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Abstract 3CLP™ is the main protease of the novel coronavirus (SARS-CoV-2)
responsible for their intracellular duplication. Based on virtual screening
technology, we found 23 approved clinical drugs such as Carfilzomib, Saquinavir,
Thymopentin and etc., which showed high affinity with the 3CLP™ active sites.
These findings suggest that 3CLP™ inhibitors might be potential candidates for
further activity detection and molecular modification.
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1. Introduction

A novel coronavirus (SARS-CoV-2) has been identified as the pathogen of
the coronavirus pneumonia (COVID-19) which has broken out in Wuhan, China
in 2019. The coronavirus has spread globally because of its characteristics of
strong contagion and high concealment, but there is no effective and specific
antiviral therapy up to now. Currently clinical treatments are suggested with
known drugs such as Remdesivir and Chloroquine [1-3]. Lopinavir and ritonavir
used to treat HIV infection showed anti-CoV eftect in vitro and are being tried for
clinical treatment of COVID-19 [4-8]. Hence, it is a good strategy to discover anti-
COVID-19 drugs from approved drug libraries for it can dramatically shorten
development time.

SARS-CoV-2 belonging to beta coronavirus has an envelope and sense
single-stranded RNA [9, 10]. It contains four non-structural proteins: 3-chymotry

psin-like (3CLP™), papain-like protease (PLP™), helicase, and RNA polymerase
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[11]. Both 3CLP™ and PLP™ are involved in transcription and replication of the
virus. Inhibitors targeting viral proteases have shown anti-coronal virus activity in
vitro [12, 13]. Among them, the 3CLP™ is the main protease that plays a key role
in the replication cycle of the virus [14]. The protease cleaves ppla and pplab
which encoded by the virus ORFla / b , and they have 96% sequence similarity
with the 3CLP™ of the SARS-CoV that caused an outbreak in 2003 [11, 15].
Coronavirus protease inhibitors show antiviral activity in vitro. In this study,
we used high-throughput virtual screening technology to discover potential drugs
targeting the 3CLP™ of SARS-CoV-2 from approved drug library and the obtained
candidates might be potential inhibitors for further activity detection and

molecular modification.

2. Materials and Methods

2.1 Homologous modeling and protein structure alignment
Crystal structures of the 3CLpro of both SARS-CoV-2 and SARS-CoV were

obtained from Protein Data Bank ( https://www.rcsb.org/ ). The 3CLP™ structure

file (PDB ID: 6LU7) of SARS-CoV-2 has a resolution of 2.16A and the 3CLP®
structure file (PDB 1D:2Z79J) of SARS-CoV has a resolution of 1.95A [16]. The
protein sequences (YP_009725301.1 and NP 828863.1) were obtained from
NCBI. Homologous modeling of 3CLP™ of SARS-CoV-2 was performed by using
279] as a template and the SWISS-MODEL online server [17, 18]. The VMD

RMSD tool was used to calculate the root mean square deviation (RMSD) of this
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model from the 3CLP™ crystal structure of SARS-CoV-2 [19].

2.2 Virtual screening of 3CLP" active regions of SARS-CoV-2.

Prepare the 3CLP™ crystal structure file (PDB ID: 6LU7). Structural
coordinates included 3CLP™, ligand N3 and water molecules. The step of protein
pretreatment was performed by removing ligands and crystal water, then adding
hydrogen atoms according to the amino acid protonation state at pH 7.0.

Approved drug library containing 5903 molecules was obtained from

ZINCI1S5 ( http://zinc15.docking.org/ ) [20].

Molecular docking was performed by wusing LeDock software

( http://www.lephar.com/ ). This method was based on a combination of simulated

annealing and genetic algorithm to optimize the position and orientation of the
ligands. And score given was based on physical and empirical methods [21]. The
putative catalytic dyad (Cys-145 and His-41) and substrate binding pocket regions
were selected as docking regions in this protease [22]. Binding energy was
calculated by molecular docking of the receptor protein with each drug and
sequencing by their scores. The molecules with binding energy less than -11kcal /

mol were selected as candidate drugs [23].

2.3 Visualization
Alignment between crystal structures and binding mode were visualized by

Pymol 1.8 ( https://pymol.org ). Protein-ligand interaction pattern diagram was
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shown by Discovery Studio 2016.

3. Results

By using high-throughput virtual screening, 23 approved drugs with binding
energy below -11kcal / mol were obtained as candidate drugs (Fig. 1). The result
included 7 peptides or peptide analogs and 17 small molecule drugs (Table 1 and
Fig. 1). According to their characteristics, 10 out of 23 drugs were protease
inhibitors, of which 9 drugs were HIV-1 protease inhibitors. It was suggested that

the drug structure of the protease inhibitor was hit with a high probability.

3.1 3CLP" amino acid sequence and structure analyses

By comparing the 3CLP™ structures of the two SARS-CoV-2 and SARS-CoV
viruses, the secondary structure and tertiary structure of the two 3CLP™ did not
change significantly near the crack between domains 1 and 2 (Fig. SIA) . By
analyzing amino acid sequence, their two 3CLP™s reached 96% identity, and there
were no significant changes in the main polar amino acids and charged amino acids
(Fig. S1B and Fig. S2C). Based on the structure of 3CLP™ of SARS-CoV,
homology modeling was performed. The model was compared with the crystal
structure of 3CLP™ of SARS-CoV-2 and the results showed that the RMSD was
0.78 (Results not shown). It was shown that 3CLP™ of SARS-CoV-2 and 3CLP™ of
SARS-CoV may have substantially the same catalytic mode. Therefore, drug
candidates can be analyzed based on 3CLP™ related research experience on SARS-

CoV.
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3.2 Prediction of Ritonavir and Lopinavir

Currently, both Ritonavir and Lopinavir are used as a frontline treatment of
COVID-19 and were found in the result of virtual screening (Fig. 2 and Fig. S5).
They also have relatively consistent predicted binding energy (-11.8kcal / mol and

-11.9kcal / mol, respectively).

3.3 Three protease inhibitors may outperform Ritonavir and Lopinavir

Among protease inhibitors, Carfilzomib (ZINC000049841054), Saquinavir
(ZINC000003914596), and Indinavir (ZINC000022448696) have better docking
scores (Fig. 1). As antitumor drug, Carfilzomib exerted its effect by binding to the
active site of the 20S proteasome, which contained chymotrypsin whose spatial
structure is like the 3CLP™. The docking results showed that the Carfilzomib was
in 3CLP™'s pocket consisting of S1 and S2 subsites (Fig. 2A) and formed n-n
stacking and hydrogen bonding with HIS-41 and CYS-145, respectively, in which
were catalytic duplexes. The Carfilzomib also had multiple non-covalent
interactions with MET-165 at the S1 subsite and MET-49 at the S2 subsite (Fig.
2B). Besides, both Saquinavir and Lopinavir had similar binding patterns (Fig. 3),
and both stabilized HIS-41 and MET-49 in the same way. The non-covalent
binding pattern of the Saquinavir and HIS-41 were similar to that of Carfilzomib,
in which formed n-r stacks. The benzene ring interacted with MET-165 at the S3
subsite and MET-49 at the S2 subsite, and HIS-163 at the S2 subsite also formed
a hydrogen bond interaction with Saquinavir. All three drugs formed hydrogen

bonds with CYS-145. The results showed that Saquinavir and Lopinavir may have
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similar mechanism. And docking scores of Indinavir and Lopinavir were almost

the same, but the combination mode was less than Saquinavir (Fig. S4).

3.4 Good combination score of Peptidomimetic

The top three drugs with docking scores were peptides or peptide analogs
(Table 1). Among them, Thymopentin got the highest score. It was able to bind
3CLP™'s substrate-binding pocket. Not only it can bind 3CLP™'s catalytic dyad Cys-
145 and His-41, but also HIS-163, Glul66 at the S1 subsite and ASP-187 at the S2
subsite (Fig. 2A and B). It is well known that Thymopentin targets the lymphocytes
as regulator in immune system, so it can be used for adjuvant treatment of viral
infections. No inhibitory effect on proteases has been reported until we got the

results of virtual screening.

3.5 Analyses of Other candidate drugs

Among non-protease inhibitor drugs, Viomycin, Cangrelor, Capastat, and
Cobicistat also have higher predicted scores than Lopinavir. Two of them,
Viomycin and Capastat are peptide analogs. Viomycin completely occupies the S1
subsite and binds to HIS-163, PHE-140, MET-165 and GLU-166. But it did not
bind to His-41 and CYS-145 at the catalytic dyad (Fig. S2). Cangrelor can form
hydrogen bonds with CYS-145 in the catalytic dyad, and effectively occupied the
S1 and S3 subsites of 3CLP™ (Fig. S2). Capastat also binds well to the S1 and S3
subsites but no significant interaction with amino acids at the S2 subsite, and

Hydrogen bonds with CYS-145 in the catalytic dyad (Fig. S3). Ceftolozane
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interacts with the S1 subsite of 3CLpro and HIS-41 in the catalytic dyad (Fig. S3).
Cobicistat was able to combine with the catalytic dyad of 3CLP™, and its combined
poste was better than Indinavir (Fig. S4).

Among protease inhibitors, Telaprevir, Atazanavir, Darunavir, Nelfinavir, and
Fosamprenavir were also selected to be candidates. However, their predicted
binding power was weaker than that of the Lopinavir. Telaprevir mainly interacts
with the catalytic dyad and has less interaction with the peptide binding site (Fig.

S3).

In brief, the 23 approved drugs were identified to have the effect on inhibiting
3CLP™ by virtual screening. Among them, Ritonavir and Lopinavir have been
currently used to treat COVID-19. And among the rest of 21 candidates,
Carfilzomib, Saquinavir and Thymopentin showed more promising against SARS-

CoV-2.

4. Discussion
The study is based on published data. For the limitations of our laboratory,
further virus-related biological experiments cannot be allowed to carry out. So, we
showed the disclosed data as reference for researchers and doctors in related fields.
In addition, considering the period of the drug development, the study only
shows the information of 23 approved clinical drugs which obtained in the virtual
screening. The other unapproved drug we got will be published if they will be

investigated in the future biological experiments.
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Moreover, since Carfilzomib's mechanism includes inhibition of
chymotrypsin activity, it may better target 3CLP™ prospectively. In the prediction
of binding energy and binding mode, Saquinavir showed similar results to
Lopinavir, which can be further compared with the antiviral effect of Lopinavir.
Although it is not reported that Thymic Pentapeptide has protease inhibitory
activity, but it has predicted good inhibitory activity in the study. However, the
Thymic Pentapeptide is composed of natural amino acids whereas 3CLP™ is a
protease, so it is necessary to modify the structure to prevent excessive degradation
of 3CLP™. Simultaneously, the study also referred that other candidates with
potential 3CLP™ inhibitory activity might be as inhibitors of SARS-CoV-2.

We noticed Ritonavir / Lopinavir being clinically tested for the treatment of
COVID-19 is an aspartate protease inhibitor. Their molecular structure is
optimized for the aspartic protease spatial structure of HIV. But 3CLP™ is a cysteine
protease. The difference in the spatial structure of 3CLP"™ and HIV protease may
lead to the actual inhibition efficiency. Hence, Ritonavir and Lopinavir are needed

to further evaluate their effects when they resist SARS-CoV-2.
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Figure Legends
Figure 1: Virtual screening results of drug candidates. Drugs were sorted
according to the docking binding energy, corresponding to the order in Table 1.

Unit: kcal/mol.

Figure 2: Binding patterns of thymopentin and carfilzomib to 3CLP™. (A and C)
The three-dimensional binding modes of thymopentin and carfilzomib with
3CLpro, respectively. Protein shown as a cartoon model and ligands shown as stick
model. (B and D) The interaction modes of both thymopentin and carfilzomib with

3CLP™, respectively.

Figure 3: Three-dimensional binding modes of saquinavir and lopinavir with
3CLP™. (A and C) The three-dimensional binding modes of saquinavir and
lopinavir with 3CLP™, respectively. Protein shown as a cartoon model and ligands
shown as stick model. (B and D) The interaction modes of both saquinavir and

lopinavir with 3CLP™, respectively.
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Figures/Tables
Table 1
Drug Candidate Information
Number Drug Molecular Type Target Indication
1 Thymopentin Peptide T lymphocyte Viral infection
2 Viomycin Peptidomimetic Bacterial ribosomes  Bacterial infections
3 Carfilzomib Peptidomimetic 20S Proteasome Tumor
4 Cangrelor Purine Nucleotides P2Y12 Anticoagulation
5 Capastat Peptidomimetic Bacterial ribosomes  Bacterial infections
6 Saquinavir Quinolines HIV-1 Protease HIV infection
7 Ceftolozane Amides PBPs Bacterial infections
8 Cobicistat Thiazoles CYP3A HIV infection
9 Indinavir Pyridines HIV-1 Protease HIV infection
10 Lopinavir Pyrimidinones HIV-1 Protease HIV infection
11 Ritonavir Thiazoles HIV-1 Protease HIV infection
12 Telaprevir Peptidomimetic HIV-1 Protease HIV infection
13 Plazomicin Glycosides Bacterial ribosomes  Bacterial infections
14 Mitoxantrone Anthracyclines DNA and Tumor
topoisomerase II
15 Macimorelin Peptidomimetic GHS-R1a Growth hormone
deficiency
16 FAD Purine Nucleotides Prosthetic Adjuvant therapy
17 CoA Purine Nucleotides Coenzymes Adjuvant therapy
18 Valrubicin Anthracyclines DNA and Tumor
topoisomerase II
19 Atazanavir Peptidomimetic HIV-1 Protease HIV infection
20 Darunavir Amides HIV-1 Protease HIV infection
21 Encorafenib Amides BRAF Kinase Tumor
22 Nelfinavir Isoquinolines HIV-1 Protease HIV infection
23 Fosamprenavir Amides HIV-1 Protease HIV infection
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Binding

Number ZINC ID Energy Vdw Elec H-bonding Intraclash  Torsion
2 ZINC000049799668 6.49 313
3 ZINC000049841054 =~ -128  -5381 -12 -44.6 1297 5.76
4 ZINC000085537017 ~ -12.6 -25  EZT0IN 914 222
5 ZINC000150338698  -126  -16.15 -63.33 7.08 433
6  ZINC000003914596  -124  -5523  -61 -4524 [N 341
7 ZINC000009164421 ~ -124  -4857 | =1271  -49.22 48
8  ZINC000085537014  -123 [UFG208N -07 [2048N 1259
9 ZINC000022448696  -12  -5142 621 -32.24 381 3.23
10 ZINC000003951740  -11.9 -57 -1.08 -345 22N 34
11 ZINC000003944422  -118  -5539  -091 -2757 7.16 492
12 ZINC000003992480  -118  -53.13 -15 -38.2 14.03 31
13 ZINC000068150640  -117  -493 -40.14 35
14 ZINC000003794794  -116  -3762 -5338 295
15 ZINC000001554197  -115  -4166  -761 -4321 167
16 ZINC000008215434 = -114  -5259 -14 -53.72 7.34
17 ZINC000008551087 ~ -114 5013 [N262NN -28.76 16.56 24
18 ZINC000163535243 ~ -114  -4281  -562 -30.82 24 163
19 ZINC000003941496 -5005 = -0.85 -4099 | 1918 @ 36
20 ZINCO000003955219 -51.76 -14  PEEEN 654 197
21 ZINC000068249103 -46.46  -0.72 -42.55 33 1.54
22 ZINC000003833846 -4691  -569 - 3.52 223
23 ZINC000003941829 -4691  -569 3.52 223

Figure 1
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Supplementary Material

SARS-CoV-2 SGFREMAFPSGRVEGCMVEVTCGT

B SARS-CoV SGFRRMAFES

SARS-CoV-2 VOTANPRTPRY
SARS-CoV T

SARS-CoV-2

EVDRQTAQAAGT!
SARS-CoV T v A

EVRRATARAN

SARS-CoV-2
SARS-CoV  LLANGY

SARS-CoV-2 AFPS
SARS-CoV 357}

SARS-CoV-2
SARS-CoV  V

‘0!
SARS-CoV  LLONGMS

Figure S1: 3CLP™ amino acid sequence and structure analysis. (A) A comparison
of two 3CLP™ structures of SARS-CoV and SARS-CoV-2. 3CLP® of SARS-CoV

(2Z9])) was shown in blue, and 3CLP™ of SARS-CoV-2 (6LU7) was shown
in red. (B) The 3CLP™ amino acid sequences of both SARS-Cov and SARS-CoV-
2 were compared, and the polar amino acids were marked in blue. (C)Comparison
of the 3CLP™ amino acid sequence of both SARS-Cov and SARS-CoV-2.
Negatively charged amino acids were shown in red and positively charged amino

acids are shown in red.
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Figure S2: Three-dimensional binding modes of viomycin and cangrelor with
3CLP™, (A and C) The three-dimensional binding modes of both viomycin and
cangrelor with 3CLP™, respectively Protein shown as a cartoon model and ligands
shown as stick model. (B and D) The interaction modes of both viomycin and

viomycin with 3CLP™, respectively.
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Figure S3: Three-dimensional binding modes of Capastat and Ceftolozane with
3CLpro. (A and C) The three-dimensional binding modes of both Capastat and
Ceftolozane with 3CLP™, respectively. Protein shown as a cartoon model and
ligands shown as stick model. (B and D) The interaction modes of both Capastat

and Ceftolozane with 3CLP™, respectively.



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 March 2020

mal Mydrogen Bond [ FiPi Stacked

[[] Carbon Nydrogen Bond [] Ak
D Pi—Sul fur D Pi-Alkyl

Interactions

:' van der Waals - Pi-Anion
- Attractive Charge D Pi~Sul fur

I Conventional Hydrogen Bond [] ri-Alkd
[ ] Carbon Hydrogen Bond

Figure S4: Three-dimensional binding modes of Cobicistat and Indinavir with
3CLP™. (A and C) The three-dimensional binding modes of both Cobicistat and
Indinavir with 3CLP™, respectively. Protein shown as a cartoon model and ligands
shown as stick model. (B and D) The interaction modes of both Cobicistat and

Indinavir with 3CLP™, respectively.
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Figure S5: Three-dimensional binding modes of Ritonavir and Telaprevir with
3CLP™, (A and C) The three-dimensional binding modes of both Ritonavir and
Telaprevir with 3CLP™, respectively. Protein shown as a cartoon model and ligands
shown as stick model. (B and D) The interaction modes of both Ritonavir and

Telaprevir with 3CLP™, respectively.



