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Abstract
The main protease (Mpro) is one of the best-characterized drug targets among coronaviruses. In the
current study, we adopted a multiple cross-docking strategy against different crystal structures of SARS-
CoV-2 Mpro to perform computer-based high-throughput virtual screening of possible inhibitors from a
drug database using Autodock Vina and SeeSAR software, combined with our in-house automatic
processing scripts. The KDs between screened candidates and Mpro were determined using Biacore.
Seven drugs were found to �t the substrate-binding pocket of Mpro with a stable conformation, showing
high KDs that ranged from 6.79E-7 M to 5.20E-5 M. Finally, mutagenesis studies con�rmed that these
drugs interact with Mpro speci�cally, suggesting that our method was reliable and convincing. Given the
safety of these old drugs, they may serve as promising candidates to treat the infection of SARS-CoV-2.
Our results also provide rational explanations for the behaviour of �ve drugs evaluated in clinical trials.

Introduction
A newly discovered beta-coronavirus, named SARS-CoV-2, has brought about a rapidly spreading
pandemic of COVID-19 pneumonia since December 20191–3. Although protective isolation played an
important role in controlling disease transmission to a certain extent3,4, more than 10.8 million cases
were con�rmed, with nearly 520,000 deaths, worldwide by July 3, 2020. This general public health event
received global attention. A great deal of research has been launched for diagnosis, drug exploration and
vaccine development, but so far, there is no effective means of suppressing viral replication and
completely preventing its spread.

SARS-CoV-2 is an enveloped, single-positive-strand RNA virus5. The �rst open reading frame encodes two
replicase precursor polyproteins, termed pp1a and pp1ab, which need to be cleaved by the main protease
(3CL protease, Mpro) and a papain-like protease to several mature non-structural proteins before
assembly into a replication transcription complex to initiate viral gene expression and replication6,7. In
particular, Mpro harbours at least 11 cleavage sites on the two polyproteins; this protein cannot be
replaced by any other pathway within the virus and has no homologous protein in the host. Thus, Mpro
plays a critical role in the life cycle of viruses, and blocking its activity would result in the termination of
viral replication. Furthermore, in comparison with the structural proteins, Mpro is highly conserved during
evolution8,9. These properties make Mpro an ideal therapeutic target.

Given these �ndings, extensive studies have recently focused on seeking Mpro-selective inhibitors. These
studies are based on virtual drug screening by using all kinds of software, even with �ngerprinting and
arti�cial intelligence-based techniques6,7,10−14. These studies provided too many candidates to choose
from without experimental con�rmation. On the other hand, crystal structure suggests that a series of
lead compounds can interact with Mpro15–17, but it would take a long time before some of these
compounds might become potential clinical drugs in the future.
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There is no doubt that drug repurposing is a rapid and realistic strategy in this pandemic situation18,19.
Several approved drugs have been or are being used in clinical anti-virus trials for treatment of COVID-19,
including viral protease inhibitors such as lopinavir/ritonavir and darunavir, as well as anti-malaria drugs
such as hydroxychloroquine and kinase inhibitors such as baricitinib and tofacitinib20–22. Although some
drugs have been shown to be effective in suppressing viral replication and decreasing host cell damage
in vitro, the mechanism and clinical effects remain unclear. Therefore, more solid evidence at the
molecular level is needed to identify optimal drugs to achieve clinical performance.

In this study, we adopted a multiple cross-docking strategy targeting SARS-CoV-2 Mpro to carry out high-
throughput drug screening based on an 8,000-drug library using Vina23 and SeeSAR software, combined
with our in-house automatic processing and screening programs. Furthermore, the recombinant wild-type
Mpro and its mutant were expressed in E. coli and puri�ed, and the a�nity between these molecules and
the Mpro protein was determined using Biacore. The following comparative analysis not only help us
understand in depth and estimate the e�cacy of previously used drugs in cellular experiments and
clinical trials but also provides reliable evidence for the selection of reasonable Mpro inhibitors.

Results
The �exible active pocket of SARS-CoV-2 Mpro and its impact on molecular docking. The �exibility of
macromolecules always poses great challenges for virtual docking, so it is necessary to �rst determine
the structural features of target proteins to achieve an ideal prediction. Here, we carried out alignment of
3D structures and sequences based on SARS-CoV-2 Mpro (PDB ID: 6lu7 and 6m2q). The results showed
that these structures had the same amino acid sequence (Fig. 1B) but different conformations at the
substrate binding pocket, where an obvious change was observed between the Ser’46/CA and
Leu’167/CA sites. The distance was 15 Å in 6m2q, but it extended to 17.7 Å in 6lu7 (Fig. 1A), which
indicated that the pocket was �exible.

Therefore, we performed virtual drug screening against different active pocket models. A primary test was
performed, and in the approved drug dataset, 308 molecules with a docking score less than -8.0 kcal/mol
were obtained against 6m2q, and 188 molecules were obtained against 6lu7, but there were only 136
molecules against both of these structures. This result con�rmed that the �exible structure of viral Mpro
has a strong in�uence on virtual docking. Thus, multiple docking against different models was a very
useful strategy to improve docking stability and predict performance in this study.

Identi�cation of candidate drugs targeting viral Mpro by virtual screening. To rapidly explore old drugs
that can be repurposed to target SARS-CoV-2 Mpro, high-throughput virtual screening was performed with
the above multiple docking strategy based on a drug database with approximately 8000 molecules (Fig.
2). During the process, we removed molecules with molecular weights less than 330 g/mol or higher than
800 g/mol with respect to the pocket volume and excluded molecules such as antitumor drugs with
strong side effects, cardiovascular agents, tracer agents and those for external use. A total of 161
molecules were screened out with average vina scores less than -7.5 kcal/mol, and 77 molecules were
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screened out with average scores less than -8.0 kcal/mol. Furthermore, hydroxychloroquine and
boceprevir, with relatively low vina a�nity, were selected because they received the top a�nity rankings
by SeeSAR prediction. Finally, we selected 18 representative candidates for this study (Table 1).

A�nity determination for candidate drugs binding to Mpro by SPR. To investigate the real binding status
of candidates with Mpro, SARS-CoV-2 Mpro was expressed in E. coli and puri�ed, and the SPR technique
was used to determine the a�nity of each drug with SARS-CoV-2 Mpro. The receptor-ligand a�nity was
determined by steady state or kinetic analysis with a Biacore instrument.

As shown in Fig. 3, the results showed that four drugs exhibited excellent a�nity with Mpro, with SPR KD
values of e-6 M or higher, including dela�oxacin (KD= 0.679 μM), nel�navir (KD= 2.36 μM), saquinavir
(KD= 3.45 μM), and dolutegravir (KD= 5.95 μM). Another 3 drugs showed a�nity at the e-5 M level,
including indinavir (KD= 24 μM), baloxavir marboxil (KD= 27.2 μM) and tadala�l (KD= 52.2 μM). The
binding of dihydroergotamine, moxi�oxacin and darunavir with Mpro was also detected, but their KDs
were between 100 ~ 500 μM, which might not be satisfactory for the dosage requirement. Furthermore,
hydroxychloroquine exhibited only a slight a�nity for streptomycin. The other screened drugs were
excluded because curve �tting could not be completed for these drugs. Given these �ndings, this study
provided solid experimental evidence for identi�cation of potential Mpro inhibitors, although virtual
screening greatly helped with drug exploration.

Comparative analysis of molecular structures and docking poses. Here, we observed the molecular
docking poses of the identi�ed drugs with a high a�nity for SARS-CoV-2 Mpro. Typically, there were four
types of docking conformations. Type A is represented by �uoroquinolone antibiotics, type B is
represented by HIV protease inhibitors, type C is represented by HIV integrase inhibitors and type D is
represented by baloxavir marboxil and tadala�l. We found that regardless of whether the pocket was fully
�lled, each type of conformation showed satisfactory a�nities by both Vina prediction and SPR
examination. However, the SPR a�nity was more dependent on the molecule itself; for instance,
dela�oxacin had a high a�nity determined by SPR (6.79E-7 M), but moxi�oxacin showed much lower
SPR KD (2.60E-4 M). Thus, this �nding suggested that the docking conformation is not su�cient to
precisely identify drugs with high a�nity. Thus, structural similarity scans, such as �ngerprinting, are not
suitable techniques for this study. Moreover, because prediction at the atom level is di�cult, experimental
identi�cation is critical for �nal con�rmation of the interaction.

Docking site identi�cation by mutagenesis studies. Then, mutagenesis studies were carried out to
con�rm the speci�city of the interaction between the screened drugs and Mpro. First, an in-depth analysis
of the substrate-binding pocket of Mpro identi�ed 7 residues that may be involved in the interaction with
these drugs, including His41H, Asn142, Cys145, His164, Met165, Asp187 and Gln189. As shown in Fig.
5A, four of these residues are located at the bottom of the active cavity, whereas the other 3 residues are
located at two angles at the exit of the pocket, forming a cap-like structure. These polar groups and long
side chains in these residues facilitate the formation of hydrogen bonds, salt bridges and hydrophobic
interactions with other molecules. Then, a mutant of Mpro was designed in which all seven residues were
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replaced with Ala. The sequence encoding this mutant was synthesized, expressed and puri�ed with the
same protocol as that used for the wild-type protein. Finally, SPR analysis was performed to detect the
possible interaction between the mutant and three selected drugs, including dela�oxacin, nel�navir and
indinavir. The results showed that the mutant lost the capacity to recognize these drugs, showing no
concentration-dependent decrease in a�nity in the SPR spectrum (Fig. 5 B-D), indicating that these drugs
bind to the substrate-binding pocket of MPro speci�cally and further con�rming that the strategy used for
drug screening was reliable and rapid. Now, we are working on determining the structures of Mpro in
complex with these drugs to clarify the details of these interactions, which will provide solid evidence for
the application of these drugs as potential inhibitors of Mpro.

Discussion
To date, a number of old drugs have been clinically tested for potential e�cacy against SARS-CoV-2, such
as lopinavir/ritonavir, hydroxychloroquine, darunavir and cobicistat20,21,24,25. Although some of these
molecules are effective in cellular models, clinical trials showed no signi�cant improvement in symptoms
and length of hospitalization21,26; thus, the e�cacy of these drugs remains controversial. Since the
targets of these drugs on SARS-CoV-2 are unclear, the mechanism is ambiguous, which suggests that it is
essential and reliable to start from a de�ned target to identify candidate drugs. Although coronaviruses
undergo extensive mutagenesis, some key proteins, especially replication-related enzymes, such as the
main protease, RNA-dependent RNA polymerase and helicase, are highly conserved among different
strains5,8,27. In the current study, the crystal structures of SARS-CoV-2 Mpro were selected as the target for
molecular screening. Then, an in silico high-throughput screening strategy and automatic pipeline were
established by using classic docking software and our in-house program, which greatly accelerated the
screening process.

Virtual drug screening in silico allows us to rapidly identify possible candidates on a large scale, making
drug exploration more effective and economic than traditional strategies28. However, the accuracy of
prediction obtained with current software could not reach 100%, even when different software programs
were combined29. Here, we found the �exibility of the protein structure, especially the active pocket, has a
strong impact on the performance of the docking process. Fortunately, several crystal structures of Mpro
of SARS-CoV-2 have been solved and are currently available17,30, so we used these structures as targets
for multiple molecular docking. The average score is a much better indicator of the real diversity of
molecular interactions than molecular dynamics simulations for �exible structures. The KDs determined
by SPR were consistent with the prediction made by using Autodock, which demonstrated that the
protocol used for screening candidate drugs is reliable.

Based on the analysis of docking diversity and effectiveness, this study indicates that the search for
molecules targeting Mpro is constrained by similarity searching based on molecular �ngerprints.
Moreover, until many positive molecular samples are obtained, the effective use of arti�cial intelligence
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for drug exploration is di�cult. Therefore, we suggest that structural optimization of the above high-
a�nity drugs as lead compounds is an important method for exploration of new Mpro inhibitors.

This study identi�ed four drugs, namely, dela�oxacin, nel�navir, saquinavir and dolutegravir, which
exhibited a�nities higher than e-5 M with Mpro from SARS-CoV-2, indicating that these drugs may serve
as potential antiviral drugs against SARS-CoV-2. In addition, three other drugs, namely, indinavir, baloxavir
marboxil and tadala�l, showed moderate a�nities at the e-5 M level, so a higher dose might be required
for clinical administration, which would be a challenge for relevant studies.

Dela�oxacin is a �uoroquinolone antibiotic used to treat skin infections and pneumonia caused by
bacteria in adults31,32. In this study, this drug exhibited the highest a�nity with Mpro as determined by
SPR; thus, it may serve as a novel candidate drug for the treatment of SARS-CoV-2 infection. Dela�oxacin
is widely used in clinical practice, given the activity and safety of this drug, it is feasible to conduct
exploratory clinical treatment in special cases, such as during the SARS-CoV-2 pandemic. Interestingly,
three of the drugs mentioned above have already been evaluated in cellular experiments. Among them,
nel�navir is an HIV-1 protease inhibitor that was reported to inhibit the replication of SARS-CoV-2
e�ciently, with effective concentrations for 50% and 90% inhibition (EC50 and EC90) at 1.13 µM and
1.76 µM, respectively33. In the current study, the KD between nel�navir and Mpro was determined to be
2.36e-6 M. In addition, the concentrations of saquinavir and indinavir required to inhibit 50% of virus
replication were reported to be 8.63 µM and 59.14 µM, respectively33. Our results also showed that these
drugs exhibited high a�nity with Mpro, and the KDs were comparable with the IC50s. The high KDs
determined in this study provided solid evidence that Mpro is the speci�c target for the drug-mediated
replication inhibition of SARS-CoV-2.

Moxi�oxacin has ever been widely used to control subsequent infection during COVID-19 treatment34.
This study indicated a signi�cant a�nity for Mpro at the e-4 M level, which should be slightly helpful in
suppressing the virus, but a retrospective investigation is needed because it might be di�cult to achieve
an obvious effect in the body at the conventional dose. Moreover, darunavir, an HIV protease inhibitor35,
has also been con�rmed to suppress SARS-CoV-2 in cellular experiments33, but our results showed that
its a�nity is lower than that of dihydroergotamine and moxi�oxacin.

Hydroxychloroquine is an anti-malarial drug36 that has been previously reported to exhibit an anti-SARS-
CoV-2 effect in cellular assays, with an IC50 of 1.31 µM37, which is nearly the same as that of
nel�navir33. Clinical studies were designed and implemented to evaluate the e�cacy of
hydroxychloroquine in patients with COVID-19, but the outcomes were contradictory25,38. In this study,
SeeSAR predicted that hydroxychloroquine may interact with Mpro, but it was con�rmed in the
subsequent molecular experiment that the KD of hydroxychloroquine is only e-3 M; thus, the a�nity is
very poor and close to that of streptomycin. These results demonstrated that hydroxychloroquine may
exploit another mechanism to suppress viruses ex vivo, but not by targeting Mpro.
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Taken together, based on virtual drug screening combined with experimental con�rmation, we have
identi�ed seven drugs that speci�cally target SARS-CoV-2 Mpro, and the high a�nity with Mpro indicates
that these drugs may serve as promising candidate drugs for the treatment of SARS-CoV-2 infection.
Furthermore, our results also provided a possible target and rational explanation for the e�cacy of �ve
candidate drugs that have already been evaluated in cell models, including nel�navir, saquinavir, indinavir,
darunavir, and hydroxychloroquine.

Materials And Methods
Data resources. The biological sequences of SARS-CoV-2 (accession no.: NC_045512.2) were obtained
from the NCBI database. The 3D structures and sequences of SARS-CoV-2 Mpro (6lu7, 6m2q) were
downloaded from the PDB database30. Nearly 8000 approved or experimental compounds were obtained
from DrugBank39.

Reagents. The drugs used in this study were purchased from TargetMol, USA, for the following
experiments.

Molecular docking. The crystal structures of the Mpro monomer of SARS-CoV-2 were prepared for the
target proteins after removing the unrelated molecule, followed by removing water, adding hydrogen and
computing charges by using AutoDockTools40. The binding coordinates were located by a grid box
against the active pocket. High-throughput autodocking was performed by using multi-threaded tasks by
our in-house script based on AutoDock Vina23, and potential molecules were screened out by a Perl
program developed by us, running at Ubuntu server (version: 19.10-live-server-amd64) with an AMD Ryzen
3950x (16-core, 32-thread) processor. Moreover, another docking a�nity prediction was performed by
SeeSAR, according to the general operating process (version 9.2; BioSolveIT GmbH, Sankt Augustin,
Germany, 2019, www.biosolveit.de/SeeSAR). The 3D molecule images were visualized by PyMOL v2.341.

Cloning, expression and puri�cation of wild-type Mpro. The nucleotide fragment encoding full-length
Mpro in the orf1ab sequence (YP_009724389.1) was codon-optimized for usage in the E. coli expression
system with JAVA Codon Adaptation Tool. The optimized sequence was synthesized and cloned into an
expression vector derived from the pGEX-6p-1 plasmid (Novagen, USA) via BamH1 and XhoI restriction
sites by Sheng Gong Biological Engineering (Shanghai, China). E. coli BL21 (DE3) cells (Invitrogen, USA)
transformed with the recombinant plasmid pGEX-6p-1-Mpro were grown at 37°C in 2 L of Luria-Bertani
medium until the OD600 reached 0.6, and then, 0.2 mM IPTG was added to induce the expression of
recombinant protein at 16°C overnight. The bacterial pellets were resuspended in PBS and disrupted by
ultrasonication. The supernatant was harvested by centrifugation and mixed with glutathione Sepharose
4B agarose (GE Healthcare, NJ, USA) and incubated for 3 hours at 4°C. Then, the beads were washed with
PBS, and preScission protease (GE) was added to cleave the GST tag. The supernatant containing the
GST-free Mpro was collected, concentrated and applied onto a HiLoad 16/60 Superdex 200 prep-grade
gel �ltration column (GE Healthcare, NJ, USA) equilibrated with PBS. The peak fractions corresponding to
the recombinant protein were pooled for further study.
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Site-directed mutagenesis. An Mpro mutant was designed by substituting 7 amino acids (41H/A, 142N/A,
145C/A, 164H/A, 165M/A, 187D/A, 189Q/A) in the active pocket. The recombinant plasmid pGEX-6p-1-
mMpro encoding the Mpro mutant was synthesized by Sheng Gong Biological Engineering (Shanghai,
China). The protocol used for expression and puri�cation of the mutant protein was the same as that
used for wild-type Mpro.

Surface plasmon resonance (SPR) assay. All SPR experiments were carried out on a Biacore X100 (GE
Healthcare, Uppsala, Sweden) with active temperature control at 25℃ following the manufacturer’s
protocols. For protein immobilization, 100 μl of 50 μg/ml Mpro protein in sodium acetate buffer (pH 5.0)
was prepared for amino coupling onto channel 2 of a CM5 sensor chip (GE Healthcare), and channel 1
was used as the reference �ow cell. Candidate chemical molecules were diluted in a linear gradient with
running buffer (0.02 M phosphate buffer, 2.7 mM KCl, 137 mM NaCl, 0.05% surfactant P20, pH 7.4) and
made to �ow across immobilized Mpro protein for 150 s at a �ow rate of 10 μl/min (association),
followed by dissociation in the running buffer for 90 s. The resulting data were �tted to a 1:1 binding
model using Biacore Evaluation Software (GE Healthcare).

Data Availability
The material and data that support the �ndings of this study are available from the corresponding author
upon reasonable request.
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Figure 1

Structure and sequence alignment of the SARS-CoV-2 Mpro. A. Structure alignment of 6lu7 (red line) and
6m2q (blue line); the distances between Ser’46/CA and Leu’167/CA were measured. B. Sequence
alignment of 6lu7 and 6m2q.
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Figure 2

Schematic work�ow for virtual screening. Work�ow used for virtual drug screening by using a multiple
cross-docking strategy based on the Vina program, combined with our in-house multi-thread screening
program.
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Figure 3

Biacore SPR assay characterizing the real-time binding kinetics of the small molecules to Mpro. The
gradient concentrations of every molecule (shown in each plot of �gure) were used to measure the
binding kinetics. The recorded pro�les are shown as coloured lines, the best �t of the date to a 1:1 binding
model is used for the two molecules at the top of the �gure (A and B), and the steady-state a�nity model
is for other molecules (C-N).
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Figure 4

Molecular docking poses of screened candidate drugs in the Mpro active pocket. Docking in the Mpro
pocket of the seven molecules with an SPR KD value of e-5 M or lower; another three molecules with
similar structures are listed for comparison. The relevant parameters of each molecule are listed below
each image.
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Figure 5

Mutation sites in the active pocket of Mpro and SPR assay with three selected drugs. A. Distribution of
mutant sites and substitution of amino acids (41H/A, 142N/A, 145C/A, 164H/A, 165M/A, 187D/A,
189Q/A) in the active pocket of Mpro. B-D, SPR spectrum of Mpro with dela�oxacin, nel�navir and
indinavir.
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