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Abstract: Papain-like proteases (PLpro) of coronaviruses (CoVs) support viral reproduction and
suppress the immune response of the host, which makes CoV PLpro perspective pharmaceutical
targets. Their inhibition could both prevent viral replication and boost the immune system of the host,
leading to the speedy recovery of the patient. Coronavirus disease 2019 (COVID-19) caused by severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the third CoV outbreak in the last 20 years.
Frequent mutations of the viral genome likely lead to the emergence of more CoVs. Inhibitors for
CoV PLpro can be broad-spectrum and can diminish present and prevent future CoV outbreaks as
PLpro from different CoVs have conservative structures. Several inhibitors have been developed
to withstand SARS-CoV and Middle East respiratory syndrome CoV (MERS-CoV). This review
summarizes the structural features of CoV PLpro, the inhibitors that have been identified over the last
20 years, and the compounds that have the potential to become novel effective therapeutics against
CoVs in the near future.
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1. Introduction

Coronaviruses (CoVs) have been responsible for three viral pandemics in the last 20 years.
For SARS (severe acute respiratory syndrome), 8096 cases (mortality = 9.6%) were registered in
2002-2003 according to the World Health Organization (WHO). MERS (Middle East respiratory
syndrome) was identified in 27 countries and resulted in 2494 confirmed cases (mortality = 34.4%)
since 2012. As of August 2020, 18,575,326 cases (mortality = 3.8%) of CoV 2019 (COVID-19) caused by
SARS-CoV-2 were registered in 216 regions (WHO; URL: https://www.who.int/). The percent death
rates for the first two CoV outbreaks were higher; however, previous CoVs caused less severe impacts
on the world as they resulted in fewer cases of disease [1]. Unlike MERS-CoV, the viruses SARS-CoV-2
and SARS-CoV are easily transmitted between humans [2], and, in contrast to patients with SARS-CoV,
individuals with COVID-19 are contagious before they show the first symptoms of viral infection [3].
These differences are explained by the distinct cellular receptors to bind [4] and by various structural
features of S-proteins [5]. These factors have contributed to the rapid spread of COVID-19. There is no
approved treatment for CoV-related diseases although a variety of compounds are currently being
investigated to suppress CoV disease in clinical trials (COVID-19 Vaccine & Therapeutics Tracker; URL:
https://biorender.com/covid-vaccine-tracker).
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One approach to suppress a disease is to inhibit the proteases promoting it. Papain-like cysteine
proteases (PLCPs) comprise the peptidase family C1 of clan CA. They have structures similar to papain
from Carica papaya and possess cysteine, histidine, and asparagine in the catalytic center [6]. They have
been found in most living organisms and conduct multiple functions, such as matrix turnover and
antigen presentation in animals [7] and senescence and regulated cell death in plants [8,9]. This made
them perspective targets for inhibition and induced intensive study of PLCPs over the last years.
Multiple inhibitors have been developed for human cysteine cathepsins, which play a crucial role in
tumor progression [10-12], and for pathogen PLCPs, such as cruzipain from Trypanosoma cruzi and
falcipain from Plasmodium falciparum [13,14].

PLCPs have also been found in hepatitis E, enterovirus G, and CoVs, where they mainly digest
viral polyproteins and interfere with the host immune response [15,16]. Despite the heightened interest
in viral papain-like proteases (PLpro) and multiple designed inhibitors for CoVs [17], there is still no
approved drug. Apparently, as for other antivirals, the main two challenges in the development of
CoV inhibitors are drug delivery into the human cells and the frequent mutations of viral genomes,
which impede the development of a broad-spectrum inhibitor [18]. In this review, we attempted to
highlight both the previous successes and the gaps in the development of the inhibitors against CoV
PLpro and to ascertain future challenges on the way to a safe and effective therapeutic.

2. Coronaviruses

SARS-CoV, MERS-CoV, SARS-CoV-2, and other human CoVs (HCoVs), such as HCoV-229E,
HCoV-NL63, HCoV-OC43, and HCoV-HKU], relate to the family Coronaviridae (suborder Cornidovirineae,
order Nidovirales, realm Riboviria), which comprises 39 species in five genera [19] that were first identified
60 years ago [20]. They spread mainly via respiratory and fecal-oral routes among mammals and
birds, causing mainly respiratory, enteric, hepatic, and neurological diseases. CoVs are readily
transmitted across species as their ribonucleic acid (RNA) tends to undergo frequent recombinations
and mutations [21].

CoVs comprise a positive-sense single-stranded RNA which is the largest RNA genome
(26-32 kilobases) among all the identified viruses that encode 15 or 16 proteins of the replication-
transcription complex (RTC), four or five structural proteins, and one to eight group-specific
or accessory proteins [22]. CoV genome is enveloped in the membrane, which contains the
transmembrane (M) glycoprotein, the “crown”-like spike (S) glycoprotein, and the envelope (E)
protein [23]. CoV infection is initiated by the binding of S proteins on the surface of the virion with the
cellular receptors aminopeptidase N (APN) for HCoV-229E; angiotensin-converting enzyme 2 (ACE2)
for SARS-CoV-2, SARS-CoV, and HCoV-NL63; and dipeptidyl peptidase 4 (DPP4) for MERS-CoV [4,24].
This causes the deposition of the nucleocapsid into the cytoplasm where the viral genome is translated.
The positive-sense genome serves as the first messenger RNA (mRNA) of infection, which is translated
into the enormous replicase polyprotein. Then, the RTC synthesizes the progeny genomes and a set
of subgenomic mRNAs. The latter are translated into structural proteins and accessory proteins [25].
Invasion, replication, and host immune response suppression by CoV require numerous viral and
host enzymes.

Moreover, 16 nonstructural proteins (nsps 1-16) are encoded in the CoV genome [25], which
include several enzymes, such as papain-like protease (PLpro), 3-chymotrypsin-like protease (3CLpro),
helicase, RNA-dependent RNA polymerase (RdRp), and primase [26] (Table 1). The viral RNA is
translated into polyproteins, which are then cleaved into effector proteins by the viral proteases
3CLpro and PLpro [27]. PLpro also possess deubiquitinase activity and it was shown that they may
deubiquinate interferon (IFN) regulatory factor 3 (IRF3) and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) of the host cell, resulting in immune suppression [28]. The proteases release
the enzymes that are important for the viral RNA replication: helicase, RdRp, and NTPase. These
are integrated into a membrane-associated viral enzymatic RTC, which plays the primary role in the
replicative cycle of RNA viruses [29]. The RTC produces the negative-strand RNA and subgenomic
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mRNAs [30]. The replication is of relatively low accuracy, which is believed to be the major factor in
the evolution, adaptation, and epidemiology of RNA viruses [31].

Table 1. CoV and host enzymes supporting the viral life cycle.

Enzyme Function

Viral enzymes

In complex with a 40S ribosome induces
Nspl endonucleolytic cleavage near the 5" untranslated

. 1 region (UTR) of the host mRNA
Endoribonucleases

Possesses endoribonuclease (RNase) activity and
Nsp15 enables the evasion of viral dsSRNA from the host
dsRNA sensors

Process the viral polyproteins, deubiquitinate IRF3
Nsp3 (up to two PLpro) and NF-«B, delSGylate IFN-stimulated gene 15
product (ISG15)

Proteases Processes the viral polyproteins, signal transducer

Nsp5 (3CLpro) and activator of transcription 2 (STAT2), and NF-«B
essential modulator (NEMO)

In complex with nsp7 synthesizes short RNA primers

Primase Nsp8 de novo

In complex with nsp7 and nsp8 synthesizes RNA and
RNA-dependent RNA Nsp12 enables replication and transcription of the viral
genome

polymerase

Unwinds both double-stranded deoxyribonucleic
acid (dsDNA) and dsRNA in a 5’-to-3’ direction and
hydrolyzes deoxyribonucleotide triphosphates
(dNTPs) and NTPs

Helicase Nsp13

In complex with nsp10 possesses exoribonuclease
Nsp14 and (guanine-N7)-methyltransferase (MTase)
activities and methylates the RNA cap

Exoribonuclease,
guanine-N7-methyltransferase

. Py .
Nspl16 In complex with nsp10 possesses 2’-O-MTase activity

,- )
%-O-methyltransferase and methylates the RNA cap

Host enzymes

Together with factors involved in translation are
Ribosomes recruited to translate viral genomic and subgenomic
RNAs

Serine (TMPRSS2, TMPRSS4,
TMPRSS11a, TMPRSS13, HAT, trypsin,
Proteases DESCI, elastase, factor Xa, plasmin, ~ Cleave the S protein to promote the invasion of CoVs
furin)

Cysteine (cathepsins B, L, and S)

! Anti-CoV inhibitors have been developed for the underlined enzymes.

CoVs also recruit host cell enzymes. As the viral genome does not encode a translational apparatus,
CoVs need the host one to produce their proteins [32]. Apart from this, endosomal human proteases
promote the invasion of the virus. Successful viral infection requires the S protein to be activated by
proteolysis before or after the binding to the cellular receptor. This induces the fusion of the viral and
cellular membranes. The host proteases involved in this process are the cathepsins B and L, type II
transmembrane serine proteases (TMPRSS), the human airway trypsin-like protease (HAT), trypsin,
and cathepsins B, L, and S, etc. [33]. In summary, the enzymes regulate the main stages of the CoV life
cycle, including invasion, translation, polyprotein digestion, replication, and transcription. Therefore,
the enzymes of CoVs are prime targets for the development of inhibitors (Table 1).

3. CoV Enzyme Inhibitors and Their Feasibility for Therapeutics

Inhibitors have been developed for every enzyme encoded by the CoV genome, except for one of
the viral-encoded endoribonucleases (nonstructural protein 1, nsp1) and primase. Multiple inhibitors
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prevent the first stage of CoV infection—the invasion of the virus. This group of inhibitors usually targets
either cathepsin L or TMPRSS2. Tetrahydroquinoline oxocarbazate (CID 23631927) is a subnanomolar,
slow-binding, reversible inhibitor of human cathepsin L, which blocks SARS-CoV and Ebola virus entry
into human cells [34]. SSAAQ9E1 inhibits cathepsin L and, as a result, blocks SARS-CoV entry [35].
High-throughput screening (HTS) based on peptides, derived from the structures of glycoproteins
of SARS-CoV, Ebola, Hendra, and Nipah viruses, was used to discover a small molecule, 5705213,
and its derivative 7402683, which inhibit the cathepsin L cleavage of SARS-CoV spike glycoprotein
in an in vitro assay [36]. HTS of Food and Drug Administration (FDA)-approved drugs was used to
identify that teicoplanin, a glycopeptide antibiotic, and its derivatives, such as dalbavancin, oritavancin,
and telavancin, which potently prevent the entry of Ebolavirus, MERS-CoV, and SARS-CoV into the
cytoplasm via the inhibition of cathepsin L. Notably, teicoplanin has routinely been used in clinical
applications with low toxicity [37]. A commercial serine protease inhibitor (camostat) partly blocks the
infection by SARS-CoV in HeLa cells. The full blockage was achieved by simultaneous treatment of
the cells with camostat and EST, a cathepsin inhibitor [38]. Together with the inhibitors for cathepsin
L, such as K11777 and vinyl sulfones, camostat blocks the invasion of SARS-CoV, MERS-CoV, and
HCoV-NL63 [39]. K11777 is a safe and effective cysteine protease inhibitor, which was identified as a
therapeutic agent for parasitic diseases, such as Chagas disease. Subnanomolar amounts of K11777
prevent SARS-CoV and Ebola virus entry [39]. At the moment, the impact of Camostat Mesylate on
COVID-19 infection is being investigated in phase II clinical trials.

The invasion of CoV causes the entrance of the viral genome into the host cell. The viral
RNA encodes the enzymes of the RTC. Their inhibition can prevent viral replication and, as a
result, the assembly of the novel virions. Various nucleotide derivatives, including remdesivir,
sofosbuvir, ribavirin, and favipiravir/favilavir, have been suggested for use as inhibitors of the viral
RdRp [40-42]. Remdesivir is a prospective drug for CoV treatment but others have shown either
controversial results on efficiency or adverse effects [43]. A number of benzotriazole, phenothiazine,
triphenylmethane, acridone, small peptide, etc. derivatives inhibit the helicase of the viruses from
the Flaviviridae, Coronaviridae, and Picornaviridae families [44]. Fluorescence resonance energy
transfer (FRET)-based dsDNA unwinding assay and a colorimetry-based adenosine triphosphate (ATP)
hydrolysis assay revealed that naturally occurring flavonoids, myricetin and scutellarein, inhibit the
SARS-CoV helicase protein in vitro by affecting the ATPase, but not the unwinding activity. These
compounds did not show cytotoxicity against normal breast epithelial MCF10A cells [45]. A FRET-based
helicase assay also identified the compound SSYA10-001, which specifically blocks the unwinding
activities of SARS-CoV, MERS-CoV, and murine CoV (MHV) helicase, with low cytotoxicity [46].
The von Hippel Lindau protein (VHL) was proven to inhibit SARS-CoV replication by regulating
viral 2’O-MTase ubiquitination and promoting its degradation [47]. Novel chemical inhibitors
against SARS-CoV helicase, 7-ethyl-8-mercapto-3-methyl-3,7-dihydro-1H-purine-2,6-dione, and
(E)-3-(furan-2-yl)-N-(4-sulfamoylphenyl) acrylamide suppress the ATP hydrolysis and DNA unwinding
activities of helicase. Moreover, the latter compound did not show significant cytotoxicity [48]. Triazole
derivatives inhibit both adenosine triphosphate (ATP)ase and unwinding activities of MERS-CoV
helicase [49]. Sinefungin was proposed to inhibit methyltransferases of CoVs, whereas endonuclease
(nsp15) is suppressed by RNase A inhibitors [50]. The enzymes involved in replication play a crucial
role in the life cycle of CoVs, which makes their inhibition potentially effective. However, since their
structures are similar to those of human enzymes, they may produce off-target effects [26,51].

Proteases are also essential for the viral life cycle and substrates of proteases are more diverse
compared to the substrates of the enzymes involved in the replication. Thus, proteases represent more
distinct targets for treatment, which decreases the probability of side effects. Moreover, peptide-like
inhibitors are smaller and have less complicated structure compared to nucleotide-like inhibitors; thus,
they are easier to synthesize and to deliver into a cell.
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4. PLpro—A Prospective Pharmacological Target

The CoV genome encodes two proteases: PLpro and 3CLpro, which are responsible for cleaving
nsp1 to nsp3 and nsp4 to nsp16, respectively, to generate the membrane-bound RTC [52]. These are
both cysteine proteases, which are prospective targets for CoV treatment. However, unlike 3CLpro,
PLpro has one more important function: it suppresses the host immune response.

Up to two PLpro are parts of the nsp3, which is the largest protein encoded by the CoV genome
(200 kD) [53]. PL1pro was found in the alpha-CoVs and in clade A of beta-CoVs [54]; however, it is
not complete or absent in other groups of CoVs. PLpro can reverse modifications by ubiquitin and
interferon-stimulated gene 15 product (ISG15) [55]. Ubiquitination and ISGylation of viral and host
proteins play essential roles in several immune pathways [56] that include the production and release
of interferons (IFNs) within the IFN-I response and nuclear factor (NF)-«B within the inflammatory
response, which is viewed as the first line of defense against viral infection [57]. CoV PLpro also
affects the host innate immune response by blocking the phosphorylation and nuclear translocation of
interferon regulatory factor 3 (IRF3) [58]. Thus, targeting CoV PLpro could impede both viral replication
and immune suppression (Figure 1) inducing the immune response and patient recovery [59].

release

%<~ PLpro; €— PLpro inhibitor; ¥~ CoV; \V/V/\ — CoV polyprotein;
J~ W\ —processed CoV polyprotein; [l - TRAF3, TRAFS, STING, TBK1

Figure 1. (A) Coronaviruses (CoV) papain-like proteases (PLpro) processes viral polyproteins,
and thus promotes viral replication. Simultaneously, PLpro removes ubiquitin (Ub) chains and
interferon-stimulated gene 15 product (ISG15) from the proteins involved in the antiviral immune
response. Together, these factors produce viral spreading. (B) The inhibitor for CoV PLpro reduces
the processing of the polyproteins, which prevent viral replication. Moreover, unimpaired immune
response induces interferon (IFN) expression. All this results in suppression of viral spreading.

Multiple roles of PLpro in viral infection are mediated by its intricate structure. The folds of PLpro
from different CoVs are quite similar (Figure 2). They resemble a right-hand fold which comprises three
subdomains: the thumb and palm, where the catalytic triad is situated, and the fingers, which include
the zinc-finger motif [53]. X-ray structures of PLpro from SARS-CoV, MERS-CoV, and transmissible
gastroenteritis virus (TGEV) showed that a substrate-binding site is located between the thumb and
the palm subdomains. The protease demonstrates a preference for cleaving substrates after the LXGG|
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sequence. The S1, 52, and 54 binding sites are conserved among PLpro, while S3 and S5 are slightly
different [53]. In addition to the binding of the ubiquitin C-terminus to the substrate channel, there
is an interaction between a hydrophobic region of SARS-CoV and MERS-CoV PLpro in the fingers
subdomain and a hydrophobic patch of ubiquitin [60,61]. Since the structure of PLpro has been
elucidated, this allows structure-based drug design. Moreover, since the folds of PLpro from different
CoVs are similar, this protease is a prospective target for the development of a broad-spectrum inhibitor
of CoV.

Palm

Figure 2. The figure shows the structures aligned in PyMOL of transmissible gastroenteritis virus (TGEV)
PLpro (Protein Data Bank Identifier (PDB ID): 3MP2; green), Middle East respiratory syndrome CoV
(MERS-CoV) PLpro (PDB: 4P16; yellow), severe acute respiratory syndrome coronavirus (SARS-CoV)
PLpro (PDB: 2FES; blue), and SARS-CoV-2 PLpro (PDB: 6W9C; pink); UBL—ubiquitin-like domain.

5. A Hindsight View of Developing CoV PLpro Inhibitors

Inhibitors of CoV PLpro identified to date include naphthalene and thiopurine derivatives, zinc
conjugate inhibitors, and several natural products (Table 2) [28]. Zinc ions and their conjugates
were the first identified inhibitors of SARS-CoV PLpro. However, the mechanism of inhibition
has not been elucidated [62]. Zinc has also been shown to inhibit viral RdRp and human receptor
ACE2 and to modulate the antipathogen immune and inflammatory response. This makes zinc a
potential prophylactic and supplementary treatment [63]. However, its inhibitory activity against
CoVs has not been investigated in clinical trials. SARS-CoV PLpro can be also inhibited by a
series of natural products, such as tanshinones from Salvia miltiorrhiza [64], diarylheptanoids from
Alnus japonica [65], geranylated flavonoids from Paulownia tomentosa [66], chalcones and coumarins
from Angelica keiskei [67], and polyphenols from Broussonetia papyrifera [68]. These are reversible
inhibitors that manifest different modes of inhibition: competitive, uncompetitive, mixed-type, and
noncompetitive. Tanshinones inhibit the proteolytic and deubiquitinase activities of SARS-CoV PLpro
with half-maximal inhibitory concentrations (ICsg) of 0.8 and 0.7 uM, respectively [64]. Moreover,
8-(Trifluoromethyl)-9H-purin-6-amine is a reversible noncovalent inhibitor that is active against both
SARS-CoV and MERS-CoV PLpro. It was identified as an allosteric inhibitor of SARS-CoV and a
competitive inhibitor of MERS-CoV [69]. The cysteine protease inhibitor N-Ethylmaleimide (NEM)
that covalently modifies the active-site Cys inhibited SARS-CoV, but was a poor inhibitor of MERS-CoV
PLpro [70,71].

Additionally, 6-mercaptopurine (6MP) and 6-thioguanine (6TG) have been widely used in cancer
treatment. They are competitive slow-binding inhibitors that form hydrogen bonds with the catalytic
triads of SARS-CoV and MERS-CoV PLpro [70,71]. Disulfiram, a drug that has been used in alcohol
aversion therapy since 1951, is an irreversible covalent inhibitor for SARS-CoV PLpro (competitive
(or mixed)) and MERS-CoV (noncompetitive) [72]. The most potent inhibitors (according to 1Cs)
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of CoV PLpro are the naphthalenes identified by high-throughput screening (HTS) in 2008 [28].
The structure-activity relationship (SAR) analysis and the structural information obtained from the
X-ray crystal structure of the most potent naphthalene inhibitor in complex with SARS-CoV PLpro
allowed to design the noncovalent competitive inhibitors which suppress PLpro, with an ICsy of
0.15 uM [28].

To the best of our knowledge, naphthalene inhibitors are the only compounds that have been
extensively studied and subject to lead optimization. However, attempts to inhibit MERS-CoV PLpro
with naphthalene derivatives have failed [69]. About half of the identified inhibitors of CoV PLpro have
not been assessed for activity against other CoVs, apart from SARS-CoV, even after the MERS-CoV and
SARS-CoV-2 outbreaks. This has prevented the development of a broad-spectrum inhibitor. Moreover,
several studies only assessed the inhibition of the protease activity of CoV PLpro, although it is also
important to prevent deubiquitination and delSGylation of the proteins in the innate immune response
by CoV PLpro (Table 2). This has interfered with the development of a therapeutic agent which could
strike the virus at two key points in its life cycle. It is necessary to fill these gaps in the previous studies
and to identify inhibitors that are active against various CoVs and suppress all enzymatic activities of
the PLpro. The next step would be SAR analysis of the inhibitors and chemoinformatics to increase
their effectiveness. This could be based on the experience of developing naphthalene inhibitors [28].
Another problem of the inhibitors of CoV PLpro is the lack of assays in cell cultures and cytotoxicity
assessments. Since the structure of CoV PLpro is similar to those of human deubiquitinating enzymes,
the inhibitors may cause adverse effects [53]. Additionally, 6MP, 6TG, and disulfiram appear safe as
they are approved drugs. However, 6MP and 6TG are used in chemotherapy, and after the intracellular
activation catalyzed by multiple enzymes, are cytotoxic via integration into DNA [73], an effect that
can be intensified by the ability of 6TG to act as a UVA photosensitizer [74], whereas disulfiram
irreversibly inhibits the activity of acetaldehyde dehydrogenase, leading to the accumulation of
harmful metabolites [75]. Whether these activities preclude the use of these compounds as antiviral for
CoV remains to be determined.

Why have most of these putative PLpro not been more thoroughly investigated? One reason
may be that the previous CoV epidemics were local and affected relatively a few people, such that the
interest in the search for therapeutics was limited to the period of the outbreaks and waned in-between
(National Library of Medicine; URL: https://pubmed.ncbinlm.nih.gov/). For COVID-19, the high
contagiousness and its rapid spread have led to a dramatic increase in the number of preclinical studies
and clinical trials, which may eventually lead to the development of safe and effective drug treatment.

6. Current Development of Inhibitors of CoV PLpro

One logical approach to find CoV PLpro inhibitors for COVID-19 is to evaluate previously
identified inhibitors of viral enzymes. The most rapid type of assay for screening thousands of
compounds is high-throughput screening and virtual screening using molecular docking of such
compounds into the binding sites of the enzymes [76,77]. The structure of the complex obtained either
by docking or X-ray crystallography can shed light on the modes of binding, for further structure
optimization of the inhibitor [78]. The structure of the binding site can also be used for pharmacophore
modeling with further mining of the conformational databases [79]. Computational methods were used
for the development of the inhibitors of SARS-CoV-2 PLpro [80,81]. Molecular docking of compounds
from the ZINC drug database into the homology model of SARS-CoV-2 PLpro indicated a series of
antivirus, antibacterial, muscle relaxant, and antitussive drugs that exhibit a high binding affinity
to SARS-CoV-2 PLpro [82]. The nucleotide-like inhibitor of RdRp, ribavirin, was predicted to bind
to the active site of the PLpro with the lowest binding energy. The predicted hydrogen bonds are
between Gly164, GIn270, Tyr274, Asp303, and the compound. Additionally, 7—m stacking was found
between Tyr265 and the triazole ring in ribavirin [82]. Although ribavirin can cause anemia [51],
it could be used as a starting point for the design of novel effective and safe CoV therapeutics. Several
compounds from natural products have also been found to effectively bind with the protease [82].
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Molecular docking into the homology model of SARS-CoV-2 PLpro allowed the identification of 16
FDA-approved drugs, including chloroquine and formoterol, which bind to the target enzyme with a
significant affinity and good geometry [83]. Chloroquine is an effective drug approved for malaria
treatment and has been investigated thoroughly [84]. Chloroquine was shown to interfere with the
fusion and uncoating of HIV [85]. However, it was reported to inhibit autophagy and may potentiate
tissue damage [86]. Another molecular docking of three inhibitors of SARS-CoV PLpro (GRL-0667,
GRL-0617, and mycophenolic acid) and three inhibitors of HCV PLpro (telaprevir, boceprevir, and
grazoprevir) revealed that each compound can bind to the active site of SARS-CoV-2 PLpro, which
makes them prospective drugs [87,88]. Several compounds from Chinese medical herbs have also
been found to bind with SARS-CoV-2 PLpro, 3CLpro, and S protein. The most effective potential
inhibitors for CoV PLpro are cryptotanshinone, tanshinone Ila, and quercetin, which are effective
against MERS-CoV and can be used in oral administration [89]. The docking of cyanobacterial
metabolites into the active site of SARS-CoV-2 PLpro identified cryptophycin 1, cryptophycin 52, and
deoxycylindrospermopsin as potential inhibitors. Subsequent molecular dynamics simulations and
the assessment of the physicochemical properties and potential toxicity of the metabolites established
deoxycylindrospermopsin as the most promising inhibitory candidate against both SARS-CoV-2 PLpro
and 3CLpro [90]. The docking and molecular dynamics of the peptides of azurin, p18 and p28§,
identified their ability to bind SARS-CoV-2 PLpro. p28 also interacts with the human ACE-2 receptor,
the S-protein, and 3CLpro [91]. Virtual screening of 1697 clinical FDA-approved drugs indicated
several inhibitors active against SARS-CoV-2 PLpro. Phenformin, quercetin, and ritonavir were the
most perspective [92]. The molecular docking and molecular dynamics of 97 antiviral secondary
metabolites from fungi identified norquinadoline A and scedapin C as the most potent inhibitors for
SARS-CoV-2 PLpro. Norquinadoline A conferred high gastrointestinal absorption, poor blood-brain
barrier penetrability, and high drug-likeness as per Lipinski’s rule of five and did not demonstrate any
toxicity [93].

Although computational methods permit the screening of millions of compounds in a relatively
short period, several issues need consideration. These programs tend to stubbornly provide a result,
no matter how absurd it is [94]. Docking is now routine in virtual screening for drug design. However,
frequent problems arise, such as identification of the wrong binding site of the target protein, screening
using an unsuitable small-molecule database, and lack of clarity over whether the compound is an
inhibitor or agonist. Therefore, the researchers should provide a critical evaluation of their results [95].
Moreover, docking has a serious limitation, i.e., the structure of the target protein is usually rigid.
This can be overcome at the cost of significant computing power. Therefore, the hit compounds
obtained using virtual screening should be validated by the experiment.

The activity of previously identified naphthalene CoV inhibitors has assessed with regards to
SARS-CoV-2 PLpro. In vitro using of fluorogenic peptide substrate indicated that the two most potent
compounds were GRL0617 and compound 6, with ICs values of 2.4 and 5.0 uM. The effectiveness was
further proved in Vero E6 cells with ECs values of 27.6 and 21.0 uM, respectively [96]. The effectiveness
(IC50) of naphthalene inhibitor, GRL-0617, in another study reached 0.74 + 0.07 uM against the DUB
activity of SARS-CoV-2 PLpro and 0.66 + 0.08 uM of SARS-CoV PLpro, although it did not inhibit
MERS-CoV PLpro. The inhibitor fostered the antiviral interferon pathway and reduced viral replication
in infected cells [97]. Other research designed fluorogenic peptides based on the substrate specificity
of CoV PLpro. The fluorescent tag was further exchanged to a reactive group—vinyl methyl ester.
The obtained inhibitors, VIR250 and VIR251, were active against CoV PLpro, but not against human
DUBs [98]. Other novel inhibitors of CoV PLpro include the antioxidant, ebselen, and structural analogs.
These compounds inhibited SARS-CoV-2 PLpro with an ICs; value of 0.236 uM [99]. A library of 5576
compounds comprising approved drugs and late-stage clinical drug candidates was checked using HTS
for the ability to inhibit SARS-CoV-2 PLpro. Unfortunately, they were either ineffective or inhibited
human deubiquitinase USP21 [100]. On the other hand, the noncovalent small molecule naphthalene
SARS-CoV inhibitors, rac3j, rac3k, and rac5c, revealed low or sub-pM inhibitory activity against the
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DUB activity of SARS-CoV-2 PLpro. Rac5c also prevented self-processing of nsp3 (containing the
PLpro domain) from the fusion protein nsp3-green fluorescent protein (GFP). Therefore, the inhibitor
can potentially prevent the polyprotein processing. The compound decreased viral titer in Vero
monkey kidney epithelial cells that approves its effectiveness [100]. Strobilanthes cusia extract and its
components were checked for cytotoxicity and the inhibition of HCoV-NL63 activity and infectivity in
LCC-MK?2 cells. Tryptanthrin showed the strongest antiviral activity due to the inhibition of RdRp and
PLpro and low cytotoxicity [101]. Moreover, 6-TG was recently shown to inhibit SARS-CoV-2 PLpro
proteolytic and delSGylation activities in Vero-E6 cells and Calu3 cells at submicromolar levels [102].

A CoV PLpro inhibitor will not be effective unless it can be delivered to the cells infected by the
virus. Since CoVs often induce respiratory tract infections, one might expect that inhibitors should be
delivered to the lung. However, coronaviruses also affect the gastrointestinal tract, cardiovascular,
central nervous systems, liver, and kidneys [103,104]. This is related to the fact that CoVs bind to
the receptors that are ubiquitously expressed. However, intravenous injections possess certain risks,
including anaphylactic reactions, infections, and embolism [105]. Moreover, the inhibitor has to get
through the membrane to get into the infected cell. One prospective approach to deliver the drug is
nanoparticles. These can enhance the stability, solubility, absorption, bioavailability, and controlled
release of drugs [106]. So far, only siRNA-based therapeutics against CoV have been improved using
nanoparticles [107]. The surface of the particle can be covered with antibodies to proteins on the cell
surface or cell-penetrating peptides (CPPs). CPP can also be fused directly to the inhibitor to promote
its penetration into a cell [108]. However, to the best of our knowledge, the delivery of the inhibitors
for CoV PLpro has not been investigated yet although the outlined features impact pharmacokinetics
and pharmacodynamics, which define the effectiveness and side effects of the drug [109].

Table 2. Inhibitors for CoV PLpro.

Inhibition of (ICsg, M)

Inhibitor CoV Ref.
Pro! Ub 2 ISG153
Naphthalene inhibitors SARS-CoV-2 ~ 24%002  074+007 150008
‘/LN HQ\ SARS-CoV 015001  0.66+008  0.66+009  [289697,110]
N F
° MERS-CoV N.d. 4 N.d. N.d.
SARS-CoV-2 N.d. 2.02 +1.02 N.d.
Ebselen
Se
@NO SARS-CoV N.d. 845+ 0.96 N.d. [99]
(0]
MERS-CoV N.d. N.d. N.d..
Tanshinones from S. miltiorrhiza SARS-CoV-2 N.d. N.d. N.d.
O
‘ N SARS-CoV 0.8+02 07+02 N.d. [64]
SO
MERS-CoV N.d. N.d. N.d.
Chalcones and coumarins from A. keiskei SARS-CoV-2 N.d. N.d. N.d.
_0O
O OH
“ O SARS-CoV 12404 26+07 1106 (67]
di© o
MERS-CoV N.d. N.d. N.d.

HO




Pharmaceuticals 2020, 13, 277

10 of 17

Table 2. Cont.
Inhibiti f (I M
Inhibitor CoV nhibition of (ICso, kM) Ref.
Pro! Ub 2 ISG153
Zn?*-ion and conjugates SARS-CoV-2 N.d. N.d. N.d.
D
S /&S
SARS-CoV 1.3+0.2 N.d. N.d. [62]
Zn?*
s
~N /&s
MERS-CoV N.d. N.d. N.d.
Diarylheptanoids from A. japonica SARS-CoV-2 N.d. N.d. N.d.
(0]
"o O N O oAt SARS-CoV  41£03  30%11 Nd. [65]
HO OH
MERS-CoV N.d. N.d. N.d.
Polyphenols from B. papyrifera SARS-CoV-2 N.d. N.d. N.d.
SARS-CoV 37+16 7.6+ 0.4 85+12 [68]
MERS-CoV 395 +5.1 N.d. N.d.
N-Ethylmaleimide SARS-CoV-2 N.d. N.d. N.d.
0]
AN SARS-CoV N.d. 4410 N.d. [70,111]
/
o MERS-CoV 450 +10.1 N.d. N.d.
Geranylated flavonoids from P. tomentosa SARS-CoV-2 N.d. N.d. N.d.
SARS-CoV 5.0 +0.06 N.d. N.d. [66]
MERS-CoV N.d. N.d. N.d.
Thiopurine compounds 5 SARS-CoV-2 N.d. N.d. N.d.
S
H
NMIN> SARS-CoV N.d. 50+17 N.d. [70,111]
| /
HoN A N~ N
H MERS-CoV 244 +43 124+19 N.d.
8-(Trifluoromethyl)-9H-purin-6-amine SARS-CoV-2 N.d. N.d. N.d.
NH,
N F y [69]
N~ SARS-CoV 109 £ 0.9 N.d. N.d.
L L —<F
N N F
MERS-CoV 6.2+09 N.d. N.d.
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Table 2. Cont.

Inhibition of (ICsy, uM)

Inhibitor CoV Ref.
Pro?! Ub? I1SG153
Disulfiram SARS-CoV-2 N.d. N.d. N.d.
S
~SN A S’S\H/N ~ SARS-CoV 14205 24118 N.d. [72]
S
MERS-CoV 22705  146+03 N.d.

! Proteolytic activity; 2 deubiquitinating activity; 3 deISGylating activity; 4 not determined; > FDA-approved drugs
indicated in green.

7. Conclusions

CoVs are a biohazard, as we have seen in the cases of SARS-CoV, MERS-CoV, and SARS-CoV-2
outbreaks. Since the CoV genome tends to frequent mutations, more deadly CoVs may emerge in the
future. One of the prospective approaches is to develop an inhibitor for an enzyme supporting the
CoV life cycle. The folds of PLpro from different CoVs are similar, which enables the development
of a broad-spectrum inhibitor. Moreover, PLpro has two important functions in the viral life cycle:
it cleaves viral polyproteins and suppresses the host immune response. Thus, an inhibitor for PLpro
will both prevent viral replication and boost the immune system of the host, contributing to the speedy
recovery of the patient. Thus far, several inhibitors of CoV PLpro have been identified but none have
entered clinical trials. This can be explained by the swiftness and small size of the previous outbreaks.
The authors hope that the severity and rapid spread of SARS-CoV-2 will accelerate research into the
existing inhibitors and identification of novel ones.

An inhibitor needs to suppress the proteolytic, deubiquitinating, and delSGylating activities of
the PLpro simultaneously to ensure the suppression of viral replication and support the host immune
response. Eventually, it will be necessary to develop drug delivery mechanisms that are suitable for
different CoVs, which bind to distinct cell receptors. Virtual screening could enable these investigations
to be conducted quickly. However, it is necessary to keep in mind its limitations and validate all results
experimentally. Together, these approaches could lead to the development of broad-spectrum safe
therapeutics, which simultaneously strike both the replication and immune response suppression
of CoV.

Author Contributions: Conceptualization, A.A.Z.J.; writing—original draft preparation, A.LP,; writing—review
and editing, A.A.ZJ.; visualization, A.LP. and A.A.Z].; supervision, A.A.Z].; funding acquisition, A.A.Z].
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation, grant number 16-15-10410.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xie, M.; Chen, Q. Insight into 2019 novel coronavirus—An updated interim review and lessons from
SARS-CoV and MERS-CoV. Int. . Infect. Dis. 2020, 94, 119-124. [CrossRef] [PubMed]

2. Breban,R.;Riou,].; Fontanet, A. Interhuman transmissibility of Middle East respiratory syndrome coronavirus:
Estimation of pandemic risk. Lancet 2013, 382, 694-699. [CrossRef]

3. Chan, K.H.; Poon, L.L.L.M.; Cheng, V.C.C; Guan, Y.; Hung, LEN.; Kong, J.; Yam, L.Y.C.; Seto, WH.; Yuen, K.Y,;
Peiris, J.5.M. Detection of SARS Coronavirus in Patients with Suspected SARS. Emerg. Infect. Dis. 2004, 10,
294-299. [CrossRef]

4. Bosch, B.J,; Smits, S.L.; Haagmans, B.L. Membrane ectopeptidases targeted by human coronaviruses.
Curr. Opin. Virol. 2014, 6, 55-60. [CrossRef]


http://dx.doi.org/10.1016/j.ijid.2020.03.071
http://www.ncbi.nlm.nih.gov/pubmed/32247050
http://dx.doi.org/10.1016/S0140-6736(13)61492-0
http://dx.doi.org/10.3201/eid1002.030610
http://dx.doi.org/10.1016/j.coviro.2014.03.011

Pharmaceuticals 2020, 13, 277 12 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.-L.; Abiona, O.; Graham, B.S.; McLellan, J.S.
Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260-1263.
[CrossRef] [PubMed]

Rawlings, N.D.; Barrett, A.].; Thomas, P.D.; Huang, X.; Bateman, A.; Finn, R.D. The MEROPS database
of proteolytic enzymes, their substrates and inhibitors in 2017 and a comparison with peptidases in the
PANTHER database. Nucleic Acids Res. 2018, 46, D624-D632. [CrossRef]

Verma, S.; Dixit, R.; Pandey, K.C. Cysteine Proteases: Modes of Activation and Future Prospects as
Pharmacological Targets. Front. Pharmacol. 2016, 7, 107. [CrossRef]

Liu, H.; Hu, M.; Wang, Q.; Cheng, L.; Zhang, Z. Role of Papain-Like Cysteine Proteases in Plant Development.
Front. Plant Sci. 2018, 9, 1717. [CrossRef]

Zamyatnin, A.A. Plant Proteases Involved in Regulated Cell Death. Biochemistry 2015, 80. [CrossRef]
Petushkova, A.L; Savvateeva, L.V.; Korolev, D.O.; Zamyatnin, A.A. Cysteine Cathepsins: Potential
Applications in Diagnostics and Therapy of Malignant Tumors. Biochemistry 2019, 84, 746-761. [CrossRef]
Soond, S.M.; Kozhevnikova, M.V.; Zamyatnin, A.A.; Townsend, P.A. Cysteine cathepsin protease inhibition:
An update on its diagnostic, prognostic and therapeutic potential in cancer. Pharmaceuticals 2019, 12, 87.
[CrossRef]

Rudzinska, M.; Parodi, A.; Maslova, V.D.; Efremov, Y.M.; Gorokhovets, N.V.; Makarov, V.A.; Popkov, V.A.;
Golovin, A.V.; Zernii, E.Y.; Zamyatnin, A.A. Cysteine cathepsins inhibition affects their expression and
human renal cancer cell phenotype. Cancers 2020, 12, 1310. [CrossRef] [PubMed]

Branquinha, M.H.; Oliveira, 5.5.C.; Sangenito, L.S.; Sodre, C.L.; Kneipp, L.F.; D’ Avila-Levy, C.M.; Santos, A.L.S.
Cruzipain: An Update on its Potential as Chemotherapy Target against the Human Pathogen Trypanosoma
cruzi. Curr. Med. Chem. 2015, 22, 2225-2235. [CrossRef]

Rosenthal, PJ. Falcipain cysteine proteases of malaria parasites: An update. Biochim. Biophys. Acta Proteins
Proteom. 2020, 1868, 140362. [CrossRef]

Knutson, T.P,; Velayudhan, B.T.; Marthaler, D.G. A porcine enterovirus G associated with enteric disease
contains a novel papain-like cysteine protease. J. Gen. Virol. 2017, 98, 1305-1310. [CrossRef]

Kim, E.; Myoung, J. Hepatitis E Virus Papain-Like Cysteine Protease Inhibits Type I Interferon Induction by
Down-Regulating Melanoma Differentiation-Associated Gene 5. J. Microbiol. Biotechnol. 2018, 28, 1908-1915.
[CrossRef] [PubMed]

Barretto, N.; Jukneliene, D.; Ratia, K.; Chen, Z.; Mesecar, A.D.; Baker, S.C. The papain-like protease of
severe acute respiratory syndrome coronavirus has deubiquitinating activity. J. Virol. 2005, 79, 15189-15198.
[CrossRef] [PubMed]

Adalja, A.; Inglesby, T. Broad-Spectrum Antiviral Agents: A Crucial Pandemic Tool. Expert Rev. Anti. Infect.
Ther. 2019, 17, 467-470. [CrossRef] [PubMed]

Siddell, S.G.; Walker, PJ.; Lefkowitz, E.J.; Mushegian, A.R.; Adams, M.].; Dutilh, B.E.; Gorbalenya, A.E.;
Harrach, B.; Harrison, R.L.; Junglen, S.; et al. Additional changes to taxonomy ratified in a special vote by the
International Committee on Taxonomy of Viruses (October 2018). Arch. Virol. 2019, 164, 943-946. [CrossRef]
[PubMed]

Kahn, J.S.; McIntosh, K. History and recent advances in coronavirus discovery. Pediatr. Infect. Dis. ]. 2005, 24,
5223-5227. [CrossRef] [PubMed]

Lai, M.M.; Cavanagh, D. The molecular biology of coronaviruses. Adv. Virus Res. 1997, 48, 1-100. [PubMed]
Gorbalenya, A.E.; Enjuanes, L.; Ziebuhr, J.; Snijder, E.J. Nidovirales: Evolving the largest RNA virus genome.
Virus Res. 2006, 117, 17-37. [CrossRef] [PubMed]

Neuman, B.W.; Adair, B.D.; Yoshioka, C.; Quispe, J.D.; Orca, G.; Kuhn, P.; Milligan, R.A.; Yeager, M.;
Buchmeier, M.J. Supramolecular architecture of severe acute respiratory syndrome coronavirus revealed by
electron cryomicroscopy. J. Virol. 2006, 80, 7918-7928. [CrossRef] [PubMed]

Letko, M.; Marzi, A.; Munster, V. Functional assessment of cell entry and receptor usage for SARS-CoV-2 and
other lineage B betacoronaviruses. Nat. Microbiol. 2020, 5, 562-569. [CrossRef]

Fehr, A.R.; Perlman, S. Coronaviruses: An overview of their replication and pathogenesis. Methods Mol. Biol.
2015, 1282, 1-23. [CrossRef]

Zumla, A.; Chan, ].EW.; Azhar, E.I; Hui, D.S.C.; Yuen, K.-Y. Coronaviruses—Drug discovery and therapeutic
options. Nat. Rev. Drug Discov. 2016, 15, 327-347. [CrossRef]


http://dx.doi.org/10.1126/science.abb2507
http://www.ncbi.nlm.nih.gov/pubmed/32075877
http://dx.doi.org/10.1093/nar/gkx1134
http://dx.doi.org/10.3389/fphar.2016.00107
http://dx.doi.org/10.3389/fpls.2018.01717
http://dx.doi.org/10.1134/S0006297915130064
http://dx.doi.org/10.1134/S000629791907006X
http://dx.doi.org/10.3390/ph12020087
http://dx.doi.org/10.3390/cancers12051310
http://www.ncbi.nlm.nih.gov/pubmed/32455715
http://dx.doi.org/10.2174/0929867322666150521091652
http://dx.doi.org/10.1016/j.bbapap.2020.140362
http://dx.doi.org/10.1099/jgv.0.000799
http://dx.doi.org/10.4014/jmb.1809.09028
http://www.ncbi.nlm.nih.gov/pubmed/30304915
http://dx.doi.org/10.1128/JVI.79.24.15189-15198.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306590
http://dx.doi.org/10.1080/14787210.2019.1635009
http://www.ncbi.nlm.nih.gov/pubmed/31216912
http://dx.doi.org/10.1007/s00705-018-04136-2
http://www.ncbi.nlm.nih.gov/pubmed/30663020
http://dx.doi.org/10.1097/01.inf.0000188166.17324.60
http://www.ncbi.nlm.nih.gov/pubmed/16378050
http://www.ncbi.nlm.nih.gov/pubmed/9233431
http://dx.doi.org/10.1016/j.virusres.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16503362
http://dx.doi.org/10.1128/JVI.00645-06
http://www.ncbi.nlm.nih.gov/pubmed/16873249
http://dx.doi.org/10.1038/s41564-020-0688-y
http://dx.doi.org/10.1007/978-1-4939-2438-7_1
http://dx.doi.org/10.1038/nrd.2015.37

Pharmaceuticals 2020, 13, 277 13 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ziebuhr, J.; Snijder, E.J.; Gorbalenya, A.E. Virus-encoded proteinases and proteolytic processing in the
Nidovirales. J. Gen. Virol. 2000, 81, 853—-879. [CrossRef]

Baez-Santos, Y.M.; St John, S.E.; Mesecar, A.D. The SARS-coronavirus papain-like protease: Structure,
function and inhibition by designed antiviral compounds. Antivir. Res. 2015, 115, 21-38. [CrossRef]

Chen, Y.; Liu, Q.; Guo, D. Emerging coronaviruses: Genome structure, replication, and pathogenesis. J. Med.
Virol. 2020, 92, 418-423. [CrossRef]

Subissi, L.; Posthuma, C.C.; Collet, A.; Zevenhoven-Dobbe, J.C.; Gorbalenya, A.E.; Decroly, E.; Snijder, E.J.;
Canard, B.; Imbert, I. One severe acute respiratory syndrome coronavirus protein complex integrates
processive RNA polymerase and exonuclease activities. Proc. Natl. Acad. Sci. USA 2014, 111, E3900-E3909.
[CrossRef]

Domingo, E.; Escarmis, C.; Sevilla, N.; Moya, A.; Elena, S.F.; Quer, J.; Novella, I.S.; Holland, J.J. Basic concepts
in RNA virus evolution. FASEB |. 1996, 10, 859-864. [CrossRef] [PubMed]

Nakagawa, K.; Lokugamage, K.G.; Makino, S. Viral and Cellular mRNA Translation in Coronavirus-Infected
Cells. Adv. Virus Res. 2016, 96, 165-192. [CrossRef] [PubMed]

Millet, J.K.; Whittaker, G.R. Host cell proteases: Critical determinants of coronavirus tropism and pathogenesis.
Virus Res. 2015, 202, 120-134. [CrossRef] [PubMed]

Shah, PP.; Wang, T.; Kaletsky, R.L.; Myers, M.C.; Purvis, ].E,; Jing, H.; Huryn, D.M.; Greenbaum, D.C.;
Smith, A.B.; Bates, P; et al. A small-molecule oxocarbazate inhibitor of human cathepsin L blocks severe
acute respiratory syndrome and ebola pseudotype virus infection into human embryonic kidney 293T cells.
Mol. Pharmacol. 2010, 78, 319-324. [CrossRef]

Adedeji, A.O,; Severson, W.; Jonsson, C.; Singh, K.; Weiss, S.R.; Sarafianos, S.G. Novel inhibitors of severe
acute respiratory syndrome coronavirus entry that act by three distinct mechanisms. J. Virol. 2013, 87,
8017-8028. [CrossRef]

Elshabrawy, H.A.; Fan, ].; Haddad, C.S.; Ratia, K.; Broder, C.C.; Caffrey, M.; Prabhakar, B.S. Identification of a
broad-spectrum antiviral small molecule against severe acute respiratory syndrome coronavirus and Ebola,
Hendra, and Nipah viruses by using a novel high-throughput screening assay. J. Virol. 2014, 88, 4353—-4365.
[CrossRef]

Zhou, N.; Pan, T.; Zhang, ].; Li, Q.; Zhang, X.; Bai, C.; Huang, F.,; Peng, T.; Zhang, J.; Liu, C.; et al. Glycopeptide
Antibiotics Potently Inhibit Cathepsin L in the Late Endosome/Lysosome and Block the Entry of Ebola Virus,
Middle East Respiratory Syndrome Coronavirus (MERS-CoV), and Severe Acute Respiratory Syndrome
Coronavirus (SARS-CoV). J. Biol. Chem. 2016, 291, 9218-9232. [CrossRef]

Kawase, M.; Shirato, K.; van der Hoek, L.; Taguchi, F.; Matsuyama, S. Simultaneous treatment of human
bronchial epithelial cells with serine and cysteine protease inhibitors prevents severe acute respiratory
syndrome coronavirus entry. J. Virol. 2012, 86, 6537-6545. [CrossRef]

Zhou, Y.; Vedantham, P; Lu, K.; Agudelo, J.; Carrion, R.; Nunneley, ] W.; Barnard, D.; Péhlmann, S.;
McKerrow, J.H.; Renslo, A.R.; et al. Protease inhibitors targeting coronavirus and filovirus entry. Antivir. Res.
2015, 116, 76-84. [CrossRef]

Lu, C.-C,; Chen, M.-Y,; Chang, Y.-L. Potential therapeutic agents against COVID-19: What we know so far.
J. Chin. Med. Assoc. 2020, 83, 534-536. [CrossRef]

Jean, S.-S.; Lee, P-1; Hsueh, P.-R. Treatment options for COVID-19: The reality and challenges. ]. Microbiol.
Immunol. Infect. 2020, 53, 436-443. [CrossRef] [PubMed]

Jacome, R.; Campillo-Balderas, J.A.; Ponce de Ledn, S.; Becerra, A.; Lazcano, A. Sofosbuvir as a potential
alternative to treat the SARS-CoV-2 epidemic. Sci. Rep. 2020, 10, 9294. [CrossRef] [PubMed]

Ko, W.; Rolain, J.; Lee, N.; Chen, P; Huang, C. Arguments in favour of remdesivir for treating SARS-CoV-2
infections. Int. ]. Antimicrob Agents 2020, 55, 105933. [CrossRef] [PubMed]

Briguglio, I.; Piras, S.; Corona, P.; Carta, A. Inhibition of RNA Helicases of ssRNA(+) Virus Belonging to
Flaviviridae, Coronaviridae and Picornaviridae Families. Int. J. Med. Chem. 2011, 2011, 213135. [CrossRef]
[PubMed]

Yu, M.-S,; Lee, ].; Lee, ].M.; Kim, Y.; Chin, Y.-W.; Jee, ].-G.; Keum, Y.-S.; Jeong, Y.-]. Identification of myricetin
and scutellarein as novel chemical inhibitors of the SARS coronavirus helicase, nsP13. Bioorg. Med. Chem.
Lett. 2012, 22, 4049-4054. [CrossRef]


http://dx.doi.org/10.1099/0022-1317-81-4-853
http://dx.doi.org/10.1016/j.antiviral.2014.12.015
http://dx.doi.org/10.1002/jmv.25681
http://dx.doi.org/10.1073/pnas.1323705111
http://dx.doi.org/10.1096/fasebj.10.8.8666162
http://www.ncbi.nlm.nih.gov/pubmed/8666162
http://dx.doi.org/10.1016/bs.aivir.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27712623
http://dx.doi.org/10.1016/j.virusres.2014.11.021
http://www.ncbi.nlm.nih.gov/pubmed/25445340
http://dx.doi.org/10.1124/mol.110.064261
http://dx.doi.org/10.1128/JVI.00998-13
http://dx.doi.org/10.1128/JVI.03050-13
http://dx.doi.org/10.1074/jbc.M116.716100
http://dx.doi.org/10.1128/JVI.00094-12
http://dx.doi.org/10.1016/j.antiviral.2015.01.011
http://dx.doi.org/10.1097/JCMA.0000000000000318
http://dx.doi.org/10.1016/j.jmii.2020.03.034
http://www.ncbi.nlm.nih.gov/pubmed/32307245
http://dx.doi.org/10.1038/s41598-020-66440-9
http://www.ncbi.nlm.nih.gov/pubmed/32518317
http://dx.doi.org/10.1016/j.ijantimicag.2020.105933
http://www.ncbi.nlm.nih.gov/pubmed/32147516
http://dx.doi.org/10.1155/2011/213135
http://www.ncbi.nlm.nih.gov/pubmed/27516903
http://dx.doi.org/10.1016/j.bmcl.2012.04.081

Pharmaceuticals 2020, 13, 277 14 of 17

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Adedeji, A.O.; Singh, K.; Calcaterra, N.E.; DeDiego, M.L.; Enjuanes, L.; Weiss, S.; Sarafianos, S.G. Severe
acute respiratory syndrome coronavirus replication inhibitor that interferes with the nucleic acid unwinding
of the viral helicase. Antimicrob. Agents Chemother. 2012, 56, 4718-4728. [CrossRef]

Yu, X.; Chen, S.; Hou, P.; Wang, M.; Chen, Y.; Guo, D. VHL negatively regulates SARS coronavirus replication
by modulating nsp16 ubiquitination and stability. Biochem. Biophys. Res. Commun. 2015, 459, 270-276.
[CrossRef]

Lee, ].-M.; Cho, ].-B.; Ahn, H.-C.; Jung, W.; Jeong, Y.-J. A Novel Chemical Compound for Inhibition of SARS
Coronavirus Helicase. J. Microbiol. Biotechnol. 2017, 27, 2070-2073. [CrossRef]

Zaher, N.H.; Mostafa, M.I.; Altaher, A.Y. Design, synthesis and molecular docking of novel triazole derivatives
as potential CoV helicase inhibitors. Acta Pharm. 2020, 70, 145-159. [CrossRef]

Snijder, E.J.; Decroly, E.; Ziebuhr, J. The Nonstructural Proteins Directing Coronavirus RNA Synthesis and
Processing. Adv. Virus Res. 2016, 96, 59-126. [CrossRef]

Chi, X.; Wang, M.; Pan, Y,; Jiang, J.; Jiang, T.; Yan, H.; Wu, R.; Wang, X.; Gao, X.; Niu, J. Inosine triphosphate
pyrophosphatase polymorphisms are predictors of anemia in Chinese patients with chronic hepatitis C
during therapy with ribavirin and interferon. J. Gastroenterol. Hepatol. 2020, 35, 97-103. [CrossRef] [PubMed]
Naqvi, A.A.T.; Fatima, K.; Mohammad, T.; Fatima, U.; Singh, L.K.; Singh, A.; Atif, SM.; Hariprasad, G.;
Hasan, G.M.; Hassan, M.I. Insights into SARS-CoV-2 genome, structure, evolution, pathogenesis and
therapies: Structural genomics approach. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165878.
[CrossRef] [PubMed]

Lei, J.; Kusov, Y.; Hilgenfeld, R. Nsp3 of coronaviruses: Structures and functions of a large multi-domain
protein. Antivir. Res. 2018, 149, 58-74. [CrossRef] [PubMed]

Wojdyla, J.A.; Manolaridis, I.; van Kasteren, P.B.; Kikkert, M.; Snijder, E.J.; Gorbalenya, A.E.; Tucker, P.A.
Papain-like protease 1 from transmissible gastroenteritis virus: Crystal structure and enzymatic activity
toward viral and cellular substrates. J. Virol. 2010, 84, 10063—-10073. [CrossRef]

Neuman, B.W. Bioinformatics and functional analyses of coronavirus nonstructural proteins involved in the
formation of replicative organelles. Antivir. Res. 2016, 135, 97-107. [CrossRef]

Lei, J.; Hilgenfeld, R. RNA-virus proteases counteracting host innate immunity. FEBS Lett. 2017, 591,
3190-3210. [CrossRef]

Shokri, S.; Mahmoudvand, S.; Taherkhani, R.; Farshadpour, F. Modulation of the immune response by Middle
East respiratory syndrome coronavirus. J. Cell. Physiol. 2019, 234, 2143-2151. [CrossRef]

Matthews, K; Schifer, A.; Pham, A.; Frieman, M. The SARS coronavirus papain like protease can inhibit
IRF3 at a post activation step that requires deubiquitination activity. Virol. J. 2014, 11, 209. [CrossRef]
Yuen, C.-K.; Lam, J.-Y.; Wong, W.-M.; Mak, L.-F; Wang, X.; Chu, H.; Cai, J.-P; Jin, D.-Y,; To, KK.-W,;
Chan, J.E-W,; et al. SARS-CoV-2 nsp13, nsp14, nsp15 and orf6 function as potent interferon antagonists.
Emerg. Microbes Infect. 2020, 9, 1418-1428. [CrossRef]

Békés, M.; van der Heden van Noort, G.J.; Ekkebus, R.; Ovaa, H.; Huang, T.T.; Lima, C.D. Recognition of
Lys48-Linked Di-ubiquitin and Deubiquitinating Activities of the SARS Coronavirus Papain-like Protease.
Mol. Cell 2016, 62, 572-585. [CrossRef]

Lei, J.; Hilgenfeld, R. Structural and mutational analysis of the interaction between the Middle-East respiratory
syndrome coronavirus (MERS-CoV) papain-like protease and human ubiquitin. Virol. Sin. 2016, 31, 288-299.
[CrossRef] [PubMed]

Han, Y.-S,; Chang, G.-G,; Juo, C.-G.; Lee, H.-].; Yeh, S.-H.; Hsu, ].T.-A.; Chen, X. Papain-like protease 2 (PLP2)
from severe acute respiratory syndrome coronavirus (SARS-CoV): Expression, purification, characterization,
and inhibition. Biochemistry 2005, 44, 10349-10359. [CrossRef] [PubMed]

Skalny, A.V.; Rink, L.; Ajsuvakova, O.P.; Aschner, M.; Gritsenko, V.A.; Alekseenko, S.I.; Svistunov, A.A.;
Petrakis, D.; Spandidos, D.A.; Aaseth, J.; et al. Zinc and respiratory tract infections: Perspectives for
COVID-19 (Review). Int. . Mol. Med. 2020, 46, 17-26. [CrossRef]

Park, ].-Y,; Kim, ]. H.; Kim, Y.M.; Jeong, H.].; Kim, D.W.,; Park, K.H.; Kwon, H.-J; Park, S.-].; Lee, W.S.; Ryu, Y.B.
Tanshinones as selective and slow-binding inhibitors for SARS-CoV cysteine proteases. Bioorg. Med. Chem.
2012, 20, 5928-5935. [CrossRef] [PubMed]

Park, J.-Y,; Jeong, HJ.; Kim, J H.; Kim, YM.; Park, S.-J.; Kim, D.; Park, K.H.; Lee, WS.; Ryu, Y.B.
Diarylheptanoids from Alnus japonica Inhibit Papain-Like Protease of Severe Acute Respiratory Syndrome
Coronavirus. Biol. Pharm. Bull. 2012, 35, 2036-2042. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/AAC.00957-12
http://dx.doi.org/10.1016/j.bbrc.2015.02.097
http://dx.doi.org/10.4014/jmb.1707.07073
http://dx.doi.org/10.2478/acph-2020-0024
http://dx.doi.org/10.1016/bs.aivir.2016.08.008
http://dx.doi.org/10.1111/jgh.14812
http://www.ncbi.nlm.nih.gov/pubmed/31359493
http://dx.doi.org/10.1016/j.bbadis.2020.165878
http://www.ncbi.nlm.nih.gov/pubmed/32544429
http://dx.doi.org/10.1016/j.antiviral.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29128390
http://dx.doi.org/10.1128/JVI.00898-10
http://dx.doi.org/10.1016/j.antiviral.2016.10.005
http://dx.doi.org/10.1002/1873-3468.12827
http://dx.doi.org/10.1002/jcp.27155
http://dx.doi.org/10.1186/s12985-014-0209-9
http://dx.doi.org/10.1080/22221751.2020.1780953
http://dx.doi.org/10.1016/j.molcel.2016.04.016
http://dx.doi.org/10.1007/s12250-016-3742-4
http://www.ncbi.nlm.nih.gov/pubmed/27245450
http://dx.doi.org/10.1021/bi0504761
http://www.ncbi.nlm.nih.gov/pubmed/16042412
http://dx.doi.org/10.3892/ijmm.2020.4575
http://dx.doi.org/10.1016/j.bmc.2012.07.038
http://www.ncbi.nlm.nih.gov/pubmed/22884354
http://dx.doi.org/10.1248/bpb.b12-00623
http://www.ncbi.nlm.nih.gov/pubmed/22971649

Pharmaceuticals 2020, 13, 277 15 0f 17

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Cho, J.K.; Curtis-Long, M.J.; Lee, K.H.; Kim, D.W.; Ryu, HW.; Yuk, H.J.; Park, K.H. Geranylated flavonoids
displaying SARS-CoV papain-like protease inhibition from the fruits of Paulownia tomentosa. Bioorg. Med.
Chem. 2013, 21, 3051-3057. [CrossRef]

Park, J.-Y.; Ko, J.-A.; Kim, D.W,; Kim, YM.; Kwon, H.-J.; Jeong, H.].; Kim, C.Y,; Park, K.H.; Lee, W.S.; Ryu, Y.B.
Chalcones isolated from Angelica keiskei inhibit cysteine proteases of SARS-CoV. J. Enzym. Inhib. Med. Chem.
2016, 31, 23-30. [CrossRef]

Park, J.-Y.; Yuk, H].; Ryu, HW,; Lim, S.H,; Kim, K.S.; Park, KH.; Ryu, Y.B.; Lee, W.S. Evaluation of
polyphenols from Broussonetia papyrifera as coronavirus protease inhibitors. J. Enzym. Inhib. Med. Chem.
2017, 32, 504-515. [CrossRef]

Lee, H.; Lei, H.; Santarsiero, B.D.; Gatuz, J.L.; Cao, S.; Rice, AJ.; Patel, K.; Szypulinski, M.Z.; Ojeda, I;
Ghosh, AK,; et al. Inhibitor recognition specificity of MERS-CoV papain-like protease may differ from that
of SARS-CoV. ACS Chem. Biol. 2015, 10, 1456-1465. [CrossRef]

Cheng, K.-W.; Cheng, S.-C.; Chen, W.-Y,; Lin, M.-H.; Chuang, S.-J.; Cheng, I.-H.; Sun, C.-Y.; Chou, C.-Y.
Thiopurine analogs and mycophenolic acid synergistically inhibit the papain-like protease of Middle East
respiratory syndrome coronavirus. Antivir. Res. 2015, 115, 9-16. [CrossRef]

Chu, H.-F; Chen, C.-C.; Moses, D.C.; Chen, Y.-H.; Lin, C.-H.; Tsai, Y.-C.; Chou, C.-Y. Porcine epidemic
diarrhea virus papain-like protease 2 can be noncompetitively inhibited by 6-thioguanine. Antivir. Res. 2018,
158,199-205. [CrossRef] [PubMed]

Lin, M.-H.; Moses, D.C.; Hsieh, C.-H.; Cheng, S.-C.; Chen, Y.-H.; Sun, C.-Y.; Chou, C.-Y. Disulfiram can inhibit
MERS and SARS coronavirus papain-like proteases via different modes. Antivir. Res. 2018, 150, 155-163.
[CrossRef] [PubMed]

Zaza, G.; Cheok, M.; Krynetskaia, N.; Thorn, C.; Stocco, G.; Hebert, ].M.; McLeod, H.; Weinshilboum, R.M.;
Relling, M.V.; Evans, W.E.; et al. Thiopurine pathway. Pharmacogenet. Genom. 2010, 20, 573-574. [CrossRef]
[PubMed]

Zou, X.; Zhao, H.; Yu, Y,; Su, H. Formation of Guanine-6-sulfonate from 6-Thioguanine and Singlet Oxygen:
A Combined Theoretical and Experimental Study. J. Am. Chem. Soc. 2013, 135, 4509-4515. [CrossRef]
Johansson, B. A review of the pharmacokinetics and pharmacodynamics of disulfiram and its metabolites.
Acta Psychiatr. Scand. 1992, 86, 15-26. [CrossRef]

Fischer, A.; Sellner, M.; Neranjan, S.; SmieSko, M.; Lill, M.A. Potential Inhibitors for Novel Coronavirus
Protease Identified by Virtual Screening of 606 Million Compounds. Int. ]. Mol. Sci. 2020, 21, 3626. [CrossRef]
Dong, S.; Sun, J.; Mao, Z.; Wang, L.; Lu, Y.; Li, J. A guideline for homology modeling of the proteins from
newly discovered betacoronavirus, 2019 novel coronavirus (2019-nCoV). J. Med. Virol. 2020. [CrossRef]
Zhang, L.; Lin, D.; Sun, X.; Curth, U.; Drosten, C.; Sauerhering, L.; Becker, S.; Rox, K.; Hilgenfeld, R. Crystal
structure of SARS-CoV-2 main protease provides a basis for design of improved o-ketoamide inhibitors.
Science 2020, 368, 409-412. [CrossRef]

Kouznetsova, V.; Huang, D.; Tsigelny, I.F. Potential COVID-19 Protease Inhibitors: Repurposing FDAapproved
Drugs. ChemRxiv 2020. [CrossRef]

Henderson, J.A.; Verma, N.; Shen, J. Assessment of Proton-Coupled Conformational Dynamics of SARS and
MERS Coronavirus Papain-like Proteases: Implication for Designing Broad-Spectrum Antiviral Inhibitors.
J. Chem. Phys. 2020, 153, 115101. [CrossRef]

Amin, S.A.; Ghosh, K.; Gayen, S.; Jha, T. Chemical-informatics approach to COVID-19 drug discovery:
Monte Carlo based QSAR, virtual screening and molecular docking study of some in-house molecules as
papain-like protease (PLpro) inhibitors. J. Biomol. Struct. Dyn. 2020, 1-10. [CrossRef] [PubMed]

Wu, C;; Liu, Y.; Yang, Y.; Zhang, P.; Zhong, W.; Wang, Y.; Wang, Q.; Xu, Y.; Li, M,; Li, X,; et al. Analysis of
therapeutic targets for SARS-CoV-2 and discovery of potential drugs by computational methods. Acta Pharm.
Sin. B 2020. [CrossRef] [PubMed]

Arya, R.; Das, A.; Prashar, V.; Kumar, M. Potential inhibitors against papain-like protease of novel coronavirus
(SARS-CoV-2) from FDA approved drugs. ChemRxiv 2020. [CrossRef]

Colson, P; Rolain, ].-M.; Raoult, D. Chloroquine for the 2019 novel coronavirus SARS-CoV-2. Int. . Antimicrob.
Agents 2020, 55, 105923. [CrossRef]

Rolain, J.-M.; Colson, P,; Raoult, D. Recycling of chloroquine and its hydroxyl analogue to face bacterial,
fungal and viral infections in the 21st century. Int. |. Antimicrob. Agents 2007, 30, 297-308. [CrossRef]


http://dx.doi.org/10.1016/j.bmc.2013.03.027
http://dx.doi.org/10.3109/14756366.2014.1003215
http://dx.doi.org/10.1080/14756366.2016.1265519
http://dx.doi.org/10.1021/cb500917m
http://dx.doi.org/10.1016/j.antiviral.2014.12.011
http://dx.doi.org/10.1016/j.antiviral.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30138642
http://dx.doi.org/10.1016/j.antiviral.2017.12.015
http://www.ncbi.nlm.nih.gov/pubmed/29289665
http://dx.doi.org/10.1097/FPC.0b013e328334338f
http://www.ncbi.nlm.nih.gov/pubmed/19952870
http://dx.doi.org/10.1021/ja400483j
http://dx.doi.org/10.1111/j.1600-0447.1992.tb03310.x
http://dx.doi.org/10.3390/ijms21103626
http://dx.doi.org/10.1002/jmv.25768
http://dx.doi.org/10.1126/science.abb3405
http://dx.doi.org/10.26434/chemrxiv.12093900.v1
http://dx.doi.org/10.1063/5.0020458
http://dx.doi.org/10.1080/07391102.2020.1780946
http://www.ncbi.nlm.nih.gov/pubmed/32568618
http://dx.doi.org/10.1016/j.apsb.2020.02.008
http://www.ncbi.nlm.nih.gov/pubmed/32292689
http://dx.doi.org/10.26434/chemrxiv.11860011.v2
http://dx.doi.org/10.1016/j.ijantimicag.2020.105923
http://dx.doi.org/10.1016/j.ijantimicag.2007.05.015

Pharmaceuticals 2020, 13, 277 16 of 17

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Edelstein, C.L.; Venkatachalam, M.A.; Dong, Z. Autophagy inhibition by chloroquine and hydroxychloroquine
could adversely affect acute kidney injury and other organ injury in critically ill patients with COVID-19.
Kidney Int. 2020, 98, 234-235. [CrossRef]

Elfiky, A.; Ibrahim, N.S. Anti-SARS and Anti-HCV Drugs Repurposing Against the Papain-like Protease of
the Newly Emerged Coronavirus (2019-nCoV). Res. Sq. 2020. [CrossRef]

Elfiky, A.; Ibrahim, N.; Elshemey, W. Drug repurposing against MERS CoV and SARS-COV-2 PLpro in silico.
Res. Sq. 2020. [CrossRef]

Zhang, D.; Wu, K.; Zhang, X.; Deng, S.; Peng, B. In silico screening of Chinese herbal medicines with the
potential to directly inhibit 2019 novel coronavirus. J. Integr. Med. 2020, 18, 152-158. [CrossRef]

Naidoo, D.; Roy, A.; Kar, P; Mutanda, T.; Anandraj, A. Cyanobacterial metabolites as promising drug leads
against the M pro and PL pro of SARS-CoV-2: An in silico analysis. J. Biomol. Struct. Dyn. 2020, 1-13.
[CrossRef]

Sasidharan, S.; Selvaraj, C.; Singh, S.K.; Dubey, V.K.; Kumar, S.; Fialho, A.M.; Saudagar, P. Bacterial protein
azurin and derived peptides as potential anti-SARS-CoV-2 agents: Insights from molecular docking and
molecular dynamics simulations. J. Biomol. Struct. Dyn. 2020, 1-16. [CrossRef] [PubMed]

Kandeel, M.; Abdelrahman, A.H.M.; Oh-Hashi, K.; Ibrahim, A.; Venugopala, K.N.; Morsy, M.A;
Ibrahim, M.A.A. Repurposing of FDA-approved antivirals, antibiotics, anthelmintics, antioxidants, and cell
protectives against SARS-CoV-2 papain-like protease. J. Biomol. Struct. Dyn. 2020, 1-8. [CrossRef] [PubMed]
Quimque, M.T.J.; Notarte, K.I.R,; Fernandez, R.A.T.; Mendoza, M.A.O.; Liman, R AD.; Lim, ]JAK,;
Pilapil, L.A.E.; Ong, ]. K.H.; Pastrana, A.M.; Khan, A.; et al. Virtual screening-driven drug discovery
of SARS-CoV2 enzyme inhibitors targeting viral attachment, replication, post-translational modification and
host immunity evasion infection mechanisms. J. Biomol. Struct. Dyn. 2020, 1-18. [CrossRef] [PubMed]
Holtje, H.-D.; Folkers, G. Molecular Modeling: Basic Principles and Applications; Wiley: Hoboken, NJ, USA, 2008.
Chen, Y.-C. Beware of docking! Trends Pharmacol. Sci. 2015, 36, 78-95. [CrossRef]

Freitas, B.T.; Durie, .A.; Murray, J.; Longo, J.E.; Miller, H.C.; Crich, D.; Hogan, R.J.; Tripp, R.A.; Pegan, S.D.
Characterization and noncovalent inhibition of the deubiquitinase and deISGylase activity of SARS-CoV-2
papain-like protease. ACS Infect. Dis. 2020. [CrossRef]

Shin, D.; Mukherjee, R.; Grewe, D.; Bojkova, D.; Baek, K.; Bhattacharya, A.; Schulz, L.; Widera, M.;
Mehdipour, A.R.; Tascher, G.; et al. Papain-like protease regulates SARS-CoV-2 viral spread and innate
immunity. Nature 2020. [CrossRef]

Rut, W,; Lv, Z.; Zmudzinski, M.; Patchett, S.; Nayak, D.; Snipas, S.J.; El Oualid, F.; Huang, T.T.; Bekes, M.;
Drag, M.; et al. Activity profiling and structures of inhibitor-bound SARS-CoV-2-PLpro protease provides a
framework for anti-COVID-19 drug design. bioRxiv 2020. [CrossRef]

Weglarz-Tomczak, E.; Tomczak, ].M.; Talma, M.; Brul, S. Ebselen as a highly active inhibitor of PLProCoV2.
BioRxiv 2020. [CrossRef]

Klemm, T.; Ebert, G.; Calleja, D.J.; Allison, C.C.; Richardson, L.W.; Bernardini, ].P; Lu, B.G.; Kuchel, N.-W.;
Grohmann, C.; Shibata, Y.; et al. Mechanism and inhibition of the papain-like protease, PLpro, of SARS-CoV-2.
EMBO ]. 2020, €106275. [CrossRef]

Tsai, Y.-C.; Lee, C.-L.; Yen, H.-R,; Chang, Y.-S.; Lin, Y.-P.; Huang, S.-H.; Lin, C.-W. Antiviral Action of
Tryptanthrin Isolated from Strobilanthes cusia Leaf against Human Coronavirus NL63. Biomolecules 2020, 10,
366. [CrossRef]

Swaim, C.D.; Perng, Y.-C.; Zhao, X.; Canadeo, L.A.; Harastani, H.H.; Darling, T.L.; Boon, A.C.M,;
Lenschow, D.]J.; Huibregtse, ].M. 6-Thioguanine blocks SARS-CoV-2 replication by inhibition of PLpro
protease activities. BioRxiv 2020. [CrossRef]

Zou, X.; Chen, K.; Zou, J.; Han, P; Hao, J.; Han, Z. Single-cell RNA-seq data analysis on the receptor ACE2
expression reveals the potential risk of different human organs vulnerable to 2019-nCoV infection. Front.
Med. 2020, 14, 185-192. [CrossRef] [PubMed]

Zhao, G,; Jiang, Y.; Qiu, H.; Gao, T; Zeng, Y.; Guo, Y,; Yu, H,; Li, J.; Kou, Z; Du, L.; et al. Multi-Organ
Damage in Human Dipeptidyl Peptidase 4 Transgenic Mice Infected with Middle East Respiratory
Syndrome-Coronavirus. PLoS ONE 2015, 10, e0145561. [CrossRef]

Peterfreund, R.A.; Philip, J.H. Critical parameters in drug delivery by intravenous infusion. Expert Opin.
Drug Deliv. 2013, 10, 1095-1108. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.kint.2020.05.001
http://dx.doi.org/10.21203/rs.2.23280/v1
http://dx.doi.org/10.21203/rs.3.rs-19600/v1
http://dx.doi.org/10.1016/j.joim.2020.02.005
http://dx.doi.org/10.1080/07391102.2020.1794972
http://dx.doi.org/10.1080/07391102.2020.1787864
http://www.ncbi.nlm.nih.gov/pubmed/32619162
http://dx.doi.org/10.1080/07391102.2020.1784291
http://www.ncbi.nlm.nih.gov/pubmed/32597315
http://dx.doi.org/10.1080/07391102.2020.1776639
http://www.ncbi.nlm.nih.gov/pubmed/32476574
http://dx.doi.org/10.1016/j.tips.2014.12.001
http://dx.doi.org/10.1021/acsinfecdis.0c00168
http://dx.doi.org/10.1038/s41586-020-2601-5
http://dx.doi.org/10.1101/2020.04.29.068890
http://dx.doi.org/10.1101/2020.05.17.100768
http://dx.doi.org/10.15252/embj.2020106275
http://dx.doi.org/10.3390/biom10030366
http://dx.doi.org/10.1101/2020.07.01.183020
http://dx.doi.org/10.1007/s11684-020-0754-0
http://www.ncbi.nlm.nih.gov/pubmed/32170560
http://dx.doi.org/10.1371/journal.pone.0145561
http://dx.doi.org/10.1517/17425247.2013.785519
http://www.ncbi.nlm.nih.gov/pubmed/23565777

Pharmaceuticals 2020, 13, 277 17 of 17

106.

107.

108.

109.

110.

111.

Patra, J.K; Das, G.; Fraceto, L.F; Campos, E.VR,; Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.;
Diaz-Torres, L.A.; Grillo, R.; Swamy, M.K,; Sharma, S.; et al. Nano based drug delivery systems: Recent
developments and future prospects. J. Nanobiotechnol. 2018, 16, 71. [CrossRef]

Sohrab, S.S.; El-Kafrawy, S.A.; Mirza, Z.; Kamal, M.A.; Azhar, E.I. Design and Delivery of Therapeutic
siRNAs: Application to MERS-Coronavirus. Curr. Pharm. Des. 2018, 24, 62-77. [CrossRef]

Silva, S.; Almeida, A.J.; Vale, N. Combination of Cell-Penetrating Peptides with Nanoparticles for Therapeutic
Application: A Review. Biomolecules 2019, 9, 22. [CrossRef]

Zeitlinger, M.; Koch, B.C.P; Bruggemann, R.; De Cock, P.; Felton, T.; Hites, M.; Le, J.; Luque, S.;
MacGowan, A.P; Marriott, D.J.E.; et al. Pharmacokinetics/Pharmacodynamics of Antiviral Agents
Used to Treat SARS-CoV-2 and Their Potential Interaction with Drugs and Other Supportive Measures:
A Comprehensive Review by the PK/PD of Anti-Infectives Study Group of the European Society of Antimicr.
Clin. Pharmacokinet. 2020, 1-22. [CrossRef]

Klemm, T.; Ebert, G.; Calleja, D.J.; Allison, C.C.; Richardson, L.W.; Bernardini, ].P.; Lu, B.G.C.; Kuchel, N.W,;
Grohmann, C.; Shibata, Y.; et al. Mechanism and inhibition of SARS-CoV-2 PLpro. BioRxiv 2020. [CrossRef]
Chou, C.-Y,; Chien, C.-H.; Han, Y.-S.; Prebanda, M.T.; Hsieh, H.-P; Turk, B.; Chang, G.-G.; Chen, X. Thiopurine
analogues inhibit papain-like protease of severe acute respiratory syndrome coronavirus. Biochem. Pharmacol.
2008, 75, 1601-1609. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1186/s12951-018-0392-8
http://dx.doi.org/10.2174/1381612823666171109112307
http://dx.doi.org/10.3390/biom9010022
http://dx.doi.org/10.1007/s40262-020-00924-9
http://dx.doi.org/10.1101/2020.06.18.160614
http://dx.doi.org/10.1016/j.bcp.2008.01.005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Coronaviruses 
	CoV Enzyme Inhibitors and Their Feasibility for Therapeutics 
	PLpro—A Prospective Pharmacological Target 
	A Hindsight View of Developing CoV PLpro Inhibitors 
	Current Development of Inhibitors of CoV PLpro 
	Conclusions 
	References

