simulation. Strong hydrogen bond contacts were detected be-
tween Arg49, Cys51, Ser223, and the ligand for nearly 90% of the simulation time with a
ligand RMSD of 0.8 A (Table S1). Glu174 shows a water-mediated hydrogen bond inter-
action for 30% of the simulation time (Figure S7).
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2.1.8. OTUB2 (5QIW) in Complex with PCM-0102660

The covalent OTUB2 complex (PDB id: 5QIW) with compound PCM-0102660
(N-[(E)-(4-methylphenyl) methylidene] acetamide) shows that the ligand was rotationally
flexible throughout the simulation due to its extra methyl group between the amide bond
and the terminal phenyl ring; still the ligand RMSD is only 0.7 A (Table S1). Strong hy-
drogen bond contacts between Arg49, Ser223 were persistent for nearly 98% of the sim-
ulation time. Peptide bond NH groups of Cys51 and Asp48 are hydrogen bond donors to
the amide carbonyl oxygen atom for 60% and 35% of the simulation time, respectively
(Figure S8).

2.1.9. OTUB2 (5QIX) in Complex with PCM-0103007

The covalent OTUB2-inhibitor complex (PDB id: 5QIX) with PCM-0103007
(N-(3-phenylprop-2-yn-1-yl) acetamide) possessed a rotatable terminal phenyl ring due
to its flexible propyl link to the acetamide. Arg49, Cys51, and Ser223 showed strong in-
teractions with the ligand for 99%, 78%, and 88% of the simulation time, respectively
(Figure S9), but with the ligand RMSD of 0.4 A (Table S1).

2.1.10. OTUB2 (5QIY) in Complex with PCM-0102954

Simulation of OTUB2 complex (PDB id: 5QIY) with the compound PCM-0102954
(N’-acetyl-2-chlorobenzohydrazide) showed that the ligand was rotationally flexible and
had a low ligand RMSD of 0.6 A (Table S1). The residues Arg49, Glul74 and Ser223,
showed strong hydrogen bonds for nearly 60% of the simulation time. The cysteine,
however, did not form hydrogen-bonding interactions with the ligand (Figure S10).

2.1.11. OTUB2 (5QIZ) in Complex with PCM-0103080

The last complex (PDB entry 5QIZ) of OTUB2 with the compound PCM-0103080
(N-[(5-chlorothiophen-2-yl) methyl] acetamide) showed a very stable interaction between
the protein and ligand throughout the simulation with the ligand RMSD of 1.3 A (Table
S1). A pi-pi stacking between the thiophene ring of the ligand with His224 of the protein
was contributing. The long-living interactions with the peptide NH groups of Cys51 and
Arg49 were present during 95% of the simulation time. Ser223 was a hydrogen bond ac-
ceptor of the amide bond NH for nearly 80% of the simulation time (Figure S11).

Overall, the refinement of the covalent OTUB2 inhibitors gave structural parameters
such as ligand RMSD and CysS51-Ciigand distances in perfect agreement with the
co-crystallized structures with an average of 1.7 A and 1.8 A, respectively. (Table S1).

2.2. Binding of Known Covalent SARS-CoV PLpro Inhibitors to OTUB2/OTUB1/SARS-CoV-2
PLpro

Covalent cysteine protease inhibition proceeds via a nucleophilic attack of the thio-
late on the electrophilic carbon of the warhead group, then forming a covalently modified
enzyme-inhibitor complex [18]. Examples of such reactive warhead groups known to
inhibit cysteine proteases include aldehydes, epoxy-ketones, Michael acceptors, activated
ketones, activated esters, vinyl sulfones, acrylamides, alkynes, alkyl halides, and nitriles
[19-21].

In preparation for normal docking and covalent docking, the co-crystallized ligands
in SARS CoV-2 (PDB id: 6WUU) and OTUB2 (PDB id: 5QIY) were removed. For OTUBI,
the PDB entry 2ZFY was used. Both refer to apoprotein structures in the absence of
ubiquitin. The active sites of these OTU deubiquitinases show the conserved catalytic
triad, which is also present in the PLpro (Cys-His-Asp/Asn) (Figure 1).
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SARS-CoV-2

Figure 1. Structural details of the deubiquitinase-like arrangement of active site residues of SARS-CoV-2 PLpro and
OTUs. The catalytic triads made up of Cys-His-Asp/Asn residues are shown as insets.

Baez-Santos et al. reviewed the SARS-coronavirus papain-like proteases PLpro and
3CLpro as targets for the design of antiviral drug molecules against SARS-CoV and
MERS [8]. We refer to a sub-selection as representatives of some classes of compounds.
Here, we assess the binding poses and possible selectivity of known SARS-CoV cysteine
protease inhibitors. The selected subset of SARS-CoV PLpro inhibitors for the binding
PLpro of SARS-CoV-2, Otubl, and Otub2 is given in Figure 2.

S @]
HN HN H HO = OH
L o B CL
1 2 4
OCHj s
OH HN)]\/S\©

Figure 2. Known SARS-CoV PLpro inhibitors used as candidates during covalent and non-covalent ligand docking
against OTUB1/OTUB2 and SARS-CoV-2 PLpro. Studied covalent linkage sites for ‘nucleophilic addition to a double
bond’ marked (*) and site which follows ‘Michael addition” marked (**) in the compounds.



Biomolecules 2021, 11, 802

7 of 21

These are representatives of the classes of thiopurine inhibitors compounds 1 [22]
and 2 [23], tanshinones 3 [24], diarylheptanoids 4 [25], geranylated flavonoids compound
5 [26], and compound 6 from yeast-based screening [27].

Compounds 1, 2 are clearly non-covalent inhibitors (also observed by [23]), and also
compound 6 has no site for covalent cysteine binding. Thus, we carried out non-covalent
docking using Glide XP with standard parameters (refer to method section for details).
The compounds 3 and 4, however, which belong to a,p-unsaturated carbonyl com-
pounds class, are tentative covalent inhibitors and prone to 1,4 addition and 1,2 addi-
tions, with the first preferred. Compounds 3 and 4 are molecules which undergo Michael
additions based on previous reports [23]. Only in the case of Compound 5, “nucleophilic
addition to a double bond” reaction mechanism was preferable, and covalent docking
with the catalytic cysteine residue and the thiocarbonyl group of the compound was
performed (see Figure 2). Table 1 gives the hydrogen bond interactions and pi-pi inter-
actions detected from non-covalent and covalent docking, and relevant active site resi-
dues are highlighted. The superimposed docked top conformations of all the compounds
1 to 6 with the respective targets are shown in Figure 3.

Table 1. Binding of covalent and non-covalent SARS-CoV PLpro inhibitors to SARS-CoV-2 PLpro,
OTUB1, and OTUB2. Analysis of relevant hydrogen bonding and hydrophobic protein-ligand in-
teractions.

Hydrogen Bond Inter- Hydrophobic Interac-

Compound Target Protein . NN
actions tions
SARS-CoV-2 PLpro - -
1 OTUB1 Prol1263 His1265
OTUB2 Thr222, Asn226 His224
SARS-CoV2 PLpro Ala288 -
2 OTUB1 Glu1060, Pro1263 -
OTUB2 Lys221, Thr222, Asn226 His224
SARS-CoV2 PLpro Cys111
3 OTUB1 - -
OTUB2 - -
SARS-CoV2 PLpro  Cys111, Gly163, Tyr268 Tyr264, His272
4 OTUB1 Pro1087, Asp1216 Tyr1261
OTUB2 Thr45, Gly47 His224
SARS-CoV2 PLpro  Cys111, Tyr112, Tyr264 Tyr264, His272
5 OTUB1 Gly1264 -
OTUB2 Arg49, Ser223 -
SARS-CoV2 PLpro - His272, Trp106
6 OTUB1 Glu1060 -
OTUB2 Thr45 -

2 Mostly -7t interactions. Active site residues are given in bold.
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SARS-CoV-2

Figure 3. Top binding pose of selected SARS-CoV PLpro inhibitors docked into SARS-CoV-2 PLpro, OTUB1, and OTUB2
active sites. The protein is shown as surface and inhibitors are shown in the sticks with different colors (carbon atom) to
differentiate them. Compound 1 in green, compound 2 in aquamarine, compound 3 in magenta, compound 4 in yellow,
compound 5 in pink, and compound 6 in grey.

2.3. Molecular Dynamics Refinement of SARS-CoV-2 PLpro Inhibitors

Compound 1 formed hydrogen bond interactions with Lys105 for 50% of the simu-
lation time. During the remaining 30% of the simulation time, it formed various types of
interactions such as hydrophobic interactions, electrostatic interactions, and wa-
ter-mediated interactions. Ala288 also showed direct and water-mediated hydrogen
bond interactions for nearly 70% of the simulation time (Figure 4). Other short-lived ionic
and hydrogen bonding interactions were observed with Lys94, Pro96, GIn97, and Trp106.

~Cys111

Figure 4. Persistent protein-ligand interactions during MD simulations of Compound 1 (left) and 2 (right) with
SARS-CoV-2 Plpro. The compounds are shown in ball and stick representation, the strong and moderately interacting
residues represented in thick tubes, and weak interactions (less than 30%) represented in thin tubes.
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Compound 2 showed persistent hydrogen bonding interactions with Ala288 for
nearly 80% of the simulation time, and Trp106 showed hydrogen bonding and hydro-
phobic interactions for almost 60% of the simulation time. Asp286 showed wa-
ter-mediated hydrogen bond interactions for nearly 40% of the simulation time (Figure
4).

Compound 3, which follows Michael addition reaction with the SARS-CoV-2 PLpro,
formed stable hydrophobic interactions for nearly 50% of the simulation and additional
hydrogen bond interactions with the covalently bound residue Cysl111. Trp106 also
forms hydrophobic interactions with compound 3 (Figure 5). Few water bridges are also
observed between the compound with residues Asn109, Cys270, His272, and Asp286 for
less than 10% of the simulation time. Based on the RMSD analysis of the ligand and pro-
tein, it is clear that there are no large conformational changes for the ligand during the
initial two-thirds of the simulation time. Larger fluctuations can be observed during the
longer simulations, and also the protein binding region is flexible.

Figure 5. Stable interactions observed during MD simulations of Compound 3 (left) and 4 (right) with SARS-CoV-2
Plpro. The compounds are shown in ball and stick representation, stable and moderately stable interacting protein resi-
dues are given as thick tubes, and weak interactions (for less than 30%) are represented as thin tubes.

Compound 4 also followed Michael addition and formed a covalent interaction with
active site Cys111, plus stable hydrophobic interactions with the same residue during the
entire simulation time. Several mixed interactions like direct hydrogen bonding and
water-mediated hydrogen bond interactions were observed during nearly 30-40% of the
simulation time with Asn109, Asn267, Gly271. In addition, residues Leul62 and Tyr273
formed hydrophobic and water-mediated interactions with compound 4 (Figure 5).

Compound 5 displayed stable interactions with the protein for almost two-thirds of
the simulation time, and only minor fluctuations were observed during the rest of the
trajectory. The compound binding was stabilized by a larger number of hydrogen
bonding interactions plus water-mediated and hydrophobic interactions. PLpro residues
Asn109 and Gly271 formed stable hydrogen bond interactions for more than 90% and
80% of the simulation time. Trp106 formed hydrogen bond interactions for 60% of the
simulation time and also weaker hydrophobic interactions. Vall65 formed wa-
ter-mediated hydrogen bond interactions with compound 5 for around 60% of the sim-
ulation time. Short-living water-mediated interaction could be observed for less than 20%
of trajectories with residues Gly160, GIn269, and Tyr273 (Figure 6).
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N / Trp10

Asn109 P

Val165

~N

Figure 6. Stable interactions observed during MD refinement of top binding poses of compound 5 (left) and 6 (right) with
SARS-CoV-2 Plpro. The inhibitors are shown in ball and stick representation, stable and moderately stable ligand-protein
interactions are represented as thick tubes, short time interactions (less than 30%) are represented as thin tubes.

Compound 6 binding was dominated by weak and short-living hydrophobic inter-
actions with residues Trp106, His272, Leu290, and Lys292 for only 8 to 14% of the simu-
lation time (Figure 6). Residues Ala288 and Leu290 exhibited unstable hydrogen bonding
interactions for only 5% of the simulation time. Likewise, hydrophobic interactions of the
ligand with residues Val20, Pro96, and Leu289 were short in time and occurred during 3-
5% of the simulation time.

2.4. Molecular Dynamics Refinement of OTUB1-Bound Inhibitors

Compound 1 binding to OTUB1 was similar to that in SARS-CoV-2. Protein residue
Pro1263, which only forms hydrogen bond interactions (direct and water-mediated), was
detectable for just 40% of the simulation time. Other less significant interactions were
found for nearly 20-40% of the simulation time with the OTUBI residues Ile1030,
Met1031, Glul214, and Argl262 (Figure 7). Compound 2 showed significant interactions
with Pro1263 and Glu1060 during nearly 80% of the simulation time; no other long-living
interactions with the protein could be characterized (Figure 7).
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1le1030

Figure 7. Stable interactions observed during MD refinement simulations of top-binding poses of Compound 1 (left) and
2 (right) with OTUBL. The inhibitors are shown in ball and stick representation, stable and moderately stable pro-
tein-ligand interactions are represented as thick tubes, and short-time interactions (for less than 30%) are represented as
thin tubes.

Compound 3, covalently bound to residue Cys1091, showed very stable hydropho-
bic interactions throughout the simulations. OTUBI residue Pro1087 showed hydropho-
bic interactions for nearly 40% of the simulation and water-mediated hydrogen bond in-
teraction for another 20% of the simulation time. Cys1212 also showed hydrogen bond
interactions during almost 30% of the simulation time (Figure 8).

Figure 8. Stable inhibitor-protein interactions were observed during MD refinement simulations of top poses of Com-
pound 3 (left) and 4 (right) with OTUBL. The inhibitors are shown in ball and stick representation, stable and moderately
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stable ligand-protein interactions are given as thick tubes, and flexible interactions (during less than 30%) are shown as
thin tubes.

Compound 4 showed hydrogen bonding interactions with residue Ser1215 for al-
most the entire simulation time. The covalently bound active site residue Cys1091
showed stable hydrophobic interactions during the entire simulation. OTUBLI residues
Prol087 and Aspl216 were additional protein residues that showed interactions for
nearly 40% of the simulation time. Pro1087 showed hydrophobic and water-mediated
hydrogen bond interactions, Asp1216 showed water-mediated and direct hydrogen bond
interactions with the inhibitor (Figure 8).

Compound 5 showed stable hydrogen bond interactions for more than 95% of the
simulation time with OTUBI residues Phe1092 and Gly1264. His1265 shows hydrogen
bond interactions for around 85% of the simulation time. Tyr1026, GIn1034, Tyr1261, and
Prol1263 undergo interactions for at least 40% of the simulation time. The above four
residues, except Tyr1261 (which showed water-mediated hydrogen bond interactions),
showed direct hydrogen bond interactions with the compound. As expected, the active
site residues and the covalently-fixed Cys1091 showed stable short-range hydrophobic
interactions with the inhibitor compound (Figure 9).

Tyr1026

Figure 9. Stable interactions during MD refinement simulations of top poses for Compound 5 (left) and 6 (right) with
OTUBL. The compounds are shown in ball and stick representation, stable and moderately stable ligand-protein interac-
tions are given as thick tubes, and short-living interactions (preset for less than 30%) are represented as thin tubes.

Compound 6 shows two strong water-mediated interactions for nearly 75% of the
simulation time with OTUB1 residues Tyrl1084 and Asp1267. Residues Tyr1061 and
Arg1262 show hydrophobic interactions for nearly 40% of the simulation time (Figure 9).

2.5. Molecular Dynamics Refinement of OTUB-2 Inhibitors

Compound 1 showed hydrogen bonding interactions for nearly half of the simula-
tion time with the active site residue Asn226 and long-living hydrophobic interactions
with another active site residue, i.e., His224. OTUB2 residues Gly47, Lys221, and Thr222
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showed hydrogen bonding interactions with the ligand for nearly 20-40% of the simula-
tion time (Figure 10). There was no additional stable (present for >65% of simulation
time) protein-ligand interaction. As for hydrophobic interactions, Compound 2 only
comes close to Lys44 throughout the simulation time (Figure 10).

Figure 10. Stable protein-ligand interactions during MD refinement simulations for Compound 1 (left) and 2 (right) with
OTUB-2. The inhibitors are shown in ball and stick representation, stable and moderately interaction with protein resi-
dues are shown as thick tubes, short-term interactions (present for less than 30% of simulation time) are shown as thin
tubes.

The covalent inhibitor Compound 3 also formed short-range hydrophobic interac-
tions with targeted residue Cys51 plus very short water-mediated interactions. Except for
Thr222, for which water-mediated hydrogen bonds could be observed for 30% of the
simulation time, no other significant interactions were found (Figure 11).
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Figure 11. Stable interactions observed during MD refinement simulations of top poses of Compound 3 (left) and 4
(right) with OTUB-2. The ligands are shown in ball and stick representation, stable and moderately stable protein-ligand
interacting residues are represented as thick tubes, short-living interactions (present for less than 30% of simulation time)
are represented as thin tubes.

Compound 4 only formed hydrophobic interactions with Cys51 from OTUB2 during
the entire simulations. The protein residue Arg49 showed direct and water-mediated
hydrogen bond interactions for nearly 60% of the simulation time with compound 4.
Gly47, Glul74, and Thr222 showed a mixture of direct and water-mediated hydrogen
bond interactions with the compound for 30-40% of the simulation time (Figure 11).

Compound 5 appeared as a stronger and less flexible OTUB2 binder. It formed
long-living and more interactions with the OTUB2 protein. Apart from the previously
discussed hydrophobic interaction with the covalently-connected residue Cys51, Tyr225
maintained the hydrogen bond interactions (both direct and water-mediated) with the
ligand during the entire simulations. In addition, OTUB2 residues Lys44, Gly47, Arg49,
Glul74, Ser223, and His224 showed a mixture of direct and water-mediated hydrogen
bond interactions for nearly 40-80% of the simulation time. In addition, His224 exhibited
hydrophobic interactions for a significant time during simulations (Figure 12).
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Figure 12. Stable ligand-protein interactions during MD refinement simulations of top poses of Compound 5 (left) and 6
(right) with OTUB-2. The compounds are shown in ball and stick representation, stable and moderately stable pro-
tein-ligand interactions are represented as thick tubes, and short-living interactions (present for less than 30% of simula-
tion time) are shown as thin tubes.

Compound 6 appeared as a weak binder and only showed interactions with OTUB2
residue Glull for around 35% of the simulation time; no other significant protein-ligand
interactions were found. Two lysine residues Lys44 and Lys46, showed shorter living
hydrophobic interactions for 15-20% of the simulation time (Figure 12).

The RMSD plots of all the six compounds with all three proteins were given in the
Supplementary Material (Figure S12-520).

2.6. Molecular Dynamics Refinement of Covalent SARS-CoV-2 PLpro Inhibitors

Recently, the SARS-CoV-2 PLpro X-ray structure with two covalent inhibitors (PDB
entries 6 WUU and 6WX4) was reported [28]. These peptidomimetic ligands were not of
therapeutic applicability but revealed exciting details about protein-ligand interactions.

We refined these structures using the chosen MD protocol. The complex of PLpro
with the peptide inhibitors VIR250 at 2.79 A (6 WUU) and VIR251 at 1.67 A resolution
were covalent ligand-protein complexes with short cysteine-ligand distances of 1.88 A
and 1.79 A, respectively [28]. Cys111 underwent a Michael addition to the CB of the
VMW warhead and forms a covalent thioether bond.

The two inhibitors were spatially extended peptidomimetics with unnatural amino
acids Ac-Abu(Bth)-Dap-Gly-Gly-VME (VIR250) and Ac-hTyr-Dap-Gly-Gly-VME
(VIR251) type. The VIR250 and VIR251 inhibitors occupy the S4-S1 pocket of CoV-2
PLpro protein in proximity to the active site, and both ligands adopt similar confor-
mations (see Figure 521).

The ligand RMSD from the MD simulation results of 6 WUU and 6WX4 were 1.14 A
and 1.41 A, respectively. MD refinement of the 6WUU VIR250 structure showed that the
crystal structure ligand-protein hydrogen bonds with Gly163 and Gly271 and those with
two tyrosine residues (Tyr 268 and Tyr 273) were retained during the MD refinement
simulations (Figure 522). Apart from these direct hydrogen bonds, water-mediated in-
teractions were also observed with residues Asp164 and Argl66. As in the OTU simula-
tions, the active site residue Cys111 undergoes persistent hydrophobic interactions with
the peptidic inhibitors. For VIR251 in the crystal structure 6WX4, MD simulations re-
vealed stable hydrogen bonding interactions of the ligand with Gly163, Tyr264, and
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Gly271. Hydrophobic interactions with Cys111 and Pro248 and water-mediated interac-
tions with the residue Asp164 contributed to the ligand stability.

3. Materials and Methods
3.1. Protein Structures and Preparation

For OTUB1, OTUB2, and SARS-CoV-2, the PDB entries 2ZFY, 1TFF, and 6 WUU
were used. Covalently-bound OTUB2 structures [16] were PDB entries 5QIP, 5QIQ, 5QIR,
5QIS, 5QIT, 5QIU, 5Q1V, 5QIW, 5QIX, 5QIY, 5QIZ. The protein RMSD between the apo
and the ligand-bound OTUB2 structures was 0.6 A and showed that ligand binding did
not induce large conformation re-arrangements.

The protein structures were prepared by removing steric clashes, co-crystallized
additives and refined by optimizing side-chain orientations and water molecule positions
using the protein preparation wizard [29] and Epik [30,31]. Bond orders were automati-
cally assigned, hydrogen atoms added, and side-chain protonation states were assigned
using PROPKA at pH 7.0. The protein was minimized using the OPLS2005 forcefield. The
ligands were prepared using LigPrep [32] and the OPLS2005 forcefield, ionized to iden-
tify possible states at target pH using 7.0 + 2.0. Unlike commonly used forcefield types, no
additional topology files needed to be provided. Desmond automatically assigns dis-
tances, angles, dihedral, and other parameters from the structure file (.mae).

3.2. Covalent and Non-Covalent Ligand Docking

Covalent ligand docking is a multi-step process [17] starting from a standard
non-covalent docking with the reactive amino acid residues replaced by alanine to in-
corporate the ligands. The receptor active site cysteine was selected as a reactive residue,
and the grid box was positioned at the centroid of the active site residues. The
pre-reaction ligands were docked with Glide [33-35] to generate guess poses suitable for
covalent bond formation. ConfGen [36] was used to sample ligand conformations before
covalent docking upon mutating the reactive residue to alanine. This allowed to position
the warhead close to the targeted cysteine and avoid unfavorable clashes. The mutation
was then reversed, and rotamer states of the nucleophilic cysteine residue were sampled
to form a covalent bond with different top-scoring non-covalent ligand poses based on
geometric criteria. The docked position was selected as a pose prediction (in ‘Thorough
Mode’) with the cutoff of 2.5 kcal/mol and positional constraints for pose selections. After
the initial docking of the ligand with mutated alanine, the reactive cysteine side chain
was regenerated, and a ConfGen rotamer sampling was performed to identify the best
side-chain conformation for each docked ligand pose. The covalent ligand-cysteine
linkage specified by the reaction type was formed, and further minimization and clus-
tering of poses were carried out. The representative poses from the cluster were mini-
mized. Based on the reaction chemistry of the compounds, we have used Michael addi-
tion, or Nucleophilic addition to a double bond was used. The Covdock score, which was
defined as the average between the Glide score of the binding mode of the pre-reactive
ligand and the ligand score in the final covalent complex, was employed.

For non-covalent docking, Glide XP [35] docking was used with default parameters,
and allowed intramolecular hydrogen bonds were rewarded. Interaction scores con-
cerning every residue within 6 A of the grid center were calculated. The grid was gener-
ated before docking with the centroid at the active site residues and outer box dimension
of 30 A x30 A x30 A.

3.3. Molecular Dynamics Simulations

Following molecular docking, 3 independent 100 ns Molecular Dynamics simula-
tions were performed for each covalent and non-covalent ligand-protein complex using
the GPU-accelerated Desmond software version 2020-4 [37]. The ligand-protein com-
plexes were solvated using the TIP3P water model [38,39]. Periodic boundary conditions
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were set, and the box’s volume was minimized after including the protein and solvent. A
respective number of ions was added to neutralize the system before simulation at a
physiological salt concentration of 150 mM sodium chloride.

All MD simulations were performed using Desmond with a time step of 2 fs in trip-
licates of 100 ns to refine the ligand binding positions. Trajectory recording was per-
formed in intervals of 10 ps, in an NPT ensemble at 300 K temperature using the Nose—
Hoover chain thermostat, and 1 bar atmospheric pressure was maintained using a
Martyna-Tobias—Klein barostat. An equilibration time of 10 ns was used to ensure that
the system was equilibrated before the production runs. A cutoff radius of 9.0 A con-
trolled short-range electrostatic interactions. Long-range Coulomb interactions were
treated using the particle mesh Ewald (PME) method. No positional restraints were used.

Desmond used an intrinsic automatic topology builder for the OPLS2005 force field
to generate parameters based on the input file (atom and bond types). There were no
distance constraints used in this study. The covalent bond parameters were taken from
the OPLS2005 force field. Desmond automatically assigns distances, angles, and dihedral
parameters from the structure files (.mae) and atomic charges. MD interaction analysis
was carried out as discussed in our previous works [15,40,41].

4. Conclusions

Deubiquitinating enzymes have not only recently received attention as drug targets
in cancer, autoimmune diseases, chronic inflammation, and neurodegeneration, but the
functionally related papain-like protease PLpro may also be a viable target against
SARS-CoV-2. First selective peptidomimetic covalent inhibitors of the OTUB2 DUB show
that this class of drug compounds could irreversibly inhibit the cysteine of the catalytic
triad. The molecular dynamics refinement of covalently bound inhibitors gives addi-
tional insight into the inhibitor-protein interactions and their persistence over time. The
simulations well reproduce structural features of the covalent ligand-protein binding.

The sequence identity of 83% and 90% similarity between the PLpro from
SARS-CoV and SARS-CoV-2 indicates a similar overall structure and accessibility of the
active site for non-covalent and covalent inhibitors. The binding of a subset of known
PLpro SARS-CoV inhibitors demonstrates that they may also be accommodated in the
SARS-CoV-2 PLpro. The binding of the SARS-CoV inhibitors to PLpro is significantly
preferred over OTUB1 and OTUB2. Based on the interactions of the protein active site
residues with the inhibitor ligand, we can identify several critical protein-ligand binding
interactions regarding SARS-CoV and SARS-CoV-2 PLpro but also human DUBs OTUBI1
and OTUB2. Despite an overall similarity on the sequence and structural level, these
differences in the vicinity of the active sites regulate the accessibility and binding of in-
hibitor molecules.

In vitro studies have recently shown that a re-purposing strategy using 3727 unique
known drugs towards SARS-CoV-2 PLpro is unlikely to yield suitable drug candidates
and highlights the importance of a counter screen in assessing the validity of hits coming
from one screen of known drugs before any conclusions regarding their therapeutic po-
tential can be drawn [14]. Targeting the SARS-CoV-2 PLpro by re-purposing of known
therapeutics does not appear promising.

The potential of the development of novel irreversible covalent inhibitors to the
catalytic cysteine or strong non-covalent blocking its accessibility has to be exploited. It
requires a joint effort of medicinal chemists and structural biologists to design suitable
compounds with reactive “‘warheads’ and pharmacologists to assay their inhibitory ef-
fects; such work is currently ongoing in our lab.
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Supplementary Materials: The  following data are available online at
www.mdpi.com/article/10.3390/biom11060802/s1, Figure S1: Dominating molecular interactions
observed during the molecular dynamics simulation of the complex Otub-2 with compound
PCM-0102153 (benzyl acetylcarbamate) (Pdb id 5QIP). The covalent ligand is represented as ball
and sticks and the interacting residues as sticks. Figure S2. Dominating molecular interaction ob-
served during the molecular dynamics simulation of the complex Otub-2 with compound
PCM-0103050 (N-[(4-bromothiophen-2-yl)-methyl]acetamide-pdb id 5QIQ. The covalent ligand is
represented as ball and sticks and the interacting residues as sticks. Figure S3. Dominating molec-
ular interaction observed during the molecular dynamics simulation of the complex Otub-2 with
compound PCM-0102305 (N-[(4-fluoro-3-methylphenyl)-methyl]acetamide-pdb id 5QIR. The co-
valent ligand is represented as ball and sticks and the interacting residues as sticks. Figure S4.
Dominating molecular interaction observed during the molecular dynamics simulation of the
complex Otub-2 with compound PCM-0102500 (N-(5-methyl-1,2-oxazol-3-yl)acetamide-pdb id
5QIS. The covalent ligand is represented as ball and sticks and the interacting residues as sticks.
Figure S5. Dominating molecular interaction observed during the molecular dynamics simulation
of the complex Otub-2 with compound PCM-0102821 N-[(E)-(3-methylphenyl) methylidene] ac-
etamide-pdb id 5QIT. The covalent ligand is represented as ball and sticks and the interacting res-
idues as sticks. Figure S6. Dominating molecular interaction observed during the molecular dy-
namics  simulation of the complex Otub-2 with compound PCM-0103011
N-{3-[3-(trifluoromethyl)phenyl]prop-2-yn-1-yljacetamide-pdb id 5QIU. The covalent ligand is
represented as ball and sticks and the interacting residues as sticks. Figure S7. Dominating molec-
ular interaction observed during the molecular dynamics simulation of the complex Otub-2 with
compound PCM-0102998  N’-acetyl-2-[(3R)-1,1-dioxo-1lambda~6~-thiolan-3-yl]  acetohydra-
zide-pdb id 5QIV. The covalent ligand is represented as ball and sticks and the interacting residues
as sticks. Figure S8. Dominating molecular interaction observed during the molecular dynamics
simulation of the complex Otub-2 with compound PCM-0102660
N-[(E)-(4-methylphenyl)methylidene] acetamide-pdb id 5QIW. The covalent ligand is represented
as ball and sticks and the interacting residues as sticks. Figure S9. Dominating molecular interac-
tion observed during the molecular dynamics simulation of the complex Otub-2 with compound
PCM-0103007 N-(3-phenylprop-2-yn-1-yl)acetamid-pdb id 5QIX. The covalent ligand is rep-
resented as ball and sticks and the interacting residues as sticks. Figure S10. Dominating molecular
interaction observed during the molecular dynamics simulation of the complex Otub-2 with com-
pound PCM-0102954  N’-acetyl-2-chlorobenzohydrazide-pdb id 5QIY. The covalent ligand is
represented as ball and sticks and the interacting residues as sticks. Figure S11. Dominating mo-
lecular interactions observed during the molecular dynamics simulation of the complex Otub-2
with compound PCM-0103080 (N-[(5-chlorothiophen-2-yl) methyl] acetamide) - pdb id 5QIZ. The
covalent ligand is represented as ball and sticks and the interacting residues as sticks. Table S1.
Covalent selective inhibitors of the OTUB2 DUB. Comparison of co-crystallized ligand with MD
refined structures. Figure S12. Molecular Dynamics studies of SARS-Cov-2 PIPro to show the
RMSD of protein and Ligand over time for Compound 1 (left) and Compound 2 (right). Figure S13.
Molecular Dynamics studies of SARS-Cov-2 PIPro to show the RMSD of protein and Ligand over
time for Compound 3 (left) and Compound 4 (right). Figure S14. Molecular Dynamics studies of
SARS-Cov-2 PLPro to show the RMSD of protein and Ligand over time for Compound 5 (left) and
Compound 6 (right). Figure S15. Molecular Dynamics studies of OTUB-1 to show the RMSD of
protein and Ligand over time for Compound 1 (left) and Compound 2 (right). Figure S16. Molec-
ular Dynamics studies of OTUB-1 to show the RMSD of protein and Ligand over time for Com-
pound 3 (left) and Compound 4 (right). Figure S17. Molecular Dynamics studies of OTUB-1 to
show the RMSD of protein and Ligand over time for Compound 5 (left) and Compound 6 (right).
Figure S18. Molecular Dynamics studies ofOTUB-2 to show the RMSD of protein and Ligand over
time for Compound 1 (left) and Compound 2 (right). Figure S19. Molecular Dynamics studies of
OTUB-2 to show the RMSD of protein and Ligand over time for Compound 3 (left) and Compound
4 (right). Figure 520. Molecular Dynamics studies of OTUB-2 to show the RMSD of protein and
Ligand over time for Compound 5 (left) and Compound 6 (right). Figure S21. Cov-2-PLpro with its
inhibitors in the X-ray structures (ligand carbon in grey) and refined with MD simulations (ligand
carbon in green). A) 6WUU with peptide inhibitor VIR250 and B) 6WX4 with peptide inhibitor
VIR251.Figure 522. Dominating non-covalent protein-ligand interactions of the peptide inhibitors
A) VIR250, B) VIR251 with the PLpro SARS-CoV-2 during MD refinement simulations. Persistence
of interactions is given in percent of simulation time.
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