
Computational and Structural Biotechnology Journal 18 (2020) 2200–2208
journal homepage: www.elsevier .com/locate /csbj
Potential clinical drugs as covalent inhibitors of the priming proteases of
the spike protein of SARS-CoV-2
https://doi.org/10.1016/j.csbj.2020.08.016
2001-0370/� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author at: National ‘‘111” Center for Cellular Regulation and
Molecular Pharmaceutics, Key Laboratory of Industrial Fermentation (Ministry of
Education), Hubei University of Technology, Wuhan 430068, China.

E-mail address: senliu.ctgu@gmail.com (S. Liu).
1 These authors had equal contributions.
Qizhang Li a,b,1, Zhiying Wang a,b,1, Qiang Zheng a,b, Sen Liu a,b,⇑
aNational ‘‘111” Center for Cellular Regulation and Molecular Pharmaceutics, Key Laboratory of Industrial Fermentation (Ministry of Education), Hubei University of
Technology, Wuhan 430068, China
b Institute of Biomedical and Pharmaceutical Sciences, Hubei Key Laboratory of Industrial Microbiology, Hubei University of Technology, Wuhan 430068, China

a r t i c l e i n f o
Article history:
Received 24 May 2020
Received in revised form 14 August 2020
Accepted 15 August 2020
Available online 26 August 2020

Keywords:
COVID-19
SCARdock
Drug repurpose
Covalent inhibitors
Drug screening
a b s t r a c t

In less than eight months, the COVID-19 (coronavirus disease 2019) caused by the SARS-CoV-2 (severe
acute respiratory syndrome coronavirus 2) virus has resulted in over 20,000,000 confirmed cases and
over 700,000 deaths around the world. With the increasing worldwide spreading of this disease, the lack
of effective drugs against SARS-CoV-2 infection makes the situation even more dangerous and unpre-
dictable. Although many forces are speeding up to develop prevention and treatment therapeutics, it is
unlikely that any de novo drugs will be available in months. Drug repurposing holds the promise to sig-
nificantly save the time for drug development, since it could use existing clinic drugs to treat new dis-
eases. Based on the ‘‘steric-clashes alleviating receptor (SCAR)” strategy developed in our lab recently,
we screened the library of clinic and investigational drugs, and identified nine drugs that might be repur-
posed as covalent inhibitors of the priming proteases (cathepsin B, cathepsin L, and TMPRSS2) of the spike
protein of SARS-CoV-2. Among these hits, five are known covalent inhibitors, and one is an anti-virus
drug. Therefore, we hope our work would provide rational and timely help for developing anti-SARS-
CoV-2 drugs.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
1. Introduction

Since its outbreak in December 2019, the COVID-19 (coron-
avirus disease 2019) disease from the infection of the SARS-CoV-
2 (severe acute respiratory syndrome coronavirus 2) virus has
caused over 20,000,000 confirmed cases and over 700,000 deaths
in over 180 countries/regions as of August 12, 2020 (https://coro-
navirus.jhu.edu). Although most COVID-19 patients can recover
from the disease, some of the severe patients might suffer from
long-term health issues including irreversible lung damages [1]
and fertility compromise [2]. In addition to the devastating health
crisis, the ongoing COVID-19 pandemic is also inflicting heavy
losses on the global economy due to city lockdowns and glitches
in supply chains (https://www.imf.org/en/Topics/imf-and-
covid19). Facing the escalating risk from COVID-19, the whole
world is intensively working on the discovery of prevention and
treatment options for SARS-CoV-2 infection [3]. According to the
statistics of the Milken Institute (https://milkeninstitute.org/
covid-19-tracker), over 200 vaccines and 300 treatment options
for COVID-19 are under development worldwide as of August 12,
2020. Nonetheless, the reality is that neither de novo drug discov-
ery nor vaccine development is a task that can be accomplished in
several months or several years even if the huge monetary cost is
guaranteed [4]. Therefore, to save the world from the current
SARS-CoV-2 crisis, a more promising option would be looking for
known drugs that could be used to treat COVID-19 patients.

To develop new uses for a drug beyond its original use, or drug
repurposing (also known as drug repositioning, reprofiling, redi-
recting, or rediscovering), can significantly cut the time and money
costs in drug development [5]. For example, drug repurposing has
been successfully applied on the use of sildenafil in treating erec-
tile dysfunction and the anti-cancer uses of thalidomide [6]. Since
the outbreak of COVID-19, a number of clinic drugs have been
repurposed for the treatment of the infected patients, such as lopi-
navir/ritonavir, chloroquine, ribavirin, and arbidol [7]. However,
none of these tested drugs had confirmed efficacy yet. Among
them, remdesivir, an investigational drug developed to treat the
Middle East respiratory syndrome coronavirus (MERS-CoV), is
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one of the most promising. The latest clinical study showed that
remdesivir was superior to placebo in shortening the time to
recovery in adults hospitalized with Covid-19 [8], but efficacious
drugs for treating COVID-19 patients are still urgently needed for
the current SARS-CoV-2 pandemic.

The spike (S) protein of coronaviruses facilitates viral entry into
cells by binding to receptors and driving the fusion of cell mem-
branes [9]. Prior to be functional, the S protein needs to be cleaved
and activated by the cellular proteases of the host cell [9]. Accord-
ing to a recent study [9], both the endosomal cysteine proteases
cathepsin B/L (CatB/L) and the transmembrane protease serine
type 2 (TMPRSS2) can prime the S protein of SARS-CoV-2.
Meanwhile, TMPRSS2 can cleave carboxypeptidase angiotensin-
converting enzyme 2 (ACE2), the host cellular receptor of the S
protein, to augment viral infectivity [10]. Therefore, similar with
SARS-CoV [11] and MERS-CoV [12], the simultaneous inhibition
of CatB/L and TMPRSS2 might be necessary for completely blocking
the cellular entry of SARS-CoV-2 [9].

Historically, the drug discovery practice mainly focuses on non-
covalent drugs due to potential off-target effects and toxicity issues
of irreversible covalent drugs [13]. However, recent years have wit-
nessed the resurgence of covalent drugs because many people have
realized that compared to non-covalent drugs, covalent drugs
might have extra advantages including: (i) better biochemical effi-
ciency since they are more competitive than non-covalent endoge-
nous substrates and co-factors [14]; (ii) lower patient burden and
less drug resistance due to lower and less frequent dosing [14];
(iii) improved target specificity upon careful structural designs tar-
geting specific residues [15,16]. To help the discovery of covalent
drugs, we previously established a ‘‘steric-clashes alleviating
receptor (SCAR)” strategy [17] for the in silico docking and screen-
ing of covalent drugs enlightened by in silico protein design [18].
More recently, we demonstrated that our SCARdock method is also
useful in drug repurposing [19,20].

In this study, we set out to use SCARdock to identify possible
covalent inhibitors of CatB, CatL, and TMPRSS2 from clinic and
investigational drugs. We filtered a ZINC database (http://zinc15.-
Table 1
The drugs repurposed as potential covalent inhibitors of the indicated target proteins usin

Target
Proteins

ZINC ID Atom
distancea

(Å)

Docking
Scoreb

Pose
rankb

Warhead CA
nu

CatB ZINC000003925368 1.2 �7.7 7 epoxide 13
90

ZINC000003916214 1.6 �7.9 2 nitrile 69
09

ZINC000028124370 1.6 �8.2 1 nitrile 84
17

ZINC000034851244 1.6 �8.5 6 amide 91
43

ZINC000095566645 1.8 �8.2 3 amide –

CatL ZINC000003916214 1.7 �7.1 5 nitrile 69
09

ZINC000028124370 1.6 �7.7 3 nitrile 84
17

ZINC000095566645 1.8 �7.5 5 amide –

TMPRSS2 ZINC000002000707 1.6 �6.8 1 a-
ketoacid

63
09

ZINC000004214715 1.8 �6.4 1 a-
ketoacid

13
6

ZINC000014210455 1.5 �6.8 1 a-
ketoamide

39
60

ZINC000014210457 1.8 �6.4 4 a-
ketoamide

39
60

a The distance between the bonding atom of the drug and the bonding atom of the re
b Docking scores and pose ranks are listed for the reported poses.
c Calculated as the top docking score of the drug docked to the wild-type protein min
dock.org) containing approved and in-trial drugs with known war-
head groups targeting cysteine (CatB/CatL) or serine (TMPRSS2).
Then, SCARdock was used to computationally screen potential
covalent inhibitors of human CatB, CatL, and TMPRSS2. After care-
ful filtering and evaluation, we identified five (trapoxin B, nera-
tinib, HKI-357, domatinostat and (Z)-dacomitinib) potential
covalent inhibitors for CatB, three (neratinib, HKI-357 and (Z)-
dacomitinib) for CatL, and four (lodoxamide, aceneuramic acid,
(S)-boceprevir and (R)-boceprevir) for TMPRSS2. Interestingly, ner-
atinib, HKI-357 and (Z)-dacomitinib could be covalent inhibitors
for both CatB and CatL. More importantly, trapoxin B [21], nera-
tinib [22], HKI-357 [22], (Z)-dacomitinib [23] and boceprevir [24]
are known to function as covalent inhibitors. Therefore, our work
might provide prominent help for discovering anti-virus drugs to
combat the current COVID-19 threat.

2. Materials and methods

2.1. Preparation of the screening library

The structure files of the screening compounds were down-
loaded as mol2 files from the ZINC15 database (http://zinc15.dock-
ing.org). The 3D conformations were protonated at physiological
pH, and biologically relevant tautomers were generated for each
molecule as described in ZINC15 [25]. The ‘‘in-trials” catalog
(2019-04-22 version) was downloaded, which contained 5811
approved or investigational (clinically tested but not approved)
drugs worldwide. MGLTools (version 1.5.6) was used to generate
the PDBQT files from the mol2 files for docking.

2.2. Preparation of protein structures

The 3D structures of the indicated proteins were downloaded
from the RCSB database (http://www.rcsb.org/). The homology
model of TMPRSS2 was obtained from the SWISS-MODEL reposi-
tory (https://swissmodel.expasy.org/repository/uniprot/O15393),
which was built from the homologous protein TMPRSS1 (PDB ID:
g SCARdock.

S
mber

DrugBank
ID

Drug name Approved or
Investigational
treatment

SCAR
enriching
scorec

3155-
-5

– Trapoxin B – �0.5

8387-
-6

DB11828 Neratinib
(HKI-272)

Breast cancer 0.3

8133-
-5

DB13002 HKI-357 Investigational 0.4

0462-
-0

DB13101 Domatinostat
(4SC-202)

Advanced hematologic
malignancies

0

– (Z)-
Dacomitinib

– 0

8387-
-6

DB11828 Neratinib
(HKI-272)

Breast cancer �0.1

8133-
-5

DB13002 HKI-357 Investigational 0.4

– (Z)-
Dacomitinib

– �0.1

610-
-3

DB06794 Lodoxamide Ocular hypersensitivity
reactions

0.3

1-48- DB11797 Aceneuramic
Acid

Hereditary inclusion
body myopathy

0

4730-
-0

DB08873
DB05665

(S)-Boceprevir Antiviral medication,
chronic hepatitis C

0.1

4730-
-0

DB08873
DB05665

(R)-Boceprevir Antiviral medication,
chronic hepatitis C

�1.3

sidue in the protein.

us the listed docking score.
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5CE1). As mentioned previously [17], the protein structures were
relaxed in Rosetta 3 [26] to eliminate possible structural conflicts.
MGLTools (version 1.5.6) was used to generate the corresponding
PDBQT files for docking.

2.3. Preparation of existing inhibitors

The small molecule inhibitors were extracted from the complex
structures mentioned above. The structures were visually checked,
and incorrect bonds/atoms were manually corrected in IQmol (ver-
sion 2.14.0). MGLTools (version 1.5.6) was used to generate the
corresponding PDBQT files for docking.

2.4. SCARdock screening and filtering

To prepare the SCAR proteins [17] used in SCARdock, Cys29 of
CatB, Cys25 of CatL, and Ser441 of TMPRSS2 were computationally
mutated to Gly to eliminate the sidechain clashes. The small mole-
cules were docked into the corresponding pockets of the proteins
Fig. 1. (A) A schematic diagram of the screening workflow in this study. (B-E) Structures o
in gray ribbons. The nucleophilic cysteines are shown in sticks and colored in green. (F) R
ketoamide (5) warheads with target residues. (For interpretation of the references to co
with AutoDock Vina (version 1.1.2) [27]. The docking process did
not consider the flexibility of the protein. The space coordinates
of the S atom (for Cys) or the O atom (for Ser) in the wild-type pro-
tein were used for calculating the atom distances of the bonding
atoms in the warhead groups. The distance cutoff between the
bonding atoms and the S/O atom in the protein was set to 1.8 Å,
indicating that the conformation with a distance above 1.8 Å is
not accepted. Since the results (Table 1) had distances between
1.2 and 1.8 Å, no score punishment for steric conflict was applied
for the cases in this study. For each ligand, top 10 poses were used
for evaluation. The score cutoff was set as �7.5 for CatB, �7.0 for
CatL, and �6.0 for TMPRSS2.
3. Results

3.1. The overall screening results

Among the 5811 approved or investigational clinic drugs, we
obtained 75 containing potential reactive groups (warheads)
f cathepsin B (B), cathepsin L (C), TMPRSS1 (D) and TMPRSS2 (E). Proteins are shown
eaction mechanisms of the amide (1), nitrile (2), epoxide (3), a-ketoacid (4) and a-
lour in this figure legend, the reader is referred to the web version of this article.)
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targeting cysteine and 9 containing potential warheads targeting
serine (Fig. 1A). Based on previous studies [28,29], Cys29 of CatB
and Cys25 of CatL are nucleophilic and can covalently bind to elec-
trophilic ligands (Fig. 1B & 1C). Following the SCARdock protocol
[17], these reactive residues were computationally mutated to gly-
cine to generate the SCAR proteins for docking. As of TMPRSS2, the
homology model showed that its Ser441 is comparable to the resi-
due Ser353 of TMPRSS1 (Hepsin) (Fig. 1D & 1E). Since previous
studies showed that TMPRSS1-Ser353 covalently bound to sub-
strates [30], TMPRSS2-Ser441 was mutated to glycine for
SCARdock.

From the RCSB database, we obtained four X-ray structures of
human CatB and seventeen X-ray structures of human CatL (Sup-
plementary Table 1). To identify the most suitable structures for
SCARdock, we docked all the known inhibitors in these complex
structures to each SCAR proteins of the respective PDB structure.
After evaluating the recaptured X-ray poses of the docked inhibi-
tors (Supplementary Table 1), the protein structure from 1CSB
(PDB ID) was chosen for CatB, and the protein structure from
5MAE (PDB ID) was chosen for CatL. The human TMPRSS2 structure
was obtained from the SWISS-MODEL repository since there were
no X-ray structures available. These structures were then used for
SCARdock screening, and after distance and score filtering, we
identified five potential covalent inhibitors for CatB, three for CatL,
and four for TMPRSS2 (Table 1). Overall, three cysteine covalent
warheads and two serine covalent warheads were observed in
the identified drugs (Fig. 1F).
3.2. Potential covalent inhibitors targeting CatB

The five potential covalent drugs identified for CatB are trapoxin
B, neratinib (HKI-272), HKI-357, domatinostat (4SC-202) and (Z)-
dacomitinib (Fig. 2 & Table 1). Trapoxin B contains an epoxide war-
head. For this warhead, the nucleophilic attack might occur on the
ring carbon next to the carbonyl carbon, and then a covalent bond
can form between the sulfur atom of Cys29 and the bonding carbon
of the oxirane moiety, accompanied by the ring opening and the
formation of a hydroxyl group (Fig. 1F & Fig. 3A). Neratinib (HKI-
272) and HKI-357 contain a nitrile warhead. For this warhead, a
Fig. 2. Structures of the SCARdock hits for CatB. The bondi
covalent thioimidate bond might form at the electrophilic nitrile
carbon after the attack of the cysteine sulfur atom (Fig. 3B & 3C).
Domatinostat (4SC-202) and (Z)-dacomitinib are amide-based
ligands. A covalent bond might form between the b-carbon and
the cysteine sulfur atom (Fig. 3D & 3E). In addition to these possi-
ble covalent bonds, the non-covalent scaffolds of these drug can
also form suitable hydrogen bonds with CatB except (Z)-
dacomitinib (Fig. 4A-4F).
3.3. Potential covalent inhibitors targeting CatL

Three drugs, i.e. neratinib (HKI-272), HKI-357 and (Z)-
dacomitinib, were identified as potential CatL covalent inhibitors
(Table 1). Interestingly, these drugs were also predicted as CatB
covalent inhibitors (Table 1). This result is not unexpected though,
since CatB and CatL are homologous and have very similar 3D
structures (Fig. 1B & 1C). Thus, neratinib (HKI-272), HKI-357 and
(Z)-dacomitinib are potential covalent inhibitors for both CatB
and CatL. Although the docked poses were slightly different on
these two proteins, the warheads of these drugs were also at the
positions suitable for covalent bonding (Fig. 3F-H). Additionally,
possible hydrogen bonds can also form between these ligands
and CatL except (Z)-dacomitinib (Fig. 4F-4H).
3.4. Potential covalent inhibitors targeting TMPRSS2

Four compounds, i.e. lodoxamide, aceneuramic acid, (S)-
boceprevir and (R)-boceprevir, were identified as potential
TMPRSS2 covalent inhibitors (Fig. 5A). Lodoxamide, aceneuramic
acid and aleplasinin possess an a-ketoacid group, whereas (S)-
and (R)-boceprevir have an a-ketoamide group. Both of these
groups could be used as covalent warheads targeting serine
(Fig. 1F). As shown in Fig. 5B, the warheads in these inhibitors
are positioned well for the covalent bonding between the bonding
atoms and the hydroxyl group of TMPRSS-Ser441. In addition, mul-
tiple hydrogen bonds were also observed between the inhibitors
and the protein (Fig. 5C).
ng atoms in the warheads are pointed out by arrows.



Fig. 3. Docked poses of the identified hits of CatB (A-E) and CatL (F-H). The proteins are shown in surface or ribbons, and the drugs are shown in sticks. The cysteine residues
for covalent binding are colored in yellow. The displayed items for CatB are trapoxin B (A), neratinib (HKI-272) (B), HKI-357 (C), domatinostat (4SC-202) (D) and (Z)-
dacomitinib (E). The displayed items for CatL are neratinib (HKI-272) (F), HKI-357 (G) and (Z)-dacomitinib (H). The putative covalent bonding atoms in the drugs are indicated
by arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The binding details between the SCARdock hits and CatB/CatL. The docked poses are as same as in Fig. 3. For CatB: trapoxin B (A), neratinib (HKI-272) (B), HKI-357 (C),
domatinostat (4SC-202) (D) and (Z)-dacomitinib (E); for CatL: neratinib (HKI-272) (F), HKI-357 (G) and (Z)-dacomitinib (H). The proteins are shown in ribbons with key
residues shown in sticks, and the drugs are shown in sticks. Dashed lines represent hydrogen bonds.
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4. Discussion and conclusions

In his TED talk five years ago, Bill Gates warned that ‘‘if anything
kills over 10 million people in the next few decades, it’s most likely
to be a highly infectious virus rather than a war.” The ongoing
COVID-19 pandemic caused by the SARS-CoV-2 virus is undoubt-
edly reminding us his warning was not a hoax. The high infection
rate and mortality ratio of COVID-19 are unexpected [31], and the
SARS-CoV-2 virus has made 2020 a difficult year for a lot of people
in the world. Although this virus would unlikely kill over 10 mil-
lion people, it is still posing an unprecedent threat to both the
health and the economy of the whole world due to the shortage
of effective prevention and treatment therapeutics so far. In the
regular research pipeline, the development of a new drug will cost
over 10 years, but drug repurposing might significantly save the
time [5], which might be the best chance for combating the current
COVID-19 pandemic in time [32].

During the infection of coronaviruses, the spike (S) protein
mediates host recognition and binding. However, the S protein
Fig. 5. The identified hits for TMPRSS2. (A) Structures of lodoxamide, aceneuramic acid,
proteins are shown in surface or ribbons, and the drugs are shown in sticks. The serine re
in the drugs are indicated by arrows. (C) The binding details between the SCARdock hits
and the drugs are shown in sticks. Dashed lines represent hydrogen bonds. (For interpreta
version of this article.)
needs to be cleaved and primed by the host cell before the virus
can enter and hijack the host cell [9]. CatB, CatL, and TMPRSS2 of
the human cell can prime the S protein of SARS-CoV-2 [9]. There-
fore, as the other similar proteases [33], targeting these priming
proteases might be an effective choice to disrupt the infection of
this virus. Based on our recent work [17,19,20], we adopted the
SCARdock protocol to repurpose clinic drugs as potential inhibitors
of these priming proteases in this study. We identified several
clinic drugs that might be useful as the covalent inhibitors of CatB,
CatL, and TMPRSS2.

Neratinib (HKI-272), HKI-357 and dacomitinib are identified as
potential covalent inhibitors for both CatB and CatL. All of these
three drugs have an acrylamide group that is suitable for binding
cysteine covalently, but neratinib (HKI-272) and HKI-357 also have
an additional nitrile group, another potential covalent warhead
targeting cysteine (Fig. 1F). More interestingly, all these drugs are
covalent pan-HER (human epidermal growth factor receptor)
kinase inhibitors targeting the nucleophilic cysteine in the ATP
binding site of EGFR and/or HER2 [34]. This fact indicated that
(S)-boceprevir and (R)-boceprevir. (B) The docked poses of the hits in TMPRSS2. The
sidues for covalent binding are colored in red. The putative covalent bonding atoms
and TMPRSS2. The proteins are shown in ribbons with key residues shown in sticks,
tion of the references to colour in this figure legend, the reader is referred to the web



Fig. 6. The comparison of the interactions of the identified hits with their targets. The plots were prepared with LigPlot+. Ligands and protein side chains are shown in ball-
and-stick representation, with the ligand bonds colored in purple. Hydrogen bonds are shown as green dotted lines, while the spoked arcs represent protein residues making
nonbonded contacts with the ligands. The red circles and ellipses indicate protein residues that are in equivalent 3D positions when the structural models are superposed. The
PDB codes of the experimental complex structures were shown in the parentheses. Part of the structure of dacomitinib was missing in the complex structure with EGFR (PDB
ID: 4I24). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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these three molecules are electrophilic, and it is highly possible
that they can form covalent bonds with the indicated cysteine
residues of CatB and CatL if the non-covalent binding affinity is
high enough. Nontheless, we want to note that in our docking
results, the nitrile groups, instead of the acrylamide groups, of ner-
atinib (HKI-272) and HKI-357 were close to the cysteine residues
of CatB/CatL in the top 10 poses (Fig. 3B, 3C, 3F & 3G). However,
there were docked poses of these two drugs with suitably posi-
tioned acrylamide groups in less optimal poses (Supplementary
Fig. 1). In addition, domatinostat (4SC-202) and trapoxin B were
identified as potential CatB covalent inhibitors. Interestingly, both
domatinostat (4SC-202) and trapoxins B are the inhibitors of his-
tone deacetylases (HDACs), and they have been used for the treat-
ment of advanced hematological malignancies [35,36]. Therefore,
neratinib (HKI-272), HKI-357 and dacomitinib might be the most
attractive drugs worth experimental validation for CatB/CatL
among all of these hits.

As of the identified hits of TMPRSS2, the most attractive drug
might be boceprevir, which is a first-generation inhibitor of hepati-
tis C virus non-structural protease 3 (HCV NS3) [37]. Based on the
docking score and the SCAR enriching score (Table 1), (S)-
boceprevir might be better than (R)-boceprevir. Since boceprevir
has anti-virus activity, it will be worth a try for SARS-CoV-2 infec-
tion. In addition, lodoxamide is a mast cell stabilizing compound
with anti-inflammatory activity [38], aceneuramic acid is used
for the treatment of hereditary inclusion body myopathy [39],
and aleplasinin was developed to treat Alzheimer disease [40]. A
note is that the screening of TMPRSS2 inhibitors was based on a
homology model of human TMPRSS2, which might make the result
not as reliable as the CatB/L cases. However, it would be worth-
while to test if these three drugs will have anti-SARS-CoV-2
activities.

A theoretical method to evaluate if a ligand could bind to two
different proteins is to compare the similarity of the binding pock-
ets of the target proteins [41]. Presumably, the protein–ligand
interactions between a same ligand and different proteins should
be similar, although the extent to which should vary on a case-
by-case basis [41]. Therefore, to validate the binding potential of
our computational hits with the target proteins, the ligand–protein
interactions were generated (Fig. 6). For meaningful comparison,
only the hits with experimental complex structures available were
included. As shown in Fig. 6, compared to experimental complex
structures, the docked ligands had similar hydrophobic interac-
tions and hydrogen bonds with the target proteins. This analysis
also showed that (S)-boceprevir formed more interactions with
TMPRSS2 than (R)-boceprevir did, which, in agreement with their
docking scores and SCAR enriching scores (Table 1), supported
the conclusion that (S)-boceprevir might be better than (R)-
boceprevir for inhibiting TMPRSS2.

Taken together, using our SCARdock protocol, we identified nine
drugs that might be repurposed as the covalent inhibitors of the
priming proteases of the S protein of SARS-CoV-2. Among these
nine drugs, neratinib (HKI-272), HKI-357, dacomitinib, and
boceprevir might be highly potential with moderate side effects
(Supplementary Table 2). We hope our work will provide the scien-
tific community additional options for tackling the unprecedented
COVID-19 threat.
Author contributions

S.L. conceived the idea and did the computational work. Z.Y.W.,
S.L., and Q.Z. did the computational work. S.L., Q.Z.L., and Z.Y.W.
analyzed and interpreted the data. Q.Z.L., Z.Y.W., and S.L. wrote
the manuscript. All authors reviewed and approved the submitted
manuscript.
Funding

This work was supported by the grants from National Natural
Science Foundation of China (31670768, 31971150), Hubei Provin-
cial Science and Technology Department (2019CFA069), Wuhan
Science and Technology Bureau of China (2018060401011319),
and Hubei University of Technology.
CRediT authorship contribution statement

Qizhang Li: Formal analysis, Data curation, Writing - original
draft. Zhiying Wang: Methodology, Validation, Formal analysis,
Visualization. Qiang Zheng: Methodology. Sen Liu: Conceptualiza-
tion, Methodology, Resources, Supervision, Project administration,
Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

We would like to thank the support from the other members in
our group and the support from Hubei University of Technology.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.csbj.2020.08.016.

References

[1] Hosseiny M, Kooraki S, Gholamrezanezhad A, Reddy S, Myers L. Radiology
perspective of Coronavirus Disease 2019 (COVID-19): lessons from severe
acute respiratory syndrome and Middle East respiratory syndrome. AJR Am J
Roentgenol 2020;214:1078–82. https://doi.org/10.2214/AJR.20.22969.

[2] Chen F, Lou D. Rising concern on damaged testis of COVID-19 patients. Urology
2020;142:42. https://doi.org/10.1016/j.urology.2020.04.069.

[3] Cascella M, Rajnik M, Cuomo A, Dulebohn SC, Di Napoli R. Features, Evaluation
and Treatment Coronavirus (COVID-19) 2020.

[4] Kaitin KI. Deconstructing the drug development process: the new face of
innovation. Clin Pharmacol Ther 2010;87:356–61. https://doi.org/
10.1038/clpt.2009.293.

[5] Baker NC, Ekins S, Williams AJ, Tropsha A. A bibliometric review of drug
repurposing. Drug Discovery Today 2018;23:661–72. https://doi.org/10.1016/
j.drudis.2018.01.018.

[6] Pushpakom S, Iorio F, Eyers PA, Escott KJ, Wells A, Doig A, et al. Drug
repurposing: progress, challenges and recommendations. Nat Rev Drug Discov
2019;18:41–58. https://doi.org/10.1038/nrd.2018.168.

[7] Maxmen A. More than 80 clinical trials launch to test coronavirus treatments.
Nature 2020;578:347–8. https://doi.org/10.1038/d41586-020-00444-3.

[8] Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, et al.
Remdesivir for the treatment of Covid-19 – preliminary report. N Engl J Med
2020. https://doi.org/10.1056/NEJMoa2007764.

[9] Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S,
et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a
clinically proven protease inhibitor. Cell 2020;181:271–8. https://doi.org/
10.1016/j.cell.2020.02.052.

[10] Heurich A, Hofmann-Winkler H, Gierer S, Liepold T, Jahn O, Pöhlmann S.
TMPRSS2 and ADAM17 cleave ACE2 differentially and only proteolysis by
TMPRSS2 augments entry driven by the severe acute respiratory syndrome
coronavirus spike protein. J Virol 2014;88:1293–307. https://doi.org/10.1128/
JVI.02202-13.

[11] 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;86:6537–45. https://doi.org/10.1128/JVI.00094-12.

[12] Shirato K, Kawase M, Matsuyama S. Middle East respiratory syndrome
coronavirus infection mediated by the transmembrane serine protease
TMPRSS2. J Virol 2013;87:12552–61. https://doi.org/10.1128/JVI.01890-13.

[13] Singh J, Petter RC, Baillie TA, Whitty A. The resurgence of covalent drugs. Nat
Rev Drug Discov 2011;10:307–17. https://doi.org/10.1038/nrd3410.

https://doi.org/10.1016/j.csbj.2020.08.016
https://doi.org/10.2214/AJR.20.22969
https://doi.org/10.1016/j.urology.2020.04.069
https://doi.org/10.1038/clpt.2009.293
https://doi.org/10.1038/clpt.2009.293
https://doi.org/10.1016/j.drudis.2018.01.018
https://doi.org/10.1016/j.drudis.2018.01.018
https://doi.org/10.1038/nrd.2018.168
https://doi.org/10.1038/d41586-020-00444-3
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1128/JVI.02202-13
https://doi.org/10.1128/JVI.02202-13
https://doi.org/10.1128/JVI.00094-12
https://doi.org/10.1128/JVI.01890-13
https://doi.org/10.1038/nrd3410


2208 Q. Li et al. / Computational and Structural Biotechnology Journal 18 (2020) 2200–2208
[14] Mah R, Thomas JR, Shafer CM. Drug discovery considerations in the
development of covalent inhibitors. Bioorg Med Chem Lett 2014;24:33–9.
https://doi.org/10.1016/j.bmcl.2013.10.003.

[15] Cuesta A, Wan X, Burlingame AL, Taunton J. Ligand conformational bias drives
enantioselective modification of a surface-exposed lysine on Hsp90. J Am
Chem Soc 2020;142:3392–400. https://doi.org/10.1021/jacs.9b09684.

[16] Fell JB, Fischer JP, Baer BR, Blake JF, Bouhana K, Briere DM, et al. Identification
of the clinical development candidate MRTX849, a covalent KRASG12C
inhibitor for the treatment of cancer. J Med Chem 2020;63:6679–93. https://
doi.org/10.1021/acs.jmedchem.9b02052.

[17] Ai Y, Yu L, Tan X, Chai X, Liu S. Discovery of covalent ligands via noncovalent
docking by dissecting covalent docking based on a ‘‘Steric-Clashes Alleviating
Receptor (SCAR)” strategy. J Chem Inf Model 2016;56:1563–75. https://doi.
org/10.1021/acs.jcim.6b00334.

[18] Liao C, Wang Y, Tan X, Sun L, Liu S. Discovery of novel inhibitors of human S-
adenosylmethionine decarboxylase based on in silico high-throughput
screening and a non-radioactive enzymatic assay. Sci Rep 2015;5:10754.
https://doi.org/10.1038/srep10754.

[19] Liu S, Zheng Q, Wang Z. Potential covalent drugs targeting the main protease of
the SARS-CoV-2 coronavirus. Bioinformatics 2020;36:3295–8. https://doi.org/
10.1093/bioinformatics/btaa224.

[20] Zhang Y, Zheng Q, Zhou Y, Liu S. Repurposing clinical drugs as AdoMetDC
inhibitors using the SCAR strategy. Front Pharmacol 2020;11:248. https://doi.
org/10.3389/fphar.2020.00248.

[21] Kijima M, Yoshida M, Sugita K, Horinouchi S, Beppu T. Trapoxin, an antitumor
cyclic tetrapeptide, is an irreversible inhibitor of mammalian histone
deacetylase. J Biol Chem 1993;268:22429–35.

[22] Tsou H-R, Overbeek-Klumpers EG, Hallett WA, Reich MF, Floyd MB, Johnson
BD, et al. Optimization of 6,7-disubstituted-4-(arylamino)quinoline-3-
carbonitriles as orally active, irreversible inhibitors of human epidermal
growth factor receptor-2 kinase activity. J Med Chem 2005;48:1107–31.
https://doi.org/10.1021/jm040159c.

[23] Garuti L, Roberti M, Bottegoni G. Irreversible protein kinase inhibitors. Curr
Med Chem 2011;18:2981–94. https://doi.org/10.2174/092986711796391705.

[24] Nazario de Moraes L, Tommasini Grotto RM, Targino Valente G, de Carvalho
SH, Magro AJ, Fogaça L, et al. A novel molecular mechanism to explain
mutations of the HCV protease associated with resistance against covalently
bound inhibitors. Virus Res 2019;274:197778. https://doi.org/10.1016/j.
virusres.2019.197778.

[25] Sterling T, Irwin JJ. ZINC 15 – ligand discovery for everyone. J Chem Inf Model
2015;55:2324–37. https://doi.org/10.1021/acs.jcim.5b00559.

[26] Leaver-Fay A, Tyka M, Lewis SM, Lange OF, Thompson J, Jacak R, et al.
ROSETTA3: an object-oriented software suite for the simulation and design of
macromolecules. Methods Enzymol 2011;487:545–74. https://doi.org/
10.1016/B978-0-12-381270-4.00019-6.

[27] Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and
multithreading. J Comput Chem 2009;65:455–61. https://doi.org/10.1002/
jcc.21334.
[28] Reiser J, Adair B, Reinheckel T. Specialized roles for cysteine cathepsins in
health and disease. J Clin Invest 2010;120:3421–31. https://doi.org/10.1172/
JCI42918.

[29] Dana D, Pathak SK. A review of small molecule inhibitors and functional
probes of human cathepsin L. Molecules 2020;25:698. https://doi.org/
10.3390/molecules25030698.

[30] Herter S, Piper DE, Aaron W, Gabriele T, Cutler G, Cao P, et al. Hepatocyte
growth factor is a preferred in vitro substrate for human hepsin, a membrane-
anchored serine protease implicated in prostate and ovarian cancers. Biochem
J 2005;390:125–36. https://doi.org/10.1042/BJ20041955.

[31] Baud D, Qi X, Nielsen-Saines K, Musso D, Pomar L, Favre G. Real estimates of
mortality following COVID-19 infection. Lancet Infect Dis 2020;20:773.
https://doi.org/10.1016/S1473-3099(20)30195-X.

[32] Guy RK, DiPaola RS, Romanelli F, Dutch RE. Rapid repurposing of drugs for
COVID-19. Science 2020;368:829–30. https://doi.org/10.1126/science.
abb9332.

[33] Liu S, Liu S, Wang Y, Liao Z. The P2/P20 sites affect the substrate cleavage of
TNF-a converting enzyme (TACE) 2014;62:122–8. doi: 10.1016/
j.molimm.2014.05.017.

[34] Lee C-C, Shiao H-Y, Wang W-C, Hsieh H-P. Small-molecule EGFR tyrosine
kinase inhibitors for the treatment of cancer. Expert Opin Investig Drugs
2014;23:1333–48. https://doi.org/10.1517/13543784.2014.928283.

[35] Hoque MA, Islam MN, Islam MS, Kato T, Nishino N, Ito A, et al. RETRACTED:
design and synthesis of CHAP31, trapoxin B and HC-toxin based bicyclic
tetrapeptides disulfide as potent histone deacetylase inhibitors. Bioorg Med
Chem 2014;22:3850–5. https://doi.org/10.1016/j.bmc.2014.06.029.

[36] Tresckow von B, Sayehli C, Aulitzky WE, Goebeler M-E, Schwab M, Braz E, et al.
Phase I study of domatinostat (4SC-202), a class I histone deacetylase inhibitor
in patients with advanced hematological malignancies. Eur J Haematol
2019;102:163–73. https://doi.org/10.1111/ejh.13188.

[37] Kjellin M, Wesslén T, Löfblad E, Lennerstrand J, Lannergård A. The effect of the
first-generation HCV-protease inhibitors boceprevir and telaprevir and the
relation to baseline NS3 resistance mutations in genotype 1: experience from a
small Swedish cohort. Ups J Med Sci 2018;123:50–6. https://doi.org/10.1080/
03009734.2018.1441928.

[38] Schiavone M, Bonini S, Magrini L, Lischetti P, Lambiase A, Bucci MG. Efficacy of
lodoxamide eye drops on mast cells and eosinophils after allergen challenge in
allergic conjunctivitis. Ophthalmology 1997;104:849–53. https://doi.org/
10.1016/s0161-6420(97)30223-1.

[39] Bedrosian CL. Clinical trial data available for UX001, aceneuramic acid
extended-release. J Neurol Sci 2020;411:. https://doi.org/10.1016/j.
jns.2020.116724116724.

[40] Kwaan H, Mazar A, McMahon B. The apparent uPA/PAI-1 paradox in cancer:
more than meets the eye. Semin Thromb Hemost 2013;39:382–91. https://doi.
org/10.1055/s-0033-1338127.

[41] Moriaud F, Richard SB, Adcock SA, Chanas-Martin L, Surgand J-S, Ben Jelloul M,
et al. Identify drug repurposing candidates by mining the protein data bank.
Briefings Bioinf 2011;12:336–40. https://doi.org/10.1093/bib/bbr017.

https://doi.org/10.1016/j.bmcl.2013.10.003
https://doi.org/10.1021/jacs.9b09684
https://doi.org/10.1021/acs.jmedchem.9b02052
https://doi.org/10.1021/acs.jmedchem.9b02052
https://doi.org/10.1021/acs.jcim.6b00334
https://doi.org/10.1021/acs.jcim.6b00334
https://doi.org/10.1038/srep10754
https://doi.org/10.1093/bioinformatics/btaa224
https://doi.org/10.1093/bioinformatics/btaa224
https://doi.org/10.3389/fphar.2020.00248
https://doi.org/10.3389/fphar.2020.00248
http://refhub.elsevier.com/S2001-0370(20)30369-X/h0105
http://refhub.elsevier.com/S2001-0370(20)30369-X/h0105
http://refhub.elsevier.com/S2001-0370(20)30369-X/h0105
https://doi.org/10.1021/jm040159c
https://doi.org/10.2174/092986711796391705
https://doi.org/10.1016/j.virusres.2019.197778
https://doi.org/10.1016/j.virusres.2019.197778
https://doi.org/10.1021/acs.jcim.5b00559
https://doi.org/10.1016/B978-0-12-381270-4.00019-6
https://doi.org/10.1016/B978-0-12-381270-4.00019-6
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1172/JCI42918
https://doi.org/10.1172/JCI42918
https://doi.org/10.3390/molecules25030698
https://doi.org/10.3390/molecules25030698
https://doi.org/10.1042/BJ20041955
https://doi.org/10.1016/S1473-3099(20)30195-X
https://doi.org/10.1126/science.abb9332
https://doi.org/10.1126/science.abb9332
https://doi.org/10.1517/13543784.2014.928283
https://doi.org/10.1016/j.bmc.2014.06.029
https://doi.org/10.1111/ejh.13188
https://doi.org/10.1080/03009734.2018.1441928
https://doi.org/10.1080/03009734.2018.1441928
https://doi.org/10.1016/s0161-6420(97)30223-1
https://doi.org/10.1016/s0161-6420(97)30223-1
https://doi.org/10.1016/j.jns.2020.116724
https://doi.org/10.1016/j.jns.2020.116724
https://doi.org/10.1055/s-0033-1338127
https://doi.org/10.1055/s-0033-1338127
https://doi.org/10.1093/bib/bbr017

	Potential clinical drugs as covalent inhibitors of the priming proteases of the spike protein of SARS-CoV-2
	1 Introduction
	2 Materials and methods
	2.1 Preparation of the screening library
	2.2 Preparation of protein structures
	2.3 Preparation of existing inhibitors
	2.4 SCARdock screening and filtering

	3 Results
	3.1 The overall screening results
	3.2 Potential covalent inhibitors targeting CatB
	3.3 Potential covalent inhibitors targeting CatL
	3.4 Potential covalent inhibitors targeting TMPRSS2

	4 Discussion and conclusions
	Author contributions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


