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Abstract: The COVID-19 pandemic caused by the SARS-CoV-
2 has mobilized scientific attention in search of a treatment.
The cysteine-proteases, main protease (Mpro) and papain-
like protease (PLpro) are important targets for antiviral
drugs. In this work, we simulate the interactions between
the Mpro and PLpro with Ebselen, its metabolites and
derivatives with the aim of finding molecules that can
potentially inhibit these enzymes. The docking data demon-
strate that there are two main interactions between the
thiol (� SH) group of Cys (from the protease active sites) and
the electrophilic centers of the organoselenium molecules,
i. e. the interaction with the carbonyl group (O=C…SH) and
the interaction with the Se moiety (Se…SH). Both inter-

actions may lead to an adduct formation and enzyme
inhibition. Density Functional Theory (DFT) calculations with
Ebselen indicate that the energetics of the thiol nucleophilic
attack is more favorable on Se than on the carbonyl group,
which is in accordance with experimental data (Jin et al.
Nature, 2020, 582, 289–293). Therefore, organoselenium
molecules should be further explored as inhibitors of the
SARS-CoV-2 proteases. Furthermore, we suggest that some
metabolites of Ebselen (e.g. Ebselen diselenide and methyl-
ebselenoxide) and derivatives ethaselen and ebsulfur
should be tested in vitro as inhibitors of virus replication
and its proteases.
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1 Introduction

The COVID-19 (Corona Virus Disease 2019) global respira-
tory pandemic is caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). COVID-19 has al-
ready afflicted millions people, globally near 128 millions
have been infected and more than 2.8 million have died
(data from https://coronavirus.jhu.edu/map.html, last ac-
cess: 31 Mar 2021). The majority of infected people (~80%)
are asymptomatic or presents mild symptoms, similar to the
common flu.[1–3] However, severe cases, which require
hospitalization, are characterized by fever and dry cough,
which can evolve to pneumonia, severe inflammation
(cytokine storm), thrombosis, kidney failure, and central
nervous system symptoms (encephalitis, seizures) and
death.[3–7]

Of particular therapeutic significance, the cysteine-
proteases from coronavirus (MERS-CoV, SARS-CoV, and
SARS-CoV-2) have been considered potential targets for the
development of antiviral drugs.[8,9,18,19,10–17] The viral pro-
teases process the large polyprotein (pp1a and pp1ab)
forming critical nonstructural proteins (nsp) for the repli-
cation and packaging of new viruses inside the host
cells.[5,20,21] The main protease (Mpro, also called 3 C-like
protease - 3CLpro) and the papain-like protease (PLpro)
have one cysteine (Cys) residue in their active site. The
reactive cysteinyl residue in Mpro has been implicated as

the target for potential pharmacological agents, such as
Ebselen (EbSe, 2-phenyl-1,2-benzoselenazol-3-one, or PZ-
51).[9,22–24]

EbSe has been found to inhibit the SARS-CoV-2 Mpro
and PLpro in vitro with an IC50 ranging from 0.7 to 2.4 μM,
apparently via the formation of an EbSe adduct with the
active site cysteine of the enzymes.[9,22,25] Importantly, EbSe
is a safe and approved drug for use in humans, and
although it has been tested in several clinical trials (treat-
ment of brain ischemia, cardiovascular complications of
diabetes, noise-induced hearing loss), its therapeutic effi-
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cacy was deemed insufficient to justify its use in such
pathologies.[23,26–29] Currently, EbSe is used in a clinical trial
as substitute for lithium in the treatment of bipolar
disorder[29] . The mechanism via which EbSe mimics the
action of lithium seems to be mediated by the interaction
with the cysteinyl residue of IMPase, one of the enzymes
that is targeted by lithium in the treatment of bipolar
disorders.[29]

EbSe can be reduced via interaction with different
thiols.[30–34] Though not studied systematically after in vivo
administration of EbSe, the formation of adducts with the
most abundant low-molecular containing thiol molecules (i.e.,
cysteine (Cys) and glutathione (GSH)) and also the oxidation
of its reduced intermediate to Ebselen diselenide (EbSe)2) are
predictable (Figure 1).[34] Several organoselenides can act as
weak electrophiles,[35,36] and can be oxidized to more reactive
selenoxide intermediates via flavin-containing
monooxigenases.[37,38] Accordingly, EbSe and metabolites can
be oxidized to organoselenoxides,[37,38] which may serve as
more potent inhibitors of thiol-containing enzymes.[39]

Experimental and in silico studies have been carried out to
find new Mpro and PLpro inhibitors, as well as, to explain the
mechanisms of enzyme inhibition at the molecular and atomic
level.[23,40–43] Recent studies have suggested that EbSe interacts
in the active site of the Mpro and PLpro and could react with
the Cys145 and Cys111, respectively, leading to a Se–S bond
formation, inhibiting the proteases, as previously demon-
strated in vitro.[9,22] In addition, an in silico study has indicated
that EbSe can bind with high probability to a second binding
site of Mpro, located between the II and III domains (residues:
Gln107, Pro108, Ile200, Val202, His246, Phe294), besides the

catalytic site.[40] However, there are no studies on the
interaction of EbSe metabolites with SARS-CoV-2 proteases.
The metabolism of EbSe has been scantly explored, but the
available data indicate that it is methylated and glucurony-
lated to 2-methylselenobenzanilide (EbSe-Me), 4’-hydroxy-2-
methylselenobenzanilide (EbSe-Me-OH), 2-(methylseleninyl)-N-
phenylbenzamide (or methylebselenoxide, EbSeO-Me), 4’-
glucuronyloxy-2-methylselenobenzanilide (EbSe-OGlcA), and
2-glucuronylselenobenzanilide (EbSe-SeGlcA), in addition to
the formation 2,2’-diseleno-bis(benzanilide) (ebselen disele-
nide, EbSe)2) (Figure 1).

[37,44–46] In addition, many putative
metabolites and/or intermediates have been proposed, such
as Cys- and GSH-aducts (EbSe-Cys and EbSe-GSH), monoxides
(EbSeO and EbSeO-GSH), dioxides (EbSeO2), selenenic- (Eb-
SeOH) and seleninic acids (EbSeOOH).[38,47,48] Thus, to better
understand and predict the biological activity of organo-
selenium compounds, its metabolites need to be taken into
account.
Importantly, a relation between selenium and COVID-19

has been demonstrated in some studies. According to
Zhang et al., a positive linear association between Se status
and the cure rate of patients with COVID-19 was observed
in Chinese cities.[49] Moghaddam et al., showed that the
serum concentration of Se and selenoproteins was signifi-
cantly lower in patients with COVID-19 than in healthy
controls. Futhermore, the Se status in surviving patients
was significantly higher than in non-survivors.[50] This
evidence suggests that Se compounds may have a role in
prevention and therapy of COVID-19. Of particular impor-
tance, it has been suggested that metabolites of the

Figure 1. Ebselen, its metabolites, and derivatives, and design of this study.
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inorganic pool of selenium may inhibit the Mpro from
SARS-CoV-2.[25]

Here, in this study, we expand the study of EbSe
interaction with the Mpro and PLpro from SARS-CoV-2.
Besides the EbSe, its putative metabolites (Figure 1) were
considered as molecules potentially involved in the enzy-
matic inhibition. The comparison of EbSe and its putative
metabolites based on their in silico interactions with the
two proteases of SARS-CoV-2 can help to explain the
apparent higher potency of EbSe as inhibitor of Mpro than
of PLpro.[24] Here, we have also studied in silico the
interaction of ethaselen (EthSe), an analog of ebselen,
which is currently under clinical trial for the treatment of
non-small cell lung carcinoma with thioredoxin reductase
(TrxR) high expression (ClinicalTrials.gov Identifier:
NCT02166242).[51,52] Further, we have studied the interaction
of the simplest among the diaryl diselenides (diphenyl
diselenide, DPDSe) because this drug shares some chemical
and pharmacological properties with EbSe. For instance,
both can inhibit thiol-containing enzymes.[32,53] In contrast
to EbSe, DPDSe can be metabolized to inorganic selenium
and feed the inorganic selenium pool.[32] Consequently,
DPDSe could also impair SARS-CoV-2 pathology by forming
metabolites that can inhibit virus proteases and by
promoting selenoproteins biosynthesis.[25] In the past,
DPDSe was also tested in a very small clinical trial and did
not cause acute toxicity.[54]

The interaction of EbSe and its metabolites with the
active site of Mpro and PLpro, and the Zn site from PLpro
has been extensively studied by molecular docking simu-
lation (Figure 1 and Figure 2). In addition, DFT calculations
were carried out to better characterize the reaction
between EbSe and Cys residues using a simple molecular
model, i. e. methylthiol in place of the Cys.

2 Materials and Methods

2.1 Docking Simulations

AutoDock Vina was used for the docking simulations,[55]

with exhaustiveness of 50. The Mpro and PLpro crystallo-
graphic structures were obtained from the Protein Data
Bank (PDB) with the codes 6LU7 and 7JN2, respectively.
Non-essential waters, ions, ligands, and other molecules
were removed from the X-ray protein structures, while the
hydrogens were added using the CHIMERA program,
followed by 100 steps of energy minimization
(amberff99SB).[56] The Mpro gridbox was centered on the
active site (-14.04, 17.44, 66.22) with the size 25×35×25 Å
(spacing 1 Å), obtaining a redocking of 2.1 Å. For the PLpro,
the redocking (0.63 Å) was obtained with the grid box on
the coordinates 44.24, 30.68, and 1.66 (size: 24×20×20 Å).
However, few EbSe conformers interacted with the Cys111
(PLpro). In fact, the co-crystalized ligand does not interact
with the PLpro catalytic triad.[57] To improve the interactions
with the PLpro active site residues, the grid box was shifted.
Now, the PLpro docking was centered on the active site
(39.64, 30.68, 1.66; size: 20×20×20 Å), besides the Zn
binding site (82.40×26.32× � 0.62; size: 20×20×20 Å). The
tridimensional model of ebselen and its metabolites and
derivatives were created with Avogadro and MOPAC (PM6
method),[58–60] taking into account the physiological pH (7.4).
For comparison, the analog of Ebselen containing sulfur,
also known as PZ-25 (ebsulfur),[61] was also studied.
Monoxides and the seleninic acid were considered as R, S-
isomers because the Se nucleus oxidation creates a chiral
center on Se. For each molecule, the 20 best conformers (in
terms of ΔG) were analyzed in the Discovery Studio
Visualizer Dassault Systèmes). The details of interaction of
ebselen and derivatives were analyzed for the conformers
with the largest negative binding energy (ΔG) and con-
formers which displayed the best interaction of selenium
atom with the sulfur atom of Cys residues of the active site
of Mpro and PLpro. Specifically, the distance between the
Se atom to S atom was considered an indicator of potential
covalent bond formation between Ebselen and its metabo-
lites with the enzymes.
In addition, covalent docking studies were carried using

the AutoDock 4 software (Lamarckian Genetic Algorithm)
with the flexible side chain method.[62,63] The ideal chemical
geometry of modified Cys residue (Cys+EbSe adduct) was
obtained by the optimization (PM6 method) of a cluster
containing the main residues around the EbSe molecule.
The Cys+EbSe was considered as a modified residue in the
protein structures, and its side chain was treated as flexible.
The grid boxes (spacing 0.375 Å, and size: 75×75×75 Å)
were centered on the previously cited coordinates.

Figure 2. Docking simulations between Mpro active site (A), PLpro
active site (B), and PLpro Zn site (C) with EbSe. EbSe conformer with
the largest negative ΔG is shown.
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2.2 DFT Calculations

All Density Functional Theory (DFT) calculations were done
with ORCA 4.1.2.[64,65] Energy optimizations and vibrational
frequency calculations were conducted without any con-
straints using OPBE GGA functional[66] at a level of theory
here denoted as ZORA-OPBE/ZORA-def2-TZVP. Scalar rela-
tivistic effects were included using the zeroth-order regular
approximation (ZORA).[67] This level of theory was
benchmarked[68] and successfully used for structural and
energy description of organochalcogenides.[68–71] Using the
vibrational frequency calculations, all optimized geometries
were confirmed to be minima with no imaginary frequency,
or transition states (TS) (with a single imaginary frequency
corresponding to correct normal mode). The transition state
was initially located on the PES using the Nudged Elastic
Band (NEB) approach[72] as implemented in the ORCA suite.

3 Results and Discussion

For optimal presentation of the results, the docking data of
EbSe, EbSe)2, EthSe, and DPDSe are presented in the main
article, while EbSe-Me, EbSe-MeOH, EbSeO-Me-(R), EbSeO-
Me-(S), EbSe-OGlcA, EbSe-SeGlcA, EbSe-Cys, EbSe-GSH,
EbSeO-GSH� (R), EbSeO-GSH� (S), EbSeO-(R), EbSeO-(S), Eb-
SeO2, EbSeOOH-(R), EbSeOOH-(S), EbSeOH, and PZ-25 are
shown in the Supporting information.

3.1 EbSe Interactions with Mpro Active Site

The Mpro catalytic site lies between the I and II domains
and is formed by a dyad Cys145 and His41. The active
pocket is composed of Phe140, Leu141, Asn142, Gly143,
Ser144, Met165, Glu166, Gln189, and Thr190. The catalytic
dyad has two nucleophilic sites (in the imidazole of His41
and the thiol of Cys145) that can attack electrophilic sites
on drugs.[9,11,40,73,74]

The docking simulations of the Mpro active site
indicated that, energetically, EbSe-SeGlcA and EbSe)2 pos-
sess the largest negative binding energies (� 9.0 and
� 9.4 kcal.mol� 1), while the DPDSe and EbSe-Me show the
least negative ΔG values among the tested compounds
(� 6.1 and � 6.2 kcal.mol� 1) (Table 1). Generically, the ligands
showed interaction distances Se…SH ranging from 3.0 to
5.6 Å while the O=C…SH distances vary in range from 3.3 to
5.4 Å (Table S1). This suggests the possibility of a covalent
bond formation with the active site cysteine of Mpro, which
can form adducts that impair the functions of the enzyme.
The feasibility of a covalent bond formation between Ebs–
Se� S� Cys145 was further indicated by DFT calculations and
covalent docking analysis (Supporting Information). As
demonstrated for disulfiram, the chalcogen interaction with
the catalytic thiol group of Mpro is essential for potential
covalent interaction.[74] The molecules’ conformers with the

largest negative ΔG interacted with Cys145 by C=O and Se
groups, which are the two main electrophilic sites of EbSe,
its metabolites, and derivatives. EbSe, EbSeO-(S), EbSeO2,
and PZ-25 showed the shortest interaction distance (3.3 Å)
between the electrophilic carbon in the amide carbonyl
moiety (C=O) and the thiol group of Cys145, whereas the
EbSeO-(S) and EbSeO-Me-(R) had the lowest interaction
distance Se…SH (3.0 and 3.4 Å, respectively). The similar
interactions of EbSe and ebsulfur (PZ-25) could indicate
alike activities.
The ligands presented hydrophobic interactions (mainly

with His41, Met49, and Met165) and hydrogen bonds (with
Ser144 and Cys145) within the Mpro pocket, which could
increase the stabilization of the receptor-ligand complex
(Table 1 and S1). The π-stacking interaction between His41
and EbSe is in agreement with the data by Cozza.[23] In
addition, the hydrophobic interaction with Met49, His41,
and Met165 residues,[75–77] and H-bonds with Ser144[78,79]

plays an important role in the inhibitor-enzyme complex
stabilization in SARS-CoV-2 Mpro.
The conformers with the largest negative binding

energies of EbSe, EbSe)2, and EthSe showed an interaction
between the carbon atom in the amide carbonyl group and
the thiol from the Cys145 (O=C…SH). The DPDSe, which

Table 1. Binding free energy (ΔG, kcal.mol� 1) and interaction
distances between EbSe, its metabolites and derivatives with the –
SH group of cysteinyl (Cys145) from the active site of SARS-CoV-2
Main Protease (Mpro). Data from the rigid docking.

Molecule ΔG* dist. (Å) interact. ΔG** dist. (Å) interact.

EbSe � 6.5 3.3 C=O � 5.4 4.1 Se
EbSe-Me � 6.2 4.7 C=O � 5.9 3.8 Se
EbSe-Me-OH � 6.6 3.9 Se � 6.0 3.8 Se
EbSeO-Me-(R) � 6.6 4.6 C=O � 6.5 3.4 Se
EbSeO-Me-(S) � 6.8 3.8 Se � 5.8 3.8 Se
EbSe-OGlcA � 7.3 – – � 6.5 4.6 Se
EbSe-SeGlcA � 9.0 – – � 7.4 4.1 Se
EbSe)2 � 9.4 3.5 C=O � 7.7 3.9 Se
EbSe-Cys � 7.4 3.9 S � 6.9 3.8 Se
EbSe-GSH � 8.1 4.2 Se � 7.5 4.4 Se
EbSeO-GSH-(R) � 7.9 4.1 C=O � 7.2 3.8 Se
EbSeO-GSH-(S) � 8.6 3.5 C=O � 7.2 3.6 Se
EbSeO-(R) � 6.7 3.5 C=O � 5.4 3.9 Se
EbSeO-(S) � 6.7 3.3 C=O � 5.4 3.0 Se
EbSeO2 � 7.1 3.3 C=O � 5.0 4.2 Se
EbSeOOH-(R) � 6.6 4.6 Se � 5.8 3.6 Se
EbSeOOH-(S) � 6.7 4.2 C=O � 6.6 4.0 Se
EbSeOH � 6.5 4.6 Se � 5.7 3.7 Se
EthSe � 7.0 3.6 C=O � 6.7 4.6 Se
PZ-25 � 6.5 3.3 C=O � 5.2 3.5 S
DPDSe � 6.1 4.4 Se � 5.0 4.3 Se

* Lowest binding energy (kcal.mol� 1); ** Conformers with an
adequate interaction with Cys (kcal.mol� 1); Binding energies and
distances (from Cys) were analyzed. The colors (heatmap) indicate
how favorable the ligand-enzyme interaction is. Green, yellow, and
red colors indicate a favorable, intermediate, and less favorable
interaction, respectively.
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does not have the C=O moiety, shows a Se…SH interaction
with Cys145 (Figure 3A–D). The analysis of the conformers
with the suitable Cys145 interaction indicates that the Se
moiety from EbSe, EbSe)2, EthSe, and DPDSe could be a
target for the nucleophilic attack from S of Cys145 residue
(3.9–4.6 Å) (Figure 3E–H).
To better understand the interactions between the

ligands and the Mpro active site, the side chains of the
catalytic dyad (Cys145 and His41) were allowed to rotate,
i. e., they were left flexible. The conformers of EbSe and
EthSe with the largest negative binding energy show O=C…

SH and Se…SH interactions with Cys145, while EbSe)2
present only the O=C…SH interaction (Figure 4A–D). The
conformers of EbSe, EbSe)2, EthSe and DPDSe with a
suitable interaction with the Cys145 show a Se…SH
interaction distance in the range of 3.7 to 3.9 Å, indicating
possible nucleophilic attack from the thiol to selenium. In
addition, EbSe, EbSe)2, and EthSe present O=C…SH inter-
actions. However, the distances of the electrophilic C=O
(ranging from 4.0 to 5.5 Å) are longer than those associated
with the Se…SH interaction (Figure 4E–H).

Figure 3. Protein-rigid docking between Mpro and organoselenium compounds. EbSe (A, E), EbSe)2 (B, F), EthSe (C, G), and DPDSe (D, H) are
shown using the ball and stick representation (carbon atoms in cyan color), while the main amino acid residues involved in the interaction
are shown using the stick representation. A–D are the cases with the largest negative ΔG, whereas the E–H are the conformers with the best
interaction between the S atom of Cys and the Se atom of the tested compounds. The distances (Å) of the O=C···S and Se···S interactions are
shown in black and red colors, respectively. The binding free energy, ΔG (kcal.mol� 1), is shown in blue color and the conformer number is
given in parenthesis. H-bonds, hydrophobic, O=C···S, and Se···S interactions are represented using green, purple, grey and red dashed lines,
respectively.

Figure 4. Flexible docking between Mpro and organoselenium compounds. EbSe (A, E), EbSe)2 (B, F), EthSe (C, G), and DPDSe (D, H) are
shown using the ball and stick representation (carbon atoms in cyan color), while the flexible residues Cys145 and His41 are shown using
the stick representation. A–D are the cases with the largest negative ΔG, whereas the E–H are the conformers with the best interaction
between the S atom of Cys and the Se atom of the tested compounds. The distances (Å) of the O=C···S and Se···S interactions are shown in
black and red colors, respectively. Binding free energy, ΔG (kcal.mol� 1), is shown in blue color and the conformer number is given in
parenthesis. H-bonds, hydrophobic, O=C···S, and Se···S interactions are represented using green, purple, grey and red dashed lines,
respectively.
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Comparison among the conformers of EbSe, EbSe)2,
EthSe, and DPDSe with the largest negative binding free
energy (ΔG), both in the rigid and flexible docking,
indicated that the rigid docking (Figure 3) affords more
thermodynamically favorable values than the flexible dock-
ing with Mpro (Figure 4), and presents a larger number of
interactions with the amino acid residues of the catalytic
pocket, mainly Ser144, Gln189, and Gly143. EbSe, EbSe)2,
EthSe and DPDSe show closer interactions between electro-
philic (Se and C=O, from ligands) and nucleophilic (HS-
Cys145, from Mpro) sites.

3.2 EbSe Interactions with PLpro Active Site

The active site of PLpro from SARS-CoV-2 possesses a
catalytic triad, composed of Cys111, His272, and Asp286
residues, where the Cys111 acts as the critical nucleophile
in the cleavage of the peptide bond from the pp1a and
pp1ab. His272 and Asp286 act as an acid-base pair helping
to promote the Cys111 deprotonation.[80–82] The docking
simulations were focused on this region (Figures 5 and 6,
Tables 2 and S2). EbSe-GSH and EbSe)2 showed the largest
negative binding energies (� 7.5 and � 7.6 kcal.mol� 1), while
EbSeO-(R), DPDSe, and PZ-25 showed the least negative ΔG
values of tested compounds (� 4.9 and � 4.7 kcal.mol� 1). In

Figure 5. Protein-rigid docking between PLpro and organoselenium compounds. EbSe (A, E), EbSe)2 (B, F), EthSe (C, G), and DPDSe (D, H) are
shown using the ball and stick representation (carbon atoms in cyan color), while the main amino acid residues involved in the interactions
are shown using the stick representation. A–D are the cases with the largest negative ΔG, whereas the E–H are the conformers with the best
interaction between the S atom of Cys and the Se atom of the tested compounds. The distances (Å) of the O=C···S and Se···S interactions are
shown in black and red colors, respectively. Binding free energy, ΔG (kcal.mol� 1), is shown in blue color and the conformer number is given
in parenthesis. H-bonds, hydrophobic, O=C···S, and Se···S interactions are represented using green, purple, grey and red dashed lines,
respectively.

Figure 6. Flexible docking between PLpro and organoselenium compounds. EbSe (A, E), EbSe)2 (B, F), EthSe (C, G), and DPDSe (D, H) are
shown using the ball and stick representation (carbon atoms in cyan color), while the flexible residues Cys111, His272, and Asp286 are
shown using the stick representation. A–D are the cases with the largest negative ΔG, whereas the E–H are the conformers with the best
interaction between the S atom of Cys and the Se atom of the tested compounds. The distances (Å) of the O=C···S and Se···S interactions are
shown in black and red colors, respectively. Binding free energy, ΔG (kcal.mol� 1), is shown in blue color and the conformer number is given
in parenthesis. H-bonds, hydrophobic, O=C···S, and Se···S interactions are represented using green, purple, grey and red dashed lines,
respectively.
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general, the conformers with the largest negative ΔG
interact with the catalytic Cys111 via the electrophilic
carbon atom of the C=O group in the amide bond, whereas
some conformers with less negative ΔG present an
adequate interaction with Se (Table 2).
The conformers of EbSe, EbSe)2, and EthSe with the

largest negative binding energy showed interaction be-
tween the amide carbonyl and the thiol groups (O=C…SH)
from the organoselenium molecule and Cys111. However,
the DPDSe does not interact with the SH group of Cys111
(Figure 5A–D). On the other hand, the conformers with the
best Se…SH-Cys111 interaction demonstrated that the EbSe,
EthSe, and DPDSe interact with the Cys by Se…SH
interaction (4.5–5.1 Å), while EbSe)2 is the only form that
interacts with the electrophilic C of the amide carbonyl
group (O=C) (Figure 5E–H). In addition, we observed hydro-
phobic interactions between Trp106, Leu162, and His272 of
PLpro with the ligands. These residues can play an
important role in stabilizing the PLpro-ligand complexes, as
previously reported.[81,83,84]

In addition, the rigid docking (considering the cases
with the largest negative ΔG and with a suitably good
distance from the � SH of Cys111) with the other EbSe

metabolites and derivatives demonstrates that the con-
formers of EbSe-SeGlcA, EbSeO-(S), and EbSe-OH interact
predominantly with the carbonyl moiety of the amide bond
of the N-phenylbenzamide group, while EbSe-GSH, EbSe-
GSH-(R), and EbSe-GSH-(S) interact with the carbonyl of the
peptide bond of the GSH moiety (Table S2). EbSeO-(R) and
EbSeO2 showed a Se

…SH interactions, whereas EbSe-Me,
EbSe-Me-OH, EbSeO-Me-(R), EbSeO-Me-(S), EbSe-Cys, Eb-
SeOOH-(R), and EbSeOOH-(S) interacted with the active site
of PLpro both via Se…SH and O=C…SH interactions. The
glucuronic acid metabolite EbSe-OGlcA interacted with the
SH moiety of Cys111 and the α-carbon of the sugar. The
sulfur derivative of EbSe, the PZ-25, showed interactions
similar to EbSe, interacting with the –SH by S and C=O
groups (Table S2).
The flexible docking of PLpro, which takes into account

the flexibility of the side chains of the catalytic triad
(Cys111, His272, and Asp286), was also carried out to better
understand the interaction of the ligands with the active
site of PLpro. The conformers with the largest negative
binding energy of EbSe and EbSe)2 demonstrated a O=C…

SH interaction with the Cys111, while the EthSe and DPDSe
presented Se…SH interactions (Figure 6A–D). The conform-
ers of EbSe, EbSe)2, EthSe and DPDSe molecules, with an
adequate interaction with the Cys111 (i. e., the shortest
distance), showed a Se…SH interaction at a distance of
~3.9 Å, indicating a possible nucleophilic attack from the
thiol to selenium. EbSe)2 and EthSe also presented a O=C…

SH interaction; however, the distance (~4.6 Å) was higher
than that associated to the Se…SH interaction (Figure 6E–H).
With exception of EbSe)2, the binding free energy (ΔG) of
EbSe, EthSe, and DPDSe was negatively larger (thermody-
namically more favorable) in the PLpro flexible docking
than the rigid docking. In contrast to the findings with
Mpro, in the docking with flexible PLpro catalytic triad, the
formation of the complexes of the ligands with the enzyme
is more energetically favorable compared to the rigid
docking. Notably, the interaction distances for both Mpro
and PLpro in the flexible docking indicate stronger
interactions between the ligands and the enzymes than in
the rigid docking (Table S4).

3.3 EbSe Interactions with PLpro Zn Site

The Zn site of PLpro presents a Zn(II) ion bound to four Cys
residues (namely: Cys189, Cys192, Cys224, and Cys226),
which is similar to other cysteine-rich motifs found in many
proteins, such as zinc finger proteins,[85,86] butyrobetaine
hydroxylase,[87,88] metallothionein,[89,90] and 5-aminolevulinic
acid dehydratase (δ-AlaD).[91,92] This motif plays an important
structural and catalytic role in many proteins, indicating a
potential molecular target for therapeutic intervention.
Consequently, the disruption of protein function via
organochalcogen mediated oxidation of cysteinyl residues

Table 2. Binding free energy (ΔG, kcal.mol� 1) and interaction
distance between EbSe metabolites and derivatives and the –SH
group of cysteinyl (Cys111) from the active site of SARS-CoV-2
Papain-Like Protease (PLpro). Data from the rigid docking.

Molecule ΔG* dist. (Å) interact. ΔG** dist. (Å) interact.

EbSe � 6.1 5.2 C=O � 4.3 4.5 Se
EbSe-Me � 5.2 4.0 C=O � 4.7 4.3 Se
EbSe-Me-OH � 5.2 3.9 C=O � 5.1 4.3 Se
EbSeO-Me-(R) � 4.9 4.0 C=O � 4.7 4.9 Se
EbSeO-Me-(S) � 5.3 3.9 C=O � 4.6 5.6 Se
EbSe-OGlcA � 6.3 – – � 5.8 – –
EbSe-SeGlcA � 6.1 – – � 5.7 3.9 C=O
EbSe)2 � 7.6 3.8 C=O � 7.0 3.9 C=O
EbSe-Cys � 5.9 3.8 C=O � 5.1 5.0 Se
EbSe-GSH � 7.5 3.9 C=O’ � 7.0 3.9 C=O’
EbSeO-GSH-(R) � 7.0 3.9 C=O’ � 6.8 3.9 C=O’
EbSeO-GSH-(S) � 5.9 – – � 5.7 4.1 C=O’
EbSeO-(R) � 4.9 – – � 4.5 5.1 Se
EbSeO-(S) � 5.0 – – � 4.2 5.4 C=O
EbSeO2 � 5.4 – – � 4.9 5.0 Se
EbSeOOH-(R) � 5.1 – – � 4.3 5.0 Se
EbSeOOH-(S) � 5.4 3.9 C=O � 4.7 5.0 Se
EbSeOH � 5.1 3.9 C=O � 4.4 5.0 C=O
EthSe � 6.2 4.1 C=O � 5.4 5.1 Se
PZ-25 � 4.7 5.0 C=O � 4.4 4.9 S
DPDSe � 4.9 – – � 4.8 5.1 Se

* Largest negative binding energy (kcal.mol� 1); ** Conformers with
an adequate interaction with Cys(kcal.mol� 1); ’ indicates the C=O
group from peptide moieties of GSH. Binding energies and
distances (from Cys) were analyzed. The colors (heatmap) indicate
how favorable the ligand-enzyme interaction is. Green, yellow, and
red colors indicate a favorable, intermediate, and less favorable
interaction, respectively.
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in the Zn-binding site of PLpro deserves to be investigated
in greater detail.
Based on the free binding energies, EbSe-OGlcA

(� 6,0 kcal.mol� 1), EbSe)2 (� 5,7 kcal.mol
� 1), and EbSeO2 pre-

sented the most favorable values (� 5,7 kcal.mol� 1), while
EbSeO-GSH-(R) and EbSe-OH showed the highest
(� 5,0 kcal.mol� 1 for both). Generally, the conformers with
the largest negative ΔG interacted with the thiolate (� S� ) of
Cys224, via the electrophilic carbon (C=O) of the amide
bond and/or the Se center of EbSe or its metabolites.
However, other conformations, with less favorable interac-
tion energies, presented adequate interactions with –S�

from Cys192 and the Se moiety (Table 3 and S3). EbSe, its

metabolites and derivatives showed Se…SH interactions at a
distance ranging from 3.8 to 4.7 Å, while the O=C…SH
interactions fell in the range from 3.8 to 5.4 Å. Thus, the
possibility of forming a covalent bond between the cysteine
and the ligands may contribute to a possible inhibition of
the enzyme via disruption of the Zn site in PLpro (Table S3).
The docking simulations demonstrated that the con-

formers with the largest negative ΔG of EbSe, EthSe, and
DPDSe could interact with the thiolate group of Cys224

residue via Se (3.9 to 4.1 Å), while EbSe)2 does not interact
with the Cys residues (Figure 7A–D). Furthermore, these
molecules can also interact with the Cys192 residue, as the
docking demonstrated that EbSe, EbSe)2, EthSe, and DPDSe
can interact with PLpro thiolate group in the Zn-site (3.8 to
4.7 Å) (Figure 7E–H).
These observations indicate that the Zn site from PLpro

may also be a target for potential drugs. Indeed, the Cys
residues could attack the organoselenium molecules either
at Se or at the electrophilic carbon in the C=O group. In
fact, the organoselenium molecules are able to interact
with cysteine-rich motifs and inhibit proteins, as observed
for metallothionein,[93] butyrobetaine hydroxylase,[87] δ-
AlaD,[94,95] and zinc finger proteins.[96] Alternatively, a recent
study by Sargsyanet al.,[22] demonstrated that the clinically
safe drugs, EbSe and disulfiram, could covalently bind to
the cysteinyl residues in the Zn site of PLpro of SARS-CoV-2,
and caused the ejection of the zinc ion due to a covalent
adduct formation with cysteinyl residues.

3.4 DFT Calculations: Cys Attack to EbSe

Accurate energetics calculations were carried out on a model
molecular system formed by EbSe and methylthiol, aiming at
verifying the possibilities of attack at selenium and at carbonyl,
respectively (Table 4). The former is energetically favored

(ΔE= � 13.40 kcal.mol� 1), while the latter is not (ΔE=

+13.11 kcal.mol� 1). This immediately suggests the peculiar
role of selenium, the presence of which allows not only a
mere interaction, but a reaction can effectively take place with
the formation of a S� Se bond. From our docking results it is
also clear that EbSe has a suitable molecular geometry to
approach the target cysteine and promote this reaction. The
activation energy, computed with respect to the free
reactants, is 41.03 kcal.mol� 1. A single synchronous step has
been postulated and located on the potential energy surface
(PES). This is consistent with the mechanistic analysis reported
by Bayse,[48] although a significantly lower activation energy
has been reported due to the presence of explicit water
molecules mediating the proton transfer from sulfur to
nitrogen. The optimized geometries of the reactants, transition
state and product are shown in Figure 8. These DFT results
corroborate other literature data.[96–100]

Table 3. Binding free energy (ΔG, kcal.mol� 1) and interaction
distance between EbSe, its metabolites and derivatives with the –S�

group of Cys residues from the Zn site of SARS-CoV-2 Papain-Like
Protease (PLpro). Data from the rigid docking.

Molecule ΔG* dist. (Å) interact. ΔG** dist. (Å) interact.

EbSe � 5.3 3.9 Sea � 4.1 3.8 Seb

EbSe-Me � 5.4 4.6 C=Oa � 4.7 4.1 Seb

EbSe-Me-OH � 5.6 4.6 C=Oa � 4.8 4.1 Seb

EbSeO-Me-(R) � 5.3 3.8 C=Oa � 4.6 4.0 Seb

EbSeO-Me-(S) � 5.2 4.3 C=Oa � 4.7 4.1 Seb

EbSe-OGlcA � 6.0 – – � 5.2 4.2 Seb

EbSe-SeGlcA � 5.4 3.8 C=Oa � 4.8 4.0 Seb

EbSe)2 � 5.7 – – � 5.0 4.2 Seb

EbSe-Cys � 5.5 5.4 C=Oa � 4.9 4.3 Seb

EbSe-GSH � 5.4 4.2 C=Oa � 4.7 4.7 Seb

EbSeO-GSH-(R) � 5.0 4.3 C=Ob � 4.7 4.7 Seb

EbSeO-GSH-(S) � 5.5 4.6 C=O’a � 5.1 4.1 Seb

EbSeO-(R) � 5.6 3.8 Sea � 4.9 4.0 Sea

EbSeO-(S) � 5.3 4.1 Sea � 4.2 4.0 Seb

EbSeO2 � 5.7 4.1 Sea � 4.6 4.5 Seb

EbSeOOH-(R) � 5.2 4.4 C=Oa � 4.9 4.3 Seb

EbSeOOH-(S) � 5.3 4.3 C=Oa � 5.0 4.3 Seb

EbSeOH � 5.0 3.8 C=Oa � 4.8 4.0 Seb

EthSe � 5.4 4.2 Sea � 5.0 4.7 Seb

PZ-25 � 5.3 3.9 Sa � 4.2 4.0 Sb

DPDSe � 5.6 4.1 Sea � 5.1 4.1 Seb

* Largest negative binding energy (kcal.mol� 1); ** Conformers with
an adequate interaction with Cys (kcal.mol� 1); ’ indicates the C=O
group from peptide moieties of GSH. Binding energies and
distances (from Cys) were analyzed. The colors (heatmap) indicate
how favorable the ligand-enzyme interaction is. Green, yellow, and
red colors indicate a favorable, intermediate, and less favorable
interaction, respectively. a –S� from Cys224; b –S� from Cys192.

Table 4. Energies (kcal.mol� 1) relative to the reactants of the
nucleophilic attack at Se atom. Level of theory ZORA-OPBE/ZORA-
def2-TZVP.

Se C=O

Reactants 0.00 0.00
Transition State (TS) 41.03 –
Product � 13.40 13.11
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EbSe adduct with the Cys residues from the active site
of Mpro and PLpro could be adequately accommodated in
the enzymes’ pocket, as demonstrated by the covalent
docking[62,63] (Figure S1), interrupting the binding and
hydrolysis of the natural substrates (pp1a and pp1ab
polyproteins), and inhibiting the viral proteases.

4 Conclusions

Our investigation on the interactions of EbSe, its metabo-
lites and derivatives with the SARS-CoV-2 Mpro and PLpro
reactive sites sheds novel insight into the possible enzyme‘s
mechanism of inhibition. Docking simulations demon-
strated that organoselenium compounds can effectively
interact with the active site of Mpro and PLpro with suitable
conformations which could lead to covalent adduct
formation. The EbSe metabolite EbSe)2 seems to be a
promising inhibitor of both Mpro and PLpro, due its
negatively large ΔG values and Cys interactions. EthSe
showed protein interactions similar to EbSe, suggesting
that this molecule also could be a potential Mpro/PLpro
inhibitor. However, in vitro studies are necessary to confirm
these hypotheses. Furthermore, we highlight that the
metabolites of the main ligands should also be considered
in the docking simulations, because they can lead to a
better understanding of the drug mechanism of action. The
structural data obtained with metabolites can be used for
the design of new drugs.
In our results, the interaction of EbSe, its metabolites,

and derivatives indicated more favorable binding energies
with the active site of Mpro than with the sites of PLpro. In
agreement, Zmudzinski et. al., reported that EbSe and its
derivatives in vitro inhibited SARS-CoV-2 Mpro more effi-

Figure 7. Protein-rigid docking between PLpro (Zn site) and organoselenium compounds. EbSe (A, E), EbSe)2 (B, F), EthSe (C, G), and DPDSe
(D, H) are shown using the ball and stick representation (carbon atoms in cyan color), while the main amino acid residues are shown using
the stick representation. A–D are the cases with the largest negative ΔG, whereas the E–H are the conformers with the best interaction
between the S atom of Cys and the Se atom of the tested compounds. The distances (Å) of the O=C···S and Se···S interactions are shown in
black and red colors, respectively. Binding free energy, ΔG (kcal.mol� 1), is shown in blue color and the conformer number is given in
parenthesis. H-bonds, hydrophobic, O=C···S, and Se···S interactions are represented using green, purple, grey and red dashed lines,
respectively.

Figure 8. Concerted mechanism of SARS-CoV-2 MPro/PLpro Cys
nucleophilic attack at selenium on Ebselen. Level of theory ZORA-
OPBE/ZORA-def2-TZVP.
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ciently than PLpro.[41] All the tested molecules were able to
interact with the catalytic Cys residue from Mpro and PLpro,
by C=O and/or Se groups. Thus, they can potentially
undergo nucleophilic attacks from Cys(111 or 145), and
consequently, inhibit Mpro and PLpro by different mecha-
nisms.
We have investigated the energetics for preferred

nucleophilic attack of Cys-SH of SARS-CoV-2 Mpro/PLpro
models on Ebselen using DFT calculations. Our findings
suggest that the inhibition of SARS-CoV-2 possibly occurs
via the nucleophilic attack of cysteinyl residues from
protease to the Se atom rather than to C=O of EbSe.
As demonstrated by Ma et al.,[24] under reducing con-

ditions (in presence of 1,4-dithiothreitol (DTT)), EbSe was
not able to effectively inhibit SARS-CoV-2 Mpro. In addition,
its well known that in the plasma EbSe is bonded to the
reduced Cys of albumin and/or low-molecular-weight thiol
molecules (i. e., Cys and GSH).[32,101–103] In this respect, in the
presence of thiol molecules (R-SH), the Se� N bond of EbSe
is cleavage and the Se� S bond is formed giving the EbSe-
SR molecule, which is the main form of EbSe in the cell, and
probably have less antiviral activity. Docking simulations
between the EbSe thiol-metabolites, i. e. EbSe-Cys and
EbSe-GSH, and the SARS-CoV-2 proteases demonstrated
that the Cys interactions also could occur. The Se…S
interactions indicate that a ligand exchange reaction, a well
known reaction,[104,105] can occur leading to the Se� S bond
formation with the viral proteases. However, the low
inhibitory activity of EbSe thiol-metabolites might be due to
the energetic profile of the Cys attack on the Se� S bond of
the metabolite, which could be less favorable than the
attack on the Se� N bond of EbSe. Nevertheless, further
investigation is prompted to discuss this hypothesis, which
is important to understand the true antiviral potential of
EbSe and other organoselenium compounds.
In this sense, the data obtained herein confirm and

extend the view that organoselenium molecules are an
important class of compounds that should be further
studied for their efficacy in inhibiting SARS-CoV-2 proteases.
Furthermore, we suggest that ethaselen, ebselen diselenide,
ebsulfur, and methylebselenoxide (which can be obtained
from synthetic methodologies already described in the
literature[106–112]) should be tested in vitro as inhibitors of
virus replication and its proteases.
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