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1 | INTRODUCTION

Coronaviruses (CoVs) belong to the Nidovirales order of enveloped
positive-sense single-stranded RNA viruses. Before 2002, there were
only two known human CoV species, HCoV-229E and HCoV-OC43,
with infections exhibiting symptoms similar to those of the common
cold caused by rhinovirus. These two CoV were identified in 1965 and
have been extensively studied for the following 20 years.® There are
now seven known species of human CoVs (HCoVs): HCoV-229E,
HCoV-0OC43, HCoV-NL63, HCoV-HKU1, MERS-CoV, SARS-CoV, and
SARS-CoV-2 belonging to alpha- and beta-coronaviruses (Figure 1A).
About 30% of mild upper respiratory diseases are caused by
HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1.>* SARS-
CoV and MERS-CoV, which first appeared in China in 2002 and in Saudi
Arabia in 2012, respectively, caused severe health and economic crisis
at the global level. Even though its infection rate is slow, MERS-CoV
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The 21st century has witnessed three outbreaks of coronavirus (CoVs) infections caused
by severe acute respiratory syndrome (SARS)-CoV, Middle East respiratory syndrome
(MERS)-CoV, and SARS-CoV-2. Coronavirus disease 2019 (COVID-19), caused by
SARS-CoV-2, spreads rapidly and since the discovery of the first COVID-19 infection in
December 2019, has caused 1.2 million deaths worldwide and 226,777 deaths in the
United States alone. The high amino acid similarity between SARS-CoV and SARS-CoV-2
viral proteins supports testing therapeutic molecules that were designed to treat SARS
infections during the 2003 epidemic. In this review, we provide information on possible
COVID-19 treatment strategies that act via inhibition of the two essential proteins of

the virus, 3C-like protease (3CLP™) or papain-like protease (PLP™).

3 chymotrypsin-like cysteine protease, coronavirus main protease, COVID-19, papain-like
cysteine protease, SARS coronavirus, SARS-CoV-2

infections are still ongoing and between January 2020 and September
2020, 61 new cases were reported with 21 deaths. The mortality rate
of MERS (30%) is about three times more than that of SARS (10%).
The recently emerged novel SARS-CoV-2, which is currently
wreaking havoc worldwide, has infected 44 million individuals and
caused 1.2 million deaths as of November 10, 2020 (https://
coronavirus.jhu.edu/map.html). SARS-CoV-2 infection results in
coronavirus disease 2019 (COVID-19) and the clinical manifesta-
tions include fever (88.7%), dry cough (67.8%), sore throat (13.9%),
dyspnea (18.6%), fatigue (38.1%) and gastrointestinal symptoms
(8.8%). SARS-CoV-2 is a close cousin of SARS-CoV, sharing an
overall amino-acid sequence identity of 82%.° Based on this simi-
larity it is reasonable to assume that knowledge of the molecular
pathogenesis of SARS-CoV could help develop SARS-CoV-2 treat-
ment strategies. Currently, the US FDA has approved remdesivir
(inhibitor of SARS-CoV-2 RNA-dependent RNA polymerase [RdRp])

Abbreviations: 3CLP™, 3 chymotrypsin-like cysteine protease; CCso, 50% cytotoxic concentration; CoV, coronavirus; COVID-19, coronavirus disease 2019; CPE, cytopathic effect; DUB,

de-ubiquitinating; ECso, the concentration of a drug that gives half-maximal effect; FIP, feline infectious peritonitis; FRET, fluorescence resonance energy transfer; hRACE2, human angiotensin-
converting enzyme 2; HCV, hepatitis C virus; HIV, human immunodeficiency virus; HRV, human rhinovirus; ICse, half maximal inhibitory concentration; IFN, interferon; ISG15, interferon-induced gene
15; MERS-CoV, Middle East respiratory syndrome coronavirus; MP™, main protease; nsp, nonstructural protein; ORF, open reading frame; PLP", papain-like cysteine protease; RdRp, RNA-dependent
RNA polymerase; RTC, replication transcription complex; SAR, structure-activity relationship; SARS-CoV, severe acute respiratory syndrome coronavirus; TGF31, tumor growth factor 1.
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Classification of coronaviruses and polyproteins of SARS-CoV. (A) Coronavirus classification. The coronavirinae subfamily divides

into four genera; alphacoronavirus, betacoronavirus, gammacoronavirus, and deltacoronavirus. Further division of the betacoronavirus into
lineage subgroups is labeled in green. HCoV (human coronavirus), BCoV (bat coronavirus), PEDV (porcine epidemic diarrhea virus), FIPV (feline
infectious peritonitis virus), SARS (severe acute respiratory syndrome), and MERS (middle east respiratory syndrome). Seven human coronaviruses
are shown in red. (B) Schematics of the SARS-CoV polyproteins with two viral protease cleavage sites. The viral proteases PLP™ and 3CLP™ cleave
the immature polyproteins into 16 nonstructural proteins (labeled 1-16). Pink arrows indicate SARS-CoV PLP™ cut sites, whereas green arrows
indicate SARS-CoV 3CLP™ cleavage sites. The structural proteins include spike (S), envelope (E), membrane (M) and nucleocapsid (N)

and baricitinib plus remdesivir to treat patients with COVID-19.
However, considering the large number of reported cases of
COVID-19, there is an urgent call for potent SARS-CoV-2 ther-
apeutic drugs.

A vital step in the life cycle of coronaviruses is the proteolytic
processing of virally expressed polyproteins into functional units by
virus-encoded proteases.®” Two cysteine proteases, papain-like pro-
tease (PLP™), and 3C-like protease (3CLP™), are viral proteases encoded
by the coronavirus genome; their enzymatic activities are crucial for the
formation of the replication complex in the host cytoplasm. Inhibition of
these viral proteases results in impaired viral replication in host cells.
Thus, inhibition of SARS-CoV-2 viral proteases is a promising antiviral
strategy. There is a high amino-acid percent homology that exists
between the decoded SARS-CoV and SARS-CoV-2 proteases (96% for
3CLP™ and 83% for PLP™). This encourages us to utilize the available

information on SARS-CoV proteases to design inhibitors that

potentially block activities of the SARS-CoV-2 proteases. Here, we re-
view the characteristics of coronavirus proteases and summarize the
promising inhibitory molecules targeting these proteases. We believe
this information will aid in designing potential drug candidates to treat
the rapidly spreading COVID-19.

2 | CORONAVIRUS GENOME
ORGANIZATION

The life cycle of SARS-CoV and SARS-CoV-2 begins with their attach-
ment to the host receptor human angiotensin-converting enzyme 2
(hACE?2) via the viral surface glycoprotein known as the spike (S) pro-
tein® SARS-CoV-2 S protein showed approximately 22-fold tighter
binding to hACE2 than SARS-CoV S, which could be one reason why
SARS-CoV-2 infection rate is much higher.” The Coronaviridae family
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members have the largest and most complex replicating genomes of all
the RNA viruses. The SARS-CoV and SARS-CoV-2 genome is about
29.8 kb long with a 5’ cap structure and 3’ polyadenylation tract.’®** The
replicase gene (rep) is approximately 21 kb long and takes up around 2/3
of the 5’ region of the SARS-CoV genome. Following infection, the
genomic RNA is released into the cytoplasm, and then two large poly-
proteins ppla (~486 kDa) and pplab (~790kDa) are synthesized from
two overlapping open reading frames (ORFs) 1a and 1b that encode rep™®
(Figure 1B). The SARS-CoV proteases, PLP™ and 3CLP™, which undergo
auto-catalytic cleavage post translation and aid in co-translational pro-
teolytic processing of these two immature polyproteins to release
16 nonstructural proteins (nsps) named nspl through nsp16 that facil-
itate the formation of the multifunctional membrane-associated
replication-transcription complex (RTC).*?> Furthermore, unlike other
RNA viruses, SARS-CoV have an exoribonuclease domain (ExoN) in
nsp14 that provides proofreading activity that protects the virus from
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mutagenesis.'® The structural proteins spike (S), envelope (E), membrane
(M) and nucleocapsid (N) are encoded by four open reading frames that

are present downstream of rep.

3 | SARS-COV 3CLP™: STRUCTURE AND
FUNCTION

The coronavirus 3CLP™ enzyme, also known as main protease (MP™),
cleaves the large polyprotein pplab at 11 locations, releasing 13
nonstructural proteins.’* The P1, P2, and P1’ positions of the substrate
peptide are the major determinants of substrate specificity of
SARS-CoV 3CLP™®.” The P1 position has a well-conserved Glutamine
residue and the P2 position has a hydrophobic core. 3CLpro re-
cognizes and cleaves (Leu, Val, Phe, or Met)-GlIn | (Ser, Ala, Gly, or Asn)
sequences and cleaves the polyproteins into nonstructural proteins

SARS-CoV-2
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SARS-CoV 3CLpro structure and cleavage sequences. (A) Eleven cleavage sites of SARS-CoV and SARS-CoV-2 3CLP™.

Conserved residues are highlighted in yellow and highlighted in green are mismatched regions between the two 3CLP™ cleavage sites.
(B) Crystal structure of the SARS-CoV 3CLP™ (PDB; 2DUC). 3CLP™ is a functional dimer. The residues 8-101 were colored in yellow (Domain 1),
102-184 (Domain IlI) in pink, and 201-301 (Domain Ill) were colored in blue. The catalytic dyad (His41 and Cys145) is shown in green.

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2



ANIRUDHAN ET AL

FIMTM—_\ \/1Ey 2725

(nsps) 4-16 (Figures 1B and 2A). While the 3CLP™ of other cor-
onaviruses have leucine or isoleucine at position P2, SARS-CoV 3CLP™
can have either phenylalanine, valine or methionine at this posi-
tion.'®® Sequence homology between the cleavage sites of SARS-CoV
and SARS-CoV-2 3CLP™ is very high, and mismatching residues are
highlighted in green in Figure 2A.

The crystal structure of 3CLP™ from SARS-CoV is similar to that
from other coronaviruses and it comprises of three domains
(Figure 2B).**"*® The chymotrypsin-like structure is constructed
from B-barrels contained in the domains | (residues 8-101) and Il
(102-184); domain Il (residues 201-306) contains mostly a-helices.
The active site region is located between domain | and domain I,
where amino acid residues Cys145 and His41 form the catalytic dyad
of SARS-CoV 3CLP™.*¢729 Without dimerization, SARS-CoV 3CLP™®
is inactive and the N-terminal regions of each monomer plays a
crucial role in dimer formation.?* This structural information pro-

vides a basis for prototype 3CLP™ inhibitors.

pro

3.1 | Characterization of coronavirus 3CL
The development of novel 3CLP™ inhibitors requires proteolytic activity
assessment studies of the enzyme. A fluorescence-based assay for
peptide cleavage assessment is generally used to characterize the ac-
tivity of SARS-CoV 3CLP™. The cleavage of the peptide is evaluated by a
fluorescence resonance energy transfer (FRET) assay. The fluorescent
peptide substrate comprises a fluorescent donor, a peptide, and a
quenching acceptor. When the peptide is cleaved by the protease, the
quenching acceptor is released which results in an increase in fluor-
escent signal. The most commonly used fluorescent reporter system is
the Dabcyl-EDANS pair with 340 nm (excitation) and 490 nm (emis-
sion) wavelength and it typically employ the substrate molecule with
the amino acid compositions: KTSAVLQSGFRKME or KNSTLQSGLRKE
due to higher cleavage efficiency.’”?® Using FRET-based peptide sub-
strates in their cleavage assays, Grum-Tokars et al.>! characterized the
activity of SARS-CoV 3CLP™. They tested the following fluorescent
probes: Dabcyl-EDANS, Abz-Tyr(NO,), Alexa488-QSY7, and Alexa594-
QSY21. Upon determination of fluorescence extinction coefficient
(FEC) values for the substrates, Alexa488-QSY7 was found to be the
most sensitive probe. Based on the influences of assay conditions on
SARS-CoV 3CLP™ activity in vitro, they recommended using a pH of 7.5
and less than 100 mM NaCl. They also reported drastic differences
in kinetic parameters when additional amino acid residues were
incorporated in SARS-CoV 3CL"™ and suggested the use of the enzyme
without any changes to its N- or C-termini. Observed discrepancies
between the enzyme kinetic parameters of SARS-CoV 3CLP™ reported
by other research groups have also been addressed.?> 2 These varia-
tions pose a severe problem in the screening process for inhibitory
drugs, and therefore a standard method of enzyme activity assessment
that best mimics in vivo conditions are warranted. The use of higher
wavelength fluorophore-quencher pair such as Alexa488 and Alexa5%94
is beneficial to avoid interference from testing compounds. However,
Alexa fluorophores are expensive, and hence another 5-FAM and QXL

MEDICAL VIROLOGY

pair (450 nm/520 nm, excitation/emission) was also developed as an
effective substrate for high-throughput screening against SARS-CoV
3CLP™ enzymatic assays.”” Despite advancements in the development
of 3CLP™ enzymatic assays, they are not an alternative for in vitro or in
vivo screening in live viral systems in a biosafety level 3 facility. How-
ever, they are useful as a necessary tool to screen and characterize

potential inhibitors in a nonbiosafety level 3 environment.

4 | POTENTIAL THERAPEUTIC
COMPOUNDS TARGETING CORONAVIRUS
3CLrPre

Owing to the absolute requirement of coronavirus 3CLP™ for viral
replication, the protease has been the major focus of antiviral devel-
opment. An additional factor making this enzyme more appealing as a
therapeutic target is that no known human proteases share structural
homology and substrate cleavage specificity with SARS-CoV 3CLP™.
Here, we review promising 3CLP™ inhibitors that have the potential
for treatment of SARS-CoV-2.

4.1 | Rupintrivir

In the past, the 3C protease of the closely related human rhinovirus
(HRV) has been efficaciously targeted by inhibitors to treat common
cold.?® Rupintrivir (AG7088) developed by Agouron Pharmaceuticals,
Inc. is a synthetic compound that selectively and covalently inhibits
the 3CLP™ of HRV. Rupintrivir showed potent anti-HRV activity in
vitro and the drug was formulated into a nasal spray for a double-
blind, placebo-controlled Phase 2 clinical trial in 1999. The drug had
minimal side effects and was efficacious in reducing viral titers and
symptoms such as nasal discharge.?? It was later advanced to treat
patients with acquired infections in large-scale Phase II/Ill trails.
However, there was a lack of efficacy in natural infection studies and
it was halted for further development.

Rupintrivir was tested against SARS-CoV-2 but showed little
enzyme inhibitory activity (ICso value of 687 uM).%° This is likely
due to the difference in the substrate-binding sites between HRV
and SARS-CoV-2. A change in the amide bond between P2 and P3 to
a methyleneketone inhibits the drug's ability to bind to the 3CLP™ of
SARS-CoV-2.%° However, it might be possible to make modifications
to the structure of rupintrivir to enhance its affinity for SARS-CoV-2
which makes it a promising lead compound for further therapeutic

development.

4.2 | Ledipasvir and velpatasvir

Between the viral proteases from SARS-CoV and SARS-CoV-2, Chen
et al.®>* found 100% conservation of the sequences involved in the
enzymatic reaction, substrate binding and dimer formation. A virtual
screen of 7173 purchasable compounds was further conducted to
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Compounds that have high potential to be repurposing for treating COVID-19 by inhibiting SARS-CoV-2 3CLP™ or PLP™

TABLE 1

Clinical trials reference number

Developmental stage

In vitro viral inhibition against coronaviruses

Original target organism/disease

Compound

S. No.

NCT04530422

Phase 3 clinical trial

NA

Hepatitis C virus

Ledipasvir + Sofosbuvir

1.

NCT02845843

Human immunodeficiency virus Lopinavir ECso = 8.0+ 1.5 in Vero E6 cells Phase 2 clinical trial

Lopinavir + Ritonavir + interferon §-1b

NCT04485130

Phase 2 clinical trial

NA

Alcohol addiction

Disulfiram

NCT04389580

Phase 2 clinical trial

NA

Cancer

Isotretinoin + Tamoxifen

NCT04361422

Phase 3 clinical trial

NA

Cancer

Isotretinoin

Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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identify possible SARS-CoV-2 3CLP™ inhibitors. Two approved he-
patitis C virus (HCV) drugs ledipasvir and velpatasvir were reported
as suitable candidates based on their modes of action, targets, and
lack of side effects (Table 1). Though the in vitro experimental data
of ledipasvir and velpatasvir inhibiting SARS-CoV-2 replication via
blocking 3CLP™ activity is lacking, a human clinical trial is currently
under way in Egypt for the treatment of COVID-19 with sofosbuvir
(a prodrug nucleotide analog inhibitor of SARS-CoV RdRp) plus le-
dipasvir (ClinicalTrails.gov number, NCT04530422).

4.3 | Lopinavir and ritonavir

Lopinavir and ritonavir are human immunodeficiency virus (HIV) as-
partate protease inhibitors and were approved by the United States
Food and Drug Administration (FDA) in 2000 for the treatment of HIV
(Table 1). These two drugs are often used together because ritonavir
can increase lopinavir's plasma half-life through inhibiting cyto-
chromes P450. Lopinavir has proven inhibitory activity against
MERS-CoV both in vitro (ECsg value of 8.0 £ 1.5 uM) and in an in vivo
nonhuman primate model.*>*®> A human clinical trial for the combi-
nation of lopinavir/ritonavir and interferon f-1b to treat MERS is
currently under way (ClinicalTrails.gov number, NCT02845843).
Lopinavir has also been shown to block the SARS-CoV 3CLP™, but the
study lacked proper randomization and control groups.>* Lopinavir/
ritonavir was used in a clinical trial to treat COVID-19 patients in

China, but it was shown to be ineffective.*”

44 | GC376

The prodrug GC376 is an approved drug for the treatment of feline
infectious peritonitis (FIP) which is caused by feline coronavirus
(Table 2).°¢ FIP is usually fatal in cats but GC376 has shown promise in
the treatment of FIP.>” Both prodrug GC376 and its parent drug
GC373 bind covalently to the catalytic Cys145 of SARS-CoV-2 3CLP™
as shown by x-ray crystallography studies.*® Using the FRET-based
assay, it was determined that GC376 blocked proteolytic cleavage ac-
tivity of MERS 3CLP™ with an ICso of 1.56 +0.09 pM.*? It was also
demonstrated that both parent and prodrug potently blocked
SARS-CoV 3CLP™ protease activity with an ICsg value of 0.07 + 0.02 uM
and 0.05+0.01puM, respectively. Their inhibitory activities against
SARS-CoV-2 protease were slightly weaker, with ICso values of
040+ 0.05pM for GC373 and 0.19+0.04puM for GC376.°° Plaque
reduction assays conducted on SARS-CoV-2 infected Vero E6 cells
confirmed the antiviral potency of GC373 (ECso = 1.50 + 0.30 pM) and
GC376 (ECs50=0.90+0.20 uM); both compounds showed no notable
cytotoxicity (CCsq > 200 uM). Moreover, these drugs significantly re-
duced viral titers (3-log decrease) as indicated by virus yield reduction
assays. Anivive Lifesciences is working to obtain FDA approval for
GC376 as a treatment of FIP in felines. In additionally, the company is
initiating two preclinical studies to further evaluate the in vivo efficacy
and safety of GC376 as a therapeutic for SARS-CoV-2 in humans.
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4,5 | Peptidomimetic a-ketoamides

The broad-spectrum antiviral ability of certain peptidomimetic

Reference(s)

S a-ketoamides was assessed in Vero E6 cells.*® Compound 11r was found
to be a potent antiviral against SARS-CoV with an ECsg value of 2.10 uM
and against MERS-CoV with an ECsq value of 5.00 uM. By modifying the
chemical structure of 11r, a more stable compound 13a was designed

g © specifically to inhibit SARS-CoV-2 3CLP°.*' However, 13a had lower
S ,_:>; 3 inhibitory potency against SARS-CoV-2 3CLP™ (ICso=2.39 + 0.63 uM) as
g % 5 § compared with 11r (IC50=0.18 +0.02 uM). Further replacing the P2
,§ = I S cyclohexyl moiety of 13a by cyclopropyl generated 13b with enhanced
E the compound's inhibitory activity against purified SARS-CoV-2 3CLP™
f (IC50 = 0.67 £ 0.18 uM). In addition, compound 13b inhibited SARS-CoV-2
'g & infection in Calu3 cells with a ECso value of 4-5uM. These exciting
E é "'E % discoveries warrant further in vivo assessment of compound 13b to
E: § ;L) Z’ study their SARS-CoV and SARS-CoV-2 inhibitory potency, before which
its specificity for the respective 3CLP™ enzymes must also be studied.
o 4.6 | N3 and Ebselen
g 5 o
s % l\Q g A Michael acceptor inhibitor named N3 was designed using computer-
E.,,:’, N © g aided drug design to target SARS- and MERS-CoV 3CLP™.*> N3 could
% S also bind SARS-CoV-2 3CLP™ from molecular docking analysis.** It was
.:_‘3 qé further demonstrated to be an irreversible inhibitor of the protease. In
é ;(') E -g addition, the crystal structure of compound N3 complexed with
E " 3 g i SARS-CoV-2 3CLP™ was solved and N3 was shown to bind to the
E E g g % substrate-binding region which is located between domains | and I1.** In
§ the HTS of a library of around 10,000 compounds, six compounds
g presented themselves as possible selective SARS-CoV-2 3CLP™ in-
§ hibitors: disulfiram, carmofur, ebselen, shikonin, tideglusib, and PX-12.4°
; It should be noted that a portion of these hits are promiscuous scaffolds
% due to the presence of sulfhydryl groups and thus making them not a
N z : promising drug lead. However, ebselen covalently bound to 3CLP™ but
D}o 5 only partially modified Cys145 of the catalytic dyad; therefore it might
b o &I’ be a noncovalent inhibitor and a more promising drug lead. Further-
° °=§_>* ‘Z{ more, ebselen was the strongest inhibitor and had an ICsy value of
g Q IIZ o g 0.67 uM. A cell-based infection assay using Vero E6 cells demonstrated
g <t o = g ebselen and N3 to be potent antivirals with ECsq values of 4.67 and
s g § 16.77 uM, respectively. The assurance of low toxicity and safety has
'g c|> GE) been provided for ebselen from previous animal studies and clinical
S % trials.**** Studies directed towards further elucidation and optimization
@ of the antiviral potentials of ebselen, N3 and related compounds would
g be beneficial in the process of therapeutic development to combat the
. -g highly infectious COVID-19 disease.
- T X S
g 3 = 8] 3
E E 3 g o 47 | 47 PF-00835231
g S o o =
o >
@ A previous identified ketone-based SARS-CoV 3CLP™ inhibitor, Pfi-
: % zer compound PF-00835231, was also demonstrated as a potent
a 2 g inhibitor of SARS-CoV-2 3CLP™.*® An x-ray crystal structure of the
|<_t oy ™~ o 3 compound PF-00835231 in complex with SARS-CoV-2 3CLP™
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FIGURE 3 Cleavage sites and crystal structure of the SARS-CoV- PLP™. (A) Three cleavage sites of PLP™® protease from SARS-CoV and
SARS-CoV-2. Conserved residues are highlighted in yellow and highlighted in green are mismatched regions between the two PLP™
cleavage sites. (B) Crystal structure of SARS-CoV-2 PLP™ (PDB; 6WX4). The ubiquitin-like domain and Zinc-binding motif are highlighted in blue
and pink, respectively. A catalytic triad is shown in the green circle and blocking loop 2 residues are in orange. SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2

TABLE 3 Potential SARS-CoV-2 PLP™ inhibitors

S. No. Compound

1. GRL0617

2. Compound 2
3. Compound 49
4. NSC158362
5 Disulfiram
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In-vitro kinetics, I1Csq (UM)

In-vitro viral inhibition, ECsq (M)

Virus
SARS-CoV
MERS-CoV
SARS-CoV-2
SARS-CoV

SARS-CoV

Not tested

SARS-CoV
MERS-CoV

Abbreviation: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Potency
0.6+0.1
NA
1.5+0.08
0.46 £0.03

1.3£0.1

14.2+0.5
22.7+0.5

Cell line
Vero E6

Not tested

Vero E6

Vero E6

Vero E6 cells

Not tested

Potency Reference(s)
145+0.8 12
67
6.0+£0.1 13
52+0.3
<1 62
20
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indicates that the drug binds to the enzyme via a covalent linkage
with the catalytic cysteine residue (PDB:6XHM).*®

The inhibitory potential of PF-00835231 has been confirmed in
SARS-CoV-2-infected A549"ACE2 cells (A549 cells are inherently im-
permeable to SARS-CoV-2, therefore A549 cells expressing ACE2
receptor exogenously was used).*” PF-00835231 was further eval-
uated with the two major currently circulating clades of SARS-CoV-2,
clade A (the Wuhan basal clade) and clade B (the spike protein D614G
clade) and exhibited stronger potency than remdesivir, the only drug
approved by the FDA so far to treat COVID-19.*® The reported ECsq
values for PF-00835231 are 0.22 uM at 24 h and 0.16 uM at 48 h in
clade A SARS-CoV-2-infected A549*AE2 cells. The ECso values of
remdesivir in clade A SARS-CoV-2 infected A549"A°E2 cells was
0.44 uM at 24 h and 0.24 uM at 48 h. In clade B SARS-CoV-2 infected
A549*ACE2 cells the ECso values were 0.18 M and 0.28 uM for
PF-00835231 and remdesivir, respectively. No significant cytotoxicity
was observed for either compound (CCso > 10 uM). PF-00835231 also
exhibited strong antiviral activity in Vero E6 cells against SARS-CoV-2
infection with an ECsq value of 0.23 pM.*’ This assay was performed
in the presence of an inhibitor of the efflux transporter P-glycoprotein
(P-gp), since PF-00835231 acts as a substrate for this efflux pump.*®
In addition, PF-00835231 displayed strong antiviral infection against
clade A SARS-CoV-2 in a physiologically relevant model, human air-
way epithelial cultures.”” Furthermore, PF-00835231 was shown to
exhibit additive/synergistic effect in combination with remdesivir in
SARS-CoV-2 infected-HeLa-ACE2 cells.*? This is conceivable since the
two drugs target different steps in the life cycle of SARS-CoV-2.

Experiments conducted in vivo wherein PF-00835231 was ad-
ministered intravenously (IV) to rats, dogs and monkeys indicated
that the drug displayed low oral bioavailability (<2%).*’ To decrease
the drug clearance and increased the bioavailability of PF-00835231
a phosphate prodrug was designed, PF-07304818, with improved
ADME (absorption, distribution, metabolism, and excretion) proper-
ties and safety profile. Overall, these data encourage future clinical
studies on the prodrug PF-07304818 to treat COVID-19.

5 | CORONAVIRUS PLP™: STRUCTURE
AND FUNCTION

In addition to 3CLP™, a papain-like protease (PLP™) is another at-
tractive target for anti-SARS/MERS-CoV drug development due to its
essential role in viral replication. Unlike other coronaviruses which
encode two PLP™ paralogs, MERS-CoV, SARS-CoV, and SARS-CoV-2
produce only one copy of PLP™. The 35.7 kDa-SARS-CoV PLP™ is part
of the 213-kDa membrane-associated nonstructural protein nsp3
(Figure 1B).°° The hydrolysis of the carboxyl side chain of the peptide
backbone cleaves the SARS-CoV polyprotein ppla at three sites
(177LNGGJAVT g3, g15sLKGG|APg21, and 5737,LKGG|KIV,743; where |
indicates cut site), and releases three proteins nsp1, nsp2, and nsp3
which are essential for viral replication.”* It recognizes Leu-Xxx-Gly-
Gly | Ala, Lys in the substrates and cleaves between Gly and Ala/Lys
residues (Figure 3A). Activity profiling of SARS-CoV-2 PLP™ revealed

that the P2 site has specificity for Gly, the P3 site can tolerate broad
amino acid types and the P4 site prefers amino acids with hydrophobic
side chains.”?

The SARS-CoV PLP™ has four domains and three of them form
distinct palm, thumb, and finger domains in addition to a ubiquitin-
like N-terminal domain (Figure 3B).°* A zinc ion present within a zinc-
ribbon region in the finger domain was found to be a requirement for
catalysis. The catalytic triad of the PL?™ is made up of amino acid
residues Cys112-His272-Asp286. The overall sequence identity
between SARS-CoV and SARS-CoV-2 PLpro proteins is 83%, and
they are structurally very similar as expected. Blocking loop 2 shown
in Figure 3B plays a crucial role in inhibitor binding.>*

5.1 | Deubiquitinating and delSGylating activities
of SARS-CoV and SARS-CoV-2 PLP™®

Studies have shown that SARS-CoV PLpro has two additional pro-
teolytic activities, the removal of ubiquitin (Ub) and ubiquitin-like
protein interferon-induced gene 15 (ISG15). SARS-CoV PLP™ has
structural homology with the herpesvirus-associated ubiquitin-
specific protease which is a cellular de-ubiquitinating (DUB) pro-
tein; thus, it is predicted to cleave a consensus sequence recognized

1.°9 conducted in vitro studies to

by DUB enzymes. Barretto et a
assess the de-ubiquitination activity of SARS-CoV PLP™ and
demonstrated that the protease indeed possesses de-ubiquitinating
potential based on its ability to hydrolyze ubiquitinated substrates.
With respect to the interactions of the PLP™ active site with
ubiquitin, biochemical and structural studies revealed that PLP™
interacts with ubiquitin through its palm and fingers regions and
cleaves at an LXGG motif present at the P4-P1 positions of the
substrate.”*°°

Like SARS-CoV PLP™, SARS-CoV-2 PLP™ also has deubiquiti-
nating and delSGylating activities and the key functional differences
between these two proteases were outlined by Shin et al.'* They
demonstrated that SARS-CoV-2 has host substrate preference and
favorably cleaves the ubiquitin-like protein ISG15, while SARS-CoV
PLP™ primarily cleaves ubiquitin chains.** In addition, the P2 position
upstream of the cleavage site was shown to be the major determi-
nant of substrate specificity. More detailed studies are needed
to understand how these differences contribute to pathogenic
outcomes of SARS-CoV and SARS-CoV-2 infections.

One way that SARS-CoV manipulates the host innate immune
response is by the interferon (IFN) antagonist feature of its PLP™. A
2006 study reported higher levels of pro-inflammatory cytokines
observed in SARS-CoV infected cells.’® Contrasting observations
were made by Frieman et al.°” who demonstrated that the
SARS-CoV PLP™ blocked NF-xB thereby preventing IFN-mediated
defense mechanisms. To address these observed discrepancies, Chen
et al.”® conducted in vitro analysis in SARS-CoV infected 293T cells
and indicated that SARS-CoV PLP™ can interact with TRAF3, STING,
and TBK1 and disrupt the STING-TRAF3-TBK1 complex which is
required for IFN-f production pathway activation.
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Apart from its effects on the human innate immunity, cell
culture-based studies in human promonocytes provided evidence
that SARS-CoV PLP™ stimulates tumor growth factor g1 (TGFB1)
synthesis.”” The elevated levels of TGFB1 has also been observed in
the lungs of SARS-CoV patients and are correlated with the “pro-
inflammatory storm” in the lungs.>®

5.2 | Characterization of coronavirus PLP™

A FRET-based assay involving a fluorogenic substrate peptide
(similar to that described earlier for SARS-CoV 3CLP™) has been
developed to assess the proteolytic activity of PLP.>° Ubiquitin and
ISG15-based fluorescence substrates were also frequently used for
the PLP™.%C The sequences of the substrates were designed based on
the cleavage site for SARS-CoV PLP™ and substrate peptides
including RLRGG, RELNGG, RELNGGAP, and RELNGGAPI were used
with either 7-amido-4-methyl coumarin (AMC) or Dabcyl-EDANS as

fluorescent probes.”%¢?

6 | POTENTIAL THERAPEUTIC
COMPOUNDS TARGETING CORONAVIRUS
pPLP"®

PLP™ is an attractive therapeutic target due to its essential role in viral
replication and its ability to interfere with the host immune response.
Inhibitory compounds with sub-micromolar activities were identified
from in vitro SARS-CoV infected cell culture studies.”>°*** Most of
these inhibitors bound to a region away from the SARS-CoV PLP™
catalytic site. The explanation for the lack of inhibitors targeting the
active site is that they may also inhibit the host DUBs and thus results
in cell-toxicity, due to the high similarity in the active site architecture
between SARS-CoV PLP™ and host-encoded DUBs.

As previously stated, SARS-CoV-2 shares a high amino-acid se-
quence similarity to SARS-CoV. Therefore, previously identified
SARS-CoV PLP™ inhibitors have a strong likelihood of inhibiting
SARS-CoV-2. There have been many compounds that are reported to
inhibit SARS-CoV PLP™ and a handful that have been validated as
inhibitors of SARS-CoV-2. Here, we describe the previously identi-
fied inhibitors of SARS-CoV PLP™ and compare their structures,
activity, and toxicity (Table 3).

6.1 | Naphthalene-based inhibitors

A fluorescence-based assay with a fluorogenic ubiquitin-like peptide
substrate RLRGG-AMC was used in a high-throughput screen (HTS)
and two naphthalene-based SARS-CoV PLP™ inhibitors 7724772 and
6577871 were identified (Table 3). Though 7724772 and 6577871
had ICsp values of 20.1 + 1.1 uM and 59 uM against SARS-CoV PLP™
protease activity, respectively, they showed no inhibition against
SARS-CoV replication.”>® Compound 7724772 has a stereocenter
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and is a racemic mix of 2-methyl-N-[1-(2-naphthyl)ethyl]benzamide.
Each enantiomer was tested individually against PLP™, and the
R-enantiomer had a higher inhibitory potential with an ICsq value of
8.7 £ 0.7 uM. However, R-7724772 still lacked the ability to inhibit
SARS-CoV replication. Further optimization on this compound led to
a more potent compound designated GRL0617.°% Kinetic studies
revealed that GRLO617 is a noncovalent competitive inhibitor of
SARS-CoV PLP™ with an ICso value of 0.6+0.1uM. The antiviral
activity of this compound was assessed in Vero E6 cells against
SARS-CoV infection and the ECsq was calculated to be 14.5+ 0.8 uM
with no cytotoxicity observed at the highest concentration tested
(50 uM). Since SARS-CoV PLP™ functions as a deubiquitinating and
delSGylating (cleaves ubiquitin-like modifiers like 1SG15) and there
are over 50 putative deubiquitinating enzymes in humans, the se-
lectivity of GRLO617 for SARS-CoV PLP™ was tested. It was observed
that DUB-like enzymes such as HAUSP, USP18, UCH-L1, UCL-LS3,
and a PLP™ from HCoV-NL63 was not inhibited by GRL0617.

The x-ray crystal structure of GRL0617 in complex with
SARS-CoV PLP™ was elucidated at a resolution of 2.5A which pro-
vided structural foundation for further structure-activity relationship
(SAR) studies.? A more potent compound (Compound 2) was gener-
ated with an ICsq value of 0.46 uM against SARS-CoV PLP™ protease
activity and an ICsq value of 12.5 uM against SARS-CoV infection in
Vero E6 cells. The methylamine derivative of Compound 2, Compound
49, had less enzyme inhibitory potency against SARS-CoV PLP™
(IC50=1.3uM), but gained significantly more antiviral potency in
SARS-CoV infected Vero E6 cells (ICso = 2.5 uM). Both Compounds 2
and 49 did not exhibit notable cytotoxicity.

The SARS-CoV PLP™ inhibitor 7724772 also showed inhibition
against SARS-CoV-2 PLP™ with an ICsq value of 23.5 uM. Lead com-
pound GRL0617 was less potent against SARS-CoV-2 than SARS-CoV.
The compound inhibited SARS-CoV-2's PLP™ enzyme with an ICsq
value of 2.4 uM and viral replication with an ECsg value of 21 uM.®® In
the human epithelial cells Caco-2 infected with SARS-CoV-2, treat-
ment with GRLO617 resulted in a dose-dependent inhibition of viral
replication as assessed by cytopathic effect (CPE) studies (~100% CPE
inhibitory effect was observed with 100 uM of compound). The mi-
cromolar inhibitory activity of GRLO617 makes the noncovalent
naphthalene-based inhibitors a good starting scaffold for further
SARS-CoV-2 therapeutics development.

The structure of GRL0O617 complexed with the SARS-CoV-2
PLP™ has been solved and revealed that the inhibitor binds in the
S3-S4 pockets of the substrate cleft. Binding of the inhibitor causes
the closure of the BL2 loop (Figure 3B) and narrows the substrate
cleft as opposed to the endogenous ligand which enlarges it. This
suggests that GRLO617 inhibits the SARS-CoV-2 PLP™ by preventing
binding of the LXGG motif of the substrate.’® The structural studies
also suggested that a conserved amino acid reside Tyr269 is involved
the inhibition of the enzymatic activity by the compound.’? Indeed,
GRLO0617 lost its inhibitory activity against the mutated SARS-CoV-2
PLP™ in which Tyr269 was replaced by either Thr or Gly. Collectively,
these studies strongly encourage further understanding of the
therapeutic effects of GRLO617 class of small molecules in mitigating
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COVID-19. This crystallographic structure can aide in rational drug
design, leading to a new generation of naphthalene based PLP™

inhibitors.

6.2 | Yeast-based NSC158362 inhibitor

A yeast-based screening methodology was described by Frieman et al.*®
wherein small molecules that inhibit SARS-CoV multiplication was
identified on the basis that unnatural expression of SARS-CoV PLP™ in
Saccharomyces cerevisiae resulted in a much slower growth rate. Five
compounds were selected from a manual screen of around 2000
compounds from the NIH Developmental Therapeutics Program (DTP)
Diversity Set library. Amongst these, compound NSC158362 inhibited
SARS-CoV replication (ECsp < 1 uM) in virus infected-Vero E6 cells and
it was not cytotoxic at the highest concentration tested (100 uM). In a
more physiologically relevant model of SARS disease, the compound
NSC158362 considerably lowered SARS-CoV viral titers (>50-fold re-
duction) in infected human airway epithelial cells (HAEs). More research
is needed to test the effects of NSC158362 against SARS-CoV-2 PLP™
and SARS-CoV-2 infection.

6.3 | Disulfiram

Another interesting FDA-approved drug, disulfiram, is capable of
blocking enzymatic activities of hepatic alcohol dehydrogenase, me-
thyltransferase, urease, and kinase (Table 1).°”:°® Because the cysteine
residues of the of PLP™ are essential for its enzymatic activities and
disulfiram can covalently bind to these residues, Lin et al.®” hy-
pothesized that disulfiram can block activities of coronavirus PLP™.
They conducted enzyme kinetic studies that provided evidence that
disulfiram inhibited SARS-CoV and MERS-CoV PLP™ through compe-
titive and noncompetitive mechanisms, respectively. Disulfiram in-
hibited DUB activities of MERS-CoV PLP™ and SARS-CoV PLP™ with
ICso values of 22.7+0.5uM and 14.2+0.5uM, respectively. Dis-
ulfiram also acts with FDA-approved drugs 6-thioguanine and/or
mycophenolic acid synergically to inhibit MERS-CoV PLP™. In addition
to its antiviral activity, disulfiram's favorable safety profile and prior
FDA approval make it a good example of repurposing a previously
approved drug for the treatment of COVID-19. As of September 1,
2020, Disulfiram is in Phase 2 clinical trials for the treatment of
CQOVID-19 at the University of California San Francisco. Patients who
are symptomatic and COVID-19 PCR positive will be enrolled in the
study and will receive 200 mg/day of disulfiram for 3 consecutive
days. Patients will be monitored for SARS-CoV-2 viral load and bio-
markers of inflammation (ClinicalTrails.gov number, NCT04485130).

6.4 | Isotretinoin

In a structure-based computational screen of small molecules, an an-

titumor drug Isotretinoin was identified as a potential SARS-CoV-2

PLP™ inhibitor based on the predicted enzyme binding affinity
(Table 1).”° Isotretinoin is a vitamin A derivative which was demon-
strated to exhibit strong ACE2 downregulation potential.”* It is
currently in Phase 2 clinical trials to test its COVID-19 treatment
potency in combination with tamoxifen (breast cancer drug)
(Clinicaltrials.gov number, NCT04389580). Assessment of its efficacy
to treat COVID-19 as a single treatment option is currently under-
going Phase 3 clinical trials (Clinicaltrials.gov number, NCT04361422).

7 | CONCLUSION

The current pandemic caused by SARS-CoV-2 resulting in COVID-19
urgently requires reliable potent therapeutic strategies with minimal side
effects to fight it. The high sequence homology between the crucial viral
proteases of SARS-CoV and SARS-CoV-2 suggests that the previously
identified SARS-CoV protease inhibitors can also block SARS-CoV-2
protease activities. Here, we have provided a review of the coronavirus
PLP™ and 3CLP™ inhibitors. Of note, GRLO617, compounds 11r and 13b,
PF-00835231, and GC376 have been demonstrated to exhibit highly
potent antiviral activities. Further testing these compounds in in vivo
SARS-CoV-2 infection models is urgently needed for evaluating their
potential as candidate drugs to treat the COVID-19 disease. Promising
therapeutic drugs, sofosbuvir-ledipasvir and disulfiram are presently
undergoing clinical trials to assess their safety and efficacy for treating
COVID-19. It is also hopeful that a feline coronavirus treating drug,
GC376, will soon enter human clinical trials to determine if it can
potently and safely treat human SARS-CoV-2 infections.

CONFLICT OF INTERESTS

The authors declare that there are no conflict of interests.

AUTHOR CONTRIBUTIONS

Drafting of the manuscript: Varada Anirudhan and Laura Cooper.
Critical revisions of the manuscript: Varada Anirudhan, Han Cheng,
Hyun Lee, Laura Cooper, and Lijun Rong. Supervision: Lijun Rong.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets were

generated or analyzed during the current study.

ORCID

Hyun Lee https://orcid.org/0000-0003-2570-8120

Laura Cooper https://orcid.org/0000-0002-6322-1260

REFERENCES

1. Mclntosh K, Dees JH, Becker WB, Kapikian AZ, Chanock RM. Recovery
in tracheal organ cultures of novel viruses from patients with
respiratory disease. Proc Natl Acad Sci U S A. 1967;57(4):933-940.

2. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D.
Structure, function, and antigenicity of the SARS-CoV-2 spike
glycoprotein. Cell. 2020;181(2):281-292.

3. Ziebuhr J. Coronavirus Replication and Reverse Genetics. Vol 287.
Heidelberg: Springer Berlin; 2005.


http://Clinicaltrials.gov
http://Clinicaltrials.gov
http://orcid.org/0000-0003-2570-8120
http://orcid.org/0000-0002-6322-1260

ANIRUDHAN ET AL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Chen S, Chen L, Tan J, et al. Severe acute respiratory syndrome
coronavirus 3C-like proteinase N terminus is indispensable for
proteolytic activity but not for enzyme dimerization. Biochemical
and thermodynamic investigation in conjunction with molecular
dynamics simulations. J Biol Chem. 2005;280(1):164-173.

Morse JS, Lalonde T, Xu S, Liu WR. Learning from the past: possible
urgent prevention and treatment options for severe acute re-
spiratory infections caused by 2019-nCoV. ChemBioChem. 2020;
21(5):730-738.

Ziebuhr J, Heusipp G, Siddell SG. Biosynthesis, purification, and
characterization of the human coronavirus 229E 3C-like proteinase.
J Virol. 1997;71(5):3992-3997.

Dougherty WG, Semler BL. Expression of virus-encoded protei-
nases: functional and structural similarities with cellular enzymes.
Microbiol Rev. 1993;57(4):781-822.

Qinfen Z, Jinming C, Xiaojun H, et al. The life cycle of SARS cor-
onavirus in Vero E6 cells. J Med Virol. 2004;73(3):332-337.

Wrapp D, Wang N, Corbett KS, et al. Cryo-EM structure of the
2019-nCoV spike in the prefusion conformation. Science. 2020;
367(6483):1260-1263.

Rota PA, Oberste MS, Monroe SS, et al. Characterization of a novel
coronavirus associated with severe acute respiratory syndrome.
Science. 2003;300(5624):1394-1399.

Shin D, Mukherjee R, Grewe D, et al. Papain-like protease regulates
SARS-CoV-2 viral spread and innate immunity. Nature. 2020;587:
657-662. https://doi.org/10.1038/s41586-020-2601-5

Ksiazek TG, Erdman D, Goldsmith CS, et al. A novel coronavirus
associated with severe acute respiratory syndrome. N Engl J Med.
2003;348(20):1953-1966.

Smith EC, Blanc H, Surdel MC, Vignuzzi M, Denison MR. Cor-
onaviruses lacking exoribonuclease activity are susceptible to lethal
mutagenesis: evidence for proofreading and potential therapeutics.
PLoS Pathog. 2013;9(8):e1003565.

Ziebuhr J, Herold J, Siddell SG. Characterization of a human cor-
onavirus (strain 229E) 3C-like proteinase activity. J Virol. 1995;
69(7):4331-4338.

Fan K, Wei P, Feng Q, et al. Biosynthesis, purification, and substrate
specificity of severe acute respiratory syndrome coronavirus 3C-like
proteinase. J Biol Chem. 2004;279(3):1637-1642.

Yang H, Yang M, Ding Y, et al. The crystal structures of severe acute
respiratory syndrome virus main protease and its complex with an
inhibitor. Proc Natl Acad Sci U S A. 2003;100(23):13190-13195.
Hsu MF, Kuo CJ, Chang KT, et al. Mechanism of the maturation
process of SARS-CoV 3CL protease. J Biol Chem. 2005;280(35):
31257-31266.

Hegyi A, Ziebuhr J. Conservation of substrate specificities among
coronavirus main proteases. J Gen Virol. 2002;83(Pt 3):595-599.
Anand K, Ziebuhr J, Wadhwani P, Mesters JR, Hilgenfeld R. Cor-
onavirus main proteinase (3CLpro) structure: basis for design of
anti-SARS drugs. Science. 2003;300(5626):1763-1767.

Chou KC, Wei DQ, Zhong WZ. Binding mechanism of coronavirus
main proteinase with ligands and its implication to drug design
against SARS. Biochem Biophys Res Commun. 2003;308(1):148-151.
Grum-Tokars V, Ratia K, Begaye A, Baker SC, Mesecar AD. Evalu-
ating the 3C-like protease activity of SARS-Coronavirus:
recommendations for standardized assays for drug discovery. Virus
Res. 2008;133(1):63-73.

Chen CN, Lin CP, Huang KK, et al. Inhibition of SARS-CoV 3C-like
protease activity by theaflavin-3,3'-digallate (TF3). Evid Based
Complement Alternat Med. 2005;2(2):209-215.

Shi J, Song J. The catalysis of the SARS 3C-like protease is under ex-
tensive regulation by its extra domain. FEBS J. 2006;273(5):1035-1045.
Fan K, Ma L, Han X, et al. The substrate specificity of SARS cor-
onavirus 3C-like proteinase. Biochem Biophys Res Commun. 2005;
329(3):934-940.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

2733
MEDICAL VIROLOGY — VWV 1 LEY—‘—

Sun H, Luo H, Yu C, et al. Molecular cloning, expression, purification,
and mass spectrometric characterization of 3C-like protease of
SARS coronavirus. Protein Expr Purif. 2003;32(2):302-308.

Wei P, Fan K, Chen H, et al. The N-terminal octapeptide acts as a
dimerization inhibitor of SARS coronavirus 3C-like proteinase.
Biochem Biophys Res Commun. 2006;339(3):865-872.

Lee H, Mittal A, Patel K, et al. Identification of novel drug scaffolds
for inhibition of SARS-CoV 3-Chymotrypsin-like protease using
virtual and high-throughput screenings. Bioorg Med Chem. 2014;
22(1):167-177.

Naqvi AAT, Fatima K, Mohammad T, et al. Insights into SARS-CoV-2
genome, structure, evolution, pathogenesis and therapies: structural
genomics approach. Biochim Biophys Acta, Mol Basis Dis. 2020;
1866(10):165878.

Hayden FG, Turner RB, Gwaltney JM, et al. Phase II, randomized,
double-blind, placebo-controlled studies of ruprintrivir nasal spray
2-percent suspension for prevention and treatment of experimen-
tally induced rhinovirus colds in healthy volunteers. Antimicrob
Agents Chemother. 2003;47(12):3907-3916.

Vatansever EC, Yang K, Kratch KC, et al. Targeting the SARS-CoV-2
main protease to repurpose drugs for COVID-19. bioRxiv. 2020.
Chen YW, Yiu CB, Wong KY. Prediction of the SARS-CoV-2
(2019-nCoV) 3C-like protease (3CL (pro)) structure: virtual screening
reveals velpatasvir, ledipasvir, and other drug repurposing candidates.
F1000Res. 2020;9:129.

de Wilde AH, Jochmans D, Posthuma CC, et al. Screening of an
FDA-approved compound library identifies four small-molecule in-
hibitors of Middle East respiratory syndrome coronavirus replication in
cell culture. Antimicrob Agents Chemother. 2014;58(8):4875-4884.
Chan JF, Yao Y, Yeung ML, et al. Treatment with lopinavir/ritonavir
or interferon-betalb improves outcome of MERS-CoV infection in a
nonhuman primate model of common marmoset. J Infect Dis. 2015;
212(12):1904-1913.

Chu CM, Cheng VC, Hung IF, et al. Role of lopinavir/ritonavir in the
treatment of SARS: initial virological and clinical findings. Thorax.
2004;59(3):252-256.

Cao B, Wang Y, Wen D, et al. of Lopinavir-ritonavir in adults hospitalized
with severe COVID-19. N Engl J Med. 2020;382(19):1787-1799.

Kim Y, Shivanna V, Narayanan S, et al. Broad-spectrum inhibitors
against 3C-like proteases of feline coronaviruses and feline calici-
viruses. J Virol. 2015;89(9):4942-4950.

Pedersen NC, Kim Y, Liu H, et al. Efficacy of a 3C-like protease
inhibitor in treating various forms of acquired feline infectious
peritonitis. J Feline Med Surg. 2018;20(4):378-392.

Vuong W, Khan MB, Fischer C, et al. Feline coronavirus drug inhibits
the main protease of SARS-CoV-2 and blocks virus replication. Nat
Commun. 2020;11(1):4282.

Kim Y, Liu H, Galasiti Kankanamalage AC, et al. Reversal of the
progression of fatal coronavirus infection in cats by a broad-spectrum
coronavirus protease inhibitor. PLoS Pathog. 2016;12(3):e1005531.
Zhang L, Lin D, Kusov Y, et al. Alpha-ketoamides as broad-spectrum
inhibitors of coronavirus and enterovirus replication: structure-
based design, synthesis, and activity assessment. J Med Chem. 2020;
63(9):4562-4578.

Zhang L, Lin D, Sun X, et al. Crystal structure of SARS-CoV-2 main
protease provides a basis for design of improved alpha-ketoamide
inhibitors. Science. 2020;368(6489):409-412.

Wang F, Chen C, Tan W, Yang K, Yang H. Structure of main protease
from human coronavirus NL63: insights for wide spectrum anti-
coronavirus drug design. Sci Rep. 2016;6:22677.

Jin Z, Du X, Xu Y, et al. Structure of M(pro) from SARS-CoV-2 and
discovery of its inhibitors. Nature. 2020;582(7811):289-293.
Masaki C, Sharpley AL, Cooper CM, et al. Effects of the potential
lithium-mimetic, ebselen, on impulsivity and emotional processing.
Psychopharmacology (Berl). 2016;233(14):2655-2661.


https://doi.org/10.1038/s41586-020-2601-5

2734
—‘—Wl LEY-

45.
46.

47.

48.

49.

50.
51

52.
53.

54.
55.
56.
57.

58.

ANIRUDHAN ET AL.

MEDICAL VIROLOGY

Kil J, Lobarinas E, Spankovich C, et al. Safety and efficacy of Ebselen
for the prevention of noise-induced hearing loss: a randomised,
double-blind, placebo-controlled, phase 2 trial. Lancet. 2017;
390(10098):969-979.

Robert HL, Kania RS, Brothers MA, et al. The Discovery of Ketone-
Based Covalent Inhibitors of Coronavirus 3CL Proteases for the
Potential Therapeutic Treatment of COVID-19. J Med Chem. 2020;
63(21):12725-12747.

de Vries M, Mohamed AS, Prescott RA, et al. Comparative study of a
3CL (pro) inhibitor and remdesivir against both major SARS-CoV-2
clades in human airway models. bioRxiv. 2020.

Rambaut A, Holmes EC, O'Toole A, et al. A dynamic nomenclature
proposal for SARS-CoV-2 lineages to assist genomic epidemiology.
Nat Microbiol. 2020;5:1403-1407. https://doi.org/10.1038/s41564-
020-0770-5

Boras B, Jones RM, Anson BJ, et al. Discovery of a novel inhibitor of
coronavirus 3CL protease as a clinical candidate for the potential
treatment of COVID-19. bioRxiv. 2020.

Barretto N, Jukneliene D, Ratia K, Chen Z, Mesecar AD, Baker SC.
The papain-like protease of severe acute respiratory syndrome
coronavirus has deubiquitinating activity. J Virol. 2005;79(24):
15189-15198.

Ratia K, Saikatendu KS, Santarsiero BD, et al. Severe acute re-
spiratory syndrome coronavirus papain-like protease: structure of a
viral deubiquitinating enzyme. Proc Natl Acad Sci U S A. 2006;
103(15):5717-5722.

Rut W, Lv Z, Zmudzinski 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.

Ratia K, Pegan S, Takayama J, et al. A noncovalent class of papain-
like protease/deubiquitinase inhibitors blocks SARS virus replica-
tion. Proc Natl Acad Sci U S A. 2008;105(42):16119-16124.

Chen Z, Wang Y, Ratia K, Mesecar AD, Wilkinson KD, Baker SC.
Proteolytic processing and deubiquitinating activity of papain-like
proteases of human coronavirus NL63. J Virol. 2007;81(11):
6007-6018.

Han YS, Chang GG, Juo CG, et al. Papain-like protease 2 (PLP2) from
severe acute respiratory syndrome coronavirus (SARS-CoV): ex-
pression, purification, characterization, and inhibition. Biochemistry.
2005;44(30):10349-10359.

He L, Ding Y, Zhang Q, et al. Expression of elevated levels of pro-
inflammatory cytokines in SARS-CoV-infected ACE2+ cells in SARS
patients: relation to the acute lung injury and pathogenesis of SARS.
J Pathol. 2006;210(3):288-297.

Frieman M, Ratia K, Johnston RE, Mesecar AD, Baric RS. Severe
acute respiratory syndrome coronavirus papain-like protease
ubiquitin-like domain and catalytic domain regulate antagonism of
IRF3 and NF-kappaB signaling. J Virol. 2009;83(13):6689-6705.
Lee CH, Chen RF, Liu JW, et al. Altered p38 mitogen-activated
protein kinase expression in different leukocytes with increment of
immunosuppressive mediators in patients with severe acute re-
spiratory syndrome. J Immunol. 2004;172(12):7841-7847.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

Li SW, Yang TC, Wan L, et al. Correlation between TGF-betal
expression and proteomic profiling induced by severe acute
respiratory syndrome coronavirus papain-like protease. Proteomics.
2012;12(21):3193-3205.

Gao X, Qin B, Chen P, et al. Crystal structure of SARS-CoV-2
papainlike protease. Acta Pharm Sin B. 2020;11:237-245. https://doi.
org/10.1016/j.apsb.2020.08.014

Barretto N, Jukneliene D, Ratia K, Chen Z, Mesecar AD, Baker SC.
Deubiquitinating activity of the SARS-CoV papain-like protease. Adv
Exp Med Biol. 2006;581:37-41.

Ghosh AK, Takayama J, Aubin Y, et al. Structure-based design,
synthesis, and biological evaluation of a series of novel and reversible
inhibitors for the severe acute respiratory syndrome-coronavirus
papain-like protease. J Med Chem. 2009;52(16):5228-5240.

Ghosh AK, Takayama J, Rao KV, et al. Severe acute respiratory
syndrome coronavirus papain-like novel protease inhibitors: design,
synthesis, protein-ligand X-ray structure and biological evaluation.
J Med Chem. 2010;53(13):4968-4979.

Baez-Santos YM, Barraza SJ, Wilson MW, et al. X-ray structural and
biological evaluation of a series of potent and highly selective in-
hibitors of human coronavirus papain-like proteases. J Med Chem.
2014;57(6):2393-2412.

Freitas BT, Durie IA, Murray J, et al. Characterization and non-
covalent inhibition of the deubiquitinase and delSGylase activity of
SARS-CoV-2 papain-like protease. ACS Infect Dis. 2020;6(8):
2099-2109.

Frieman M, Basu D, Matthews K, et al. Yeast based small molecule
screen for inhibitors of SARS-CoV. PLoS One. 2011;6(12):e28479.
Lipsky JJ, Shen ML, Naylor S. In vivo inhibition of aldehyde dehy-
drogenase by disulfiram. Chem Biol Interact. 2001;130-132(1-3):
93-102.

Diaz-Sanchez AG, Alvarez-Parrilla E, Martinez-Martinez A, et al.
Inhibition of urease by disulfiram, an FDA-approved thiol reagent
used in humans. Molecules. 2016;21(12):1628.

Lin MH, Moses DC, Hsieh CH, et al. Disulfiram can inhibit MERS and
SARS coronavirus papain-like proteases via different modes.
Antiviral Res. 2018;150:155-163.

Wu C, Liu Y, Yang Y, et al. Analysis of therapeutic targets for
SARS-CoV-2 and discovery of potential drugs by computational
methods. Acta Pharm Sin B. 2020;10(5):766-788.

Sinha SCK, Aldape K, Schiff E, Ruppin E. Systematic cell line-based
identification of drugs modifying ACE2 expression. Preprints. 2020:
2020030446.

How to cite this article: Anirudhan V, Lee H, Cheng H,
Cooper L, Rong L. Targeting SARS-CoV-2 viral proteases as a
therapeutic strategy to treat COVID-19. J Med Virol.
2021;93:2722-2734. https://doi.org/10.1002/jmv.26814


https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1016/j.apsb.2020.08.014
https://doi.org/10.1016/j.apsb.2020.08.014
https://doi.org/10.1002/jmv.26814



