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ABSTRACT: The recent pandemic caused by SARS-CoV-2 has led the world to a
standstill, causing a medical and economic crisis worldwide. This crisis has triggered
an urgent need to discover a possible treatment strategy against this novel virus
using already-approved drugs. The main protease (Mpro) of this virus plays a
critical role in cleaving the translated polypeptides that makes it a potential drug
target against COVID-19. Taking advantage of the recently discovered three-
dimensional structure of Mpro, we screened approved drugs from the Drug Bank to
find a possible inhibitor against Mpro using computational methods and further
validating them with biochemical studies. The docking and molecular dynamics
study revealed that DB04983 (denufosol) showed the best glide docking score,
−11.884 kcal/mol, and MM-PBSA binding free energy, −10.96 kcal/mol.
Cobicistat, cangrelor (previous computational studies in our lab), and denufosol
(current study) were tested for the in vitro inhibitory effects on Mpro. The IC50
values of these drugs were ∼6.7 μM, 0.9 mM, and 1.3 mM, respectively, while the
values of dissociation constants calculated using surface plasmon resonance were ∼2.1 μM, 0.7 mM, and 1.4 mM, respectively. We
found that cobicistat is the most efficient inhibitor of Mpro both in silico and in vitro. In conclusion, cobicistat, which is already an
FDA-approved drug being used against HIV, may serve as a good inhibitor against the main protease of SARS-CoV-2 that, in turn,
can help in combating COVID-19, and these results can also form the basis for the rational structure-based drug design against
COVID-19.

■ INTRODUCTION

Coronaviruses (CoVs) are known to cause mild to severe illness
in humans.1−3 The current pandemic COVID-19 is also caused
by another CoV known as severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). This was first reported from
Wuhan City of China in November 2019. Since then, it has
caused 49.6 million confirmed infections and over 1,245,717
deaths worldwide (https://www.who.int/emergencies/
diseases/novel-coronavirus-2019). SARS-CoV-2 is highly con-
tagious that spreads through respiratory droplets expelled by
infected people while coughing and sneezing. These viruses have
the ability to get transferred and replicated from animals to
humans.4 The global lockdown imposed to control the spread of
the virus has led to a grave economic crisis all over the world. To
date, there is no drug or vaccine available in the market to fight
this deadly virus. Hence, we need to revise and reinvent our
strategy to fight this pandemic. Developing a drug from scratch
would be a time-consuming process and in the present chaos of
pandemic, there is an urgent need for a treatment strategy. Drug
repurposing could be the better option to seek effective
treatment in a short period of time. Recently, several drug
repurposing studies on SARS-CoV-2 have been published.5,6

The clinical trial of a lopinavir−ritonavir drug for COVID-19

has been indicated on the top of the drug repurposing study.7

The main druggable targets of SARS-CoV-2 that have taken the
attention of the scientists worldwide are the spike protein (S),
NSP-13, NSP-16 RNA-dependent RNA polymerase, helicase,
envelope, nucleocapsid phosphoprotein, and papain-like
protease (PLpro).8−10 Out of these drug targets, the main
focus has been onMpro because it is essential for the life cycle of
SARS-CoV-2. It proteolytically cleaves the overlapping pp1a and
pp1ab polyproteins encoded from the genome of this virus. The
functional polypeptides are needed for SARS-CoV-2 replication
and transcription.11 This enzyme functions like a cysteine
protease that exists as a homodimer composed of twomonomers
of identical conformations. Each monomer consists of three
domains, I (residues 8−101) and II (residues 102−184) that
also include an antiparallel β-barrel, which is similar to the
trypsin-like serine proteases. Domain III is formed by a cluster of
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five α-helices.12,13MPro has a specific cleavage site, which allows
it to cleave the polypeptide after the glutamine residue. On the
other hand, PLpro can recognize ubiquitin and hence, its
inhibitors can interfere with the deubiquitinase system.14 It is
also evident from the literature that the cleavage site of Mpro is
very different from that of any human proteases. These features
make Mpro an attractive drug target.15

Several drug repurposing studies against Mpro have been
published,16−20 but very few of them have validated their results
in vitro.21 In this study, Mpro has been virtually screened against
the compound library of the Drug Bank, and then best hits were
subjected to molecular dynamic simulations. The best
compound identified from the Drug Bank and two previously
identified FDA-approved compounds cobicistat and cnagrelor22

were further subjected to validation through biochemical
studies.

■ RESULTS AND DISCUSSION

Molecular Docking Analysis. The main protease of SARS-
CoV-2 is a homodimeric protein where each molecule is a
protomer. Each molecule of this protease comprises three
domains, domain I (8−101), domain II (102−184), and domain
III (201−303). The active site is constituted by dyad amino acid
residues His41 and Cys145 that are present between domain I
and domain II. The active site is surrounded by many
hydrophobic and hydrophilic residues. The active site residues
are conserved among all the known CoVs. This kind of protease
is not present in humans, whichmakes it an attractive drug target
against COVID-19. The docking studies revealed that out of all
the drugs screened against this protein, four drugs, DB02338,
DB01753, DB04158, and DB04983, showed a high glide
docking score and glide energy. The chemical structures of the
shortlisted compounds are presented in Table 1.
Binding Analysis of DB02338. NADPH fits in the active

site and interacts with the catalytic dyad amino acid residues
His41 through a hydrogen bond and Cys145 through a
hydrophobic interaction. This complex is stable with a docking
score of −10.303 kcal/mol and glide energy of −100.345 kcal/
mol (Table 2). The other amino acid residues found forming a
hydrogen bond with NADPH are Thr25, His41, Cys44, Asn142,
Glu166, Arg188, and Gln189.
The amino acid residues Leu27, Val42, Thr45, Ser46, Met49,

Leu141, Cys145, His163, His164, Pro168, and Gln192
contribute toward hydrophobic interactions with NADPH
(Figure 1A).
BindingAnalysis of DB01753.The drugDB01753 also sits

in the active site of this protease with a docking score of−11.154
kcal/mol and glide energy of −89.690 kcal/mol (Table 2). In
this case also, both the catalytic residues interact with this
compound through hydrophobic interactions. Cys44, Phe140,
Asn142, Glu166, and Gln189 formed hydrogen bond inter-
actions, and His41, Glu47, Met49, Phe140, Leu141, Ser144,
Cys145, His163, Pro168, His172, and Ala191 are the major
contributors toward the hydrophobic forces in stabilizing
DB01753 in the active site (Figure 1B).
Binding Analysis of DB04158. The drug DB04158 is

found interacting with catalytic dyad residues His41 and Cys145
through hydrophobic interactions with a docking score of
−9.958 kcal/mol and glide energy of−110.38 kcal/mole (Table
2). It further forms hydrogen bonds mainly with amino acid
residues Glu47, Asn142, His164, Glu166, and Thr190. The
main amino acid residues that interact with this compound

through hydrophobic interactions are Thr24, Thr25, Thr26,
His41, Cys145, Pro168, Arg188, and Gln189 (Figure 1C).

Binding Analysis of DB04983. The drug DB04983
(denufosol) is an FDA-approved drug, which also interacts
with both the catalytic dyad amino acids His41 and Cys145
through hydrophobic interactions with a docking score of
−11.884 kcal/mol and glide energy score of −89.995 kcal/mol
(Table 2). It forms strong hydrogen bonds with amino acid
residues Thr25, Thr26, Glu47, Asn142, Glu166, Gln189, and
Thr190. The amino acid residues His41, Met49, Ser139,
Leu141, Asn142, Ser144, Cys145, His163, Leu167, Asp187,
Arg188, and Gln189 contribute toward stabilization of
denufosol through hydrophobic interactions (Figure 1D).

Molecular Dynamics Simulations.TheMD trajectories of
all protein−ligand complexes were first analyzed via monitoring
the RMSD fluctuations as a function of run length and are shown
in Figure 2.
As seen from Figure 2, all the systems fluctuations (<3 Å)

were stable throughout the trajectory, indicating that the
systems displayed no huge dynamical/conformational changes
with time. The radius of gyration (Rg) as a function of run length
(Figure 3) showed that all the systems have a similar Rg profile
and there is no significant compression/expansion of the system.
The total number of hydrogen bonds between the ligand and the
protein was computed as a function of time and is shown in
Figure 4.
The average number of hydrogen bonds, calculated from the

last 50 ns of the simulation trajectories, were 1 (for DB02338), 2
(for DB01753), 3 (for DB04158), and 2 (for DB04983),
respectively. The interactions of the ligand in the active site of
the protein are displayed in the form of 2D plots in Figure 4. It
can be easily seen in Figure 4 that the molecule DB04158
showed an intense hydrogen bond network as well as a snug fit

Table 1. 2D Chemical Structures of the Shortlisted Drugs

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c04808
ACS Omega 2020, 5, 33151−33161

33152

https://pubs.acs.org/doi/10.1021/acsomega.0c04808?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04808?fig=tbl1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04808?ref=pdf


conformation, leading to several van der Waals contacts. Using
the hydrogen bond network displayed by the representative
structures in the ligand-bound complexes (Figure 1), we
assigned each interaction a number as in the Figure1 (#1, #2,
etc.). We then used the Cpptraj tool in AMBER to calculate the
time-evolved distances between these interactions, and the same
is displayed in Figure 5. In the case of DB01753, only 2 or 3 h
bonds are clearly persistent all along the simulation, while one #5
is only established at the end of the trajectory, and #2 is also
forming a metastable state. The same is true for H bond #3 and
#4 of DB04983.

Finally, the energetics of the system was estimated using the
MM-PBSA approach using 100 frames from the last 50 ns of the
simulations trajectories. The binding free energies (with
respective standard errors) are −8.73 kcal/mol (0.25) (for
DB02338), −9.91 kcal/mol (0.33) (for DB01753), −13.36
kcal/mol (0.39) (for DB04158), and −10.96 kcal/mol (0.29)
(for DB04983). These values suggested that the ligands have
shown strong binding with protein.

Molecular Interactions Using Surface Plasmon Reso-
nance (SPR). The sensograms of compounds cobicistat,
cangrelor, and denufosol were recorded for five different
concentrations (Figure 6). The association rate constants

Table 2. Docking Score and Glide Energy (in kcal/mol) of the Co-Crystal (O6K) Inhibitor and Shortlisted Drugs from the Drug
Bank against Mpro-COVID-19 (PDB ID: 6Y2F)

compounds
hydrogen binding

interactions
distance
(Å) hydrophobic interactions

docking
score

(kcal/mol)

glide
energy

(kcal/mol)

co-crystal (O6K) α-ketoamide Asn142(NH···O) 3.23 Thr25, Thr26, Leu27, His41, Val42, Met49, Tyr54, Phe140,
Leu141, Ser144, Cys145, His163, His164, Met165, Leu167,

Pro168, Asp187, Arg188, Thr190, and Ala191

−10.983 −78.884
Gly143(NH···O) 2.77

Glu166(NH···O) 2.72

Glu166(NH···O) 2.95

Gln189(NH···O) 2.87

Gln192(NH···O) 3.18

DB04158 (6-(adenosine tetraphosphate-
methyl)-7,8-dihydropterin)

(NH···O)Glu47 2.80 Thr24, Thr25, Thr26, His41, Cys44, Thr45, Met49, Cys145,
Met165, Leu167, Pro168, Asp187, Arg188, Gln189, and Ala191.

−9.958 −110.383
Asn142(N−H···O) 3.21

Gly143(NH···O) 2.97

(OH···O)His164 2.51

(NH···O)Glu166 3.01

(OH···O)Glu166 2.55

(OH···O)Glu166 2.99

(OH···O)Thr190 2.71

Thr190(NH···O) 3.08

Gln192(NH···O) 2.65

DB02338(NADPH) Thr25(OH···O) 3.12 Leu27, Val42, Thr45, Ser46, Glu47, Met49, Leu141, Ser144,
Cys145, His163, His164, Met165, Leu167, Pro168, and Gln192.

−10.303 −100.345
His41(NH···O) 2.80

(OH···O)His41 3.36

(OH···O)Cys44 2.57

(OH···O) Asn142 2.63

(OH···O) Asn142 2.40

Gly143(NH···O) 2.90

(OH···O)Glu166 3.01

(OH···O)Glu166 2.79

(OH···O)Glu166 2.57

(NH···O)Arg188 2.97

Gln189(NH···N) 3.05

(NH···O)Thr190 2.98

DB04983 (Denufosol) (OH···O) Thr25 2.88 His41, Met49, Gly138, Ser139, Leu141, Asn142, Ser144, Cys145,
His163, His164, Met165, Leu167, Pro168, Gly170, His172,

Asp187, Arg188, and Gln189

−11.884 −89.995
(NH···O) Thr26 3.08

Thr26(NH···O) 2.93

(OH···O)Glu47 2.52

(OH···O) Asn142 3.08

Asn142(NH···O) 2.95

Gly143(NH···O) 2.89

Glu166(NH···O) 2.99

Gln189(NH···O) 3.17

(NH···O)Thr190 3.29

DB01753 (−oxo-nicotinamide-adenine
dinucleotide phosphate)

(NH···O)Cys44 2.79 His41, Glu47, Met49, Phe140, Leu141, Gly143, Ser144, Cys145,
His163, Met165, Leu167, Pro168, His172, Asp187, and Ala191

−11.154 −89.690
(NH···O)Phe140 3.06

Asn142(OH···N) 2.79

Glu166(NH···N) 3.26

(OH···O)Glu166 2.72

(OH···O)Gln189 2.87

(OH···O)Gln189 2.56
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(kon) and dissociation rate constants (koff) for the binding of the
inhibitor to Mpro were determined using BIA evaluation 3.0
software provided by the manufacturer (GE Healthcare,
Sweden, UK). The values of equilibrium dissociation constants,
KD (M), were then calculated by the relation KD = koff/kon using
the same software.

The values of dissociation constants (KD) for the compounds
cobicistat, cangrelor, and denufosol were determined to be 2.1×
10−6, 6.4 × 10−4, and 1.4 × 10−3 M, respectively. These values
are in agreement with the values of the binding free energy
estimated using the MM-PBSA method after MD simulations.

EnzymeActivity Assay.The activity ofMpro wasmeasured
using the universal protease activity assay, which uses casein as a
substrate by Sigma Aldrich. The assay is based on the
measurement of free tyrosine liberated on digestion of casein
by an active Mpro enzyme. The protocol used to perform it and
the calculation of enzyme activity are as described in the
Experimental Section. The IC50 values for the compounds
cobicistat, cangrelor, and denufosol determined using the plots
(Figure 7) are 6.7± 0.6× 10−6, 9.0± 0.5× 10−4, and 1.3± 0.6×
10−3 M, respectively.

■ CONCLUSIONS
The current pandemic is caused by a highly infectious novel
coronavirus that demands the development of multiple
treatment plans as soon as possible. The lack of targeted
treatments has caused crisis and posed a serious challenge to the
government and health care professionals worldwide. Drug
discovery is a lengthy process of developing and validating drugs
from scratch. A computational drug repurposing strategy can
offer better options in a short period of time. The cleavage site of
Mpro is unique, and it is not present in any human proteases,
which makes it an attractive drug target against this disease. The
catalytic mechanism of Mpro has been explained recently using
QM/MM methods,23,24 and the high-resolution structures of
Mpro with its inhibitors are available in the Protein Data Bank.
These coordinates were used to screen against drug libraries,
which includes the Zinc Database22 and Drug Bank.
Various drug repurposing studies againstMpro of SARS-CoV-

2 have been done,22 but very few have validated these identified
compounds in vitro. In this study, we have biochemically
validated our lead drugs that were the best in terms of docking
score and binding free energy values post molecular dynamics
simulations. Cobicistat and cangrelor had docking scores of
−12.31 and −12.28. kcal/mol, respectively. The MM-PBSA
binding free energy values are −11.41 and − 6.93 kcal/mol,
respectively.16 Denufosol was identified as the best drug out of
the screened drugs from the Drug Bank with a docking score of
−11.88 kcal/mol and MM-PBSA binding free energy value of
−10.96 kcal/mol.
The active site of Mpro has been defined into four subsites

named as S1, S1′, S2, and, S4.25 The information about the key
residues constituting these subsites are given in Table 3.

Figure 1. 2D ligand interaction diagram of SARS-CoV-2 Mpro with
(A) NADPH (DB02338), (B) oxo-nicotinamide adenine dinucleotide
phosphate (DB01753), (C) 6-(adenosine tetraphosphate methyl)-7,8-
dihydropterin (DB04158), and (D) denufosol (DB04983).

Figure 2. RMSD fluctuations of the protein backbone (light blue),
DB02338 (dark blue), DB01753 (orange), DB04158 (gray), and
DB04983 (yellow) during 200 ns molecular dynamics simulation runs
on Mpro. This plot indicates that there were no significant fluctuations
during the entire course of simulations.

Figure 3. Plot showing the change in radius of gyration (Rg) of the
protein backbone (light blue), DB02338 (dark blue), DB01753
(orange), DB04158 (gray), and DB04983 (yellow) during 200 ns
molecular dynamics simulation runs on Mpro.

Figure 4. Plot showing the number of stable hydrogen bonds as a
function of run length for all the ligands: DB02338 (dark blue),
DB01753 (orange), DB04158 (gray), and DB04983 (yellow) during
200 ns molecular dynamics simulation runs on Mpro.
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Figure 5. Variations in the bond distances between donors and acceptors as a function of time.

Figure 6. SPR sensograms showing the mode of binding of (A) cobicistat, (B) cangrelor, and (C) denufosol to the immobilized Mpro on the CM-5
chip. Cobicistat was found to show the best KD value of 2.1 μM followed by 0.7 mM for cangrelor and 1.44 mM for denufosol.
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Cobicistat interacts with the amino acid residues of all the four
subsites, namely, S1, S1′, S2, and S4, whereas cangrelor and
denufosol interact with the amino acid residues of S1, S1′, and
S4 only (Figure 8).

All these three drugs were superimposed on each other, and
they were found to interact with various parts of the binding site
(Figure 9).
So, the three best compounds, cobicistat, cangrelor, and

denufosol, that we got from our computational analysis
approach were subjected to validation through biochemical
studies withMpro. The binding affinity of these compounds was
calculated in real time using SPR technology. The molecular
interaction curves after evaluation gave the highest KD values of
2.1 μM in the case of cobicistat. All these drugs were also
checked for their inhibitory effects on protease activity of Mpro
using the universal protease activity assay, which uses casein as a
substrate by Sigma Aldrich. IC50 values were calculated using the

Figure 7. Inhibitory activity profile of the tested compounds (A) cobicistat, (B) cangrelor, and (C) denufosol. The corresponding IC50 values are also
indicated.

Table 3. Key Amino Acid Residues Forming the Specific
Subsites of the Active Site of MPro

subsite amino acid residues

S1 Phe140, Asn142, His163, Glu166, and His173
S1′ Thr26, Glu143, and Cys145
S2 His41, Cys44, Met49, His164, Met165, Val186, and Arg188
S4 Pro168 and Gln189

Figure 8.Three-dimensional individual snapshots of (A) cobicistat (pink), (B) cangrelor (cyan), and (C) denufosol (black) in the active site of Mpro.
Subsite residues S1 (green), S1′, (yellow), S2 (blue), and S4 (magenta) are also indicated.
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different concentrations of these drugs in the enzyme activity
assay. We found that cobicistat showed the best value of IC50 at
6.7 μM.
Cobicistat is the FDA-approved drug molecules, which is

currently being used for the treatment of HIV infections, and it
can also be used as a potential inhibitor of the main protease of
SARS-CoV-2 as indicated by our recent computational and
biochemical studies. A recent clinical trial of cobicistat is
underway against COVID-19 in the USA (NCT04252274),
although there are limitations in this study including small
sample size and short follow up. However, this is the first clinical
trial of cobicistat against COVID-19. More detailed studies are
required to establish cobicistat a potential therapeutic option
against COVID-19.

■ EXPERIMENTAL SECTION
Molecular Docking. Protein and Ligand Preparation.The

docking and analysis of the binding modes of different drugs,
which were taken from theDrug Bank into the binding site of the
main protease of SARS-CoV-2, were performed by the glide
module of Schrodinger Maestro. Taking advantage of the
recently solved structure of the main protease of SARS-CoV-2, it
was selected as a target for docking studies. The coordinates of
this protein were obtained from the Protein Data Bank (PDB
ID: 6Y2F). The crystal structure was processed, refined,
optimized, and energy minimized using the Protein Preparation
Wizard of Schrödinger (2017).26,27 The OPLS-3 force field was
used to minimize and optimize the protein atoms before
docking.28 The missing loops and the side chains were built with
a prime module. The grid box was generated using the receptor
grid generation module around the center of the co-crystal

ligand of the protein to ensure that all the extended
conformations of the ligand could fit within the grid box.29

The co-crystal ligand was redocked in the active site to validate
the docking protocol. The ligands were retrieved from the Drug
Bank in SDF file formats. All the ligands were also energy
minimized and optimized using OPLS-3 and addition of
hydrogen atoms. Ligands were also converted to their correct
chiral forms, tautomeric forms, and ionization states to further
minimize the energy.30 We have also used various other
programs for docking like SwissDock31 and PatchDock,32 and
results were further validated using FireDock. Overall, we
observed that the Glide Dock and FireDock results are similar.
The results are discussed in the Supporting Information.

Screening the Compounds. The glide docking module was
used for screening the compounds. A total of 2100 FDA-
approved drugs from the Drug Bank database were used for
HTV.29 Compound screening was done against the active site
grid box using HTV’s docking module, and 50 drugs were
selected on the basis of their best values of docking score, glide
energy, and number of hydrogen bond interactions. In the next
step, these selected compounds were further docked with extra
precision by keeping the grid box rigid using extra precision
(XP) glide docking. A total of four drugs having the best values
of docking score were selected from XP docking.

Induced-Fit Docking. These four selected drugs were
further subjected to induced-fit docking (IFD) using the
molecular modeling software GLIDE of Maestro v11.29 The
energy-minimized main protease active site residues were
chosen to generate the grid box, which was subjected to the
IFD studies. The energetically favorable docked poses were
obtained for all four drugs, and the best poses were chosen on
the basis of glide energy, docking score, hydrogen bond, and
hydrophobic interactions.

Molecular Dynamics Simulations. Molecular dynamics
simulation techniques have been used to explore bio-macro-
molecular interactions and evolved as a state-of-the-art
technique in recent years.33 MD simulations have been used
successfully to explore the complex protein folding pathways,34

protein−ligand binding,35−37 nucleic acid structure and
interactions,38−41 and macromolecular mechanisms.40,41 In the
present study, we performed MD simulations on the docked
structures to explore the binding of the ligand with protein as a
function of time in explicit solvent conditions (to mimic the
biological environment).42,43 The MD simulations were
performed using AMBER software.44 The ligand was optimized
using the HF/6-31G* theory and base set in Gaussian0945−47

followed by the generation of ligand parameters for MD
simulations (RESP charges, bond, angle, and dihedral
parameters). We used the modified ff99SB48 AMBER library
for the protein counterpart of the complex. The protein−ligand
systems were solvated in a cubic water box with TIP3P water
molecules, and sufficient counterions were added to maintain
the electroneutrality of the systems considered for the study.
The ions were modeled using the parameters in the literature.49

The periodic boundary conditions particle mesh Ewald
treatment50 (for long-range electrostatics) and SHAKE
algorithm (to constrain hydrogens) were implemented in all
the systems. The initial setup underwent minimization to
remove any close contacts in the systems. The minimization was
performed by using 10,000 conjugate gradients and the 10,000
steepest decent cycles. These systems were then heated to room
temperature for 50 ps in NVT conditions and equilibrated for 5
ns. Finally, all the systems underwent 200 ns-long MD

Figure 9. Three-dimensional representation of all the three FDA-
approved drugs cobicistat (pink), cangrelor (cyan), and denufosol
(black) in the active site of Mpro. The key amino acid residues forming
S1 (green), S1′ (yellow), S2 (blue), and S4 (magenta) are also
indicated.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c04808
ACS Omega 2020, 5, 33151−33161

33157

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c04808/suppl_file/ao0c04808_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04808?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04808?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04808?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04808?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04808?ref=pdf


simulations. For comparisons, we simulated the native protein
(without any bound ligand) using the protocol discussed above.
The simulations trajectories were analyzed using the Cpptraj
tool51 in AMBER for computing the RMSD and Rg fluctuations
as a function of time. The Cpptraj code was also utilized to
calculate the number of hydrogen bonds between the ligand and
protein throughout the simulations using the default hydrogen
bond distance (3.5 Å) and angle (120°) values. The ligand-
binding sites were analyzed with the LigPlot+ tool.52 The
binding free energies of the protein−ligand complexes were
estimated using the MM-PBSA methodology.53,54

Cloning, Expression, and Purification. A gene encoding
main protease (Mpro) from SARS-CoV-2 with codons
optimized for expression in E. coli was synthesized by MWG
Eurofins and cloned into the PGEX-6p-1 (GE Healthcare),
which was a gift from Prof. Rolf Hilgenfeld (Germany). This
construct had Mpro’s own cleavage site (SAVLQ↓SGFRK; the
arrow indicates the cleavage site) at the N-terminus in order to
generate an authentic N-terminus during its expression by auto
cleavage at this site. An authentic N-terminus plays an important
role in forming the functionally active conformation of the S1
pocket of the substrate binding site.55 Similarly, in order to
generate an authentic C-terminus, the site for a modified
PreScission (SGVTFQ↓GP; the six-residue sequence at the C-
terminus of the SARS-CoV-2 Mpro was used as P6−P1 for
PreScission cleavage) protease was added just before the His6-
tag to the construct.56 The clone obtained was transformed into
E. coli BL21 (DE3) expression host cells. After confirming the
expression of protein in these cells, the purification was carried
out. A single colony was picked and inoculated in 10 mL of
Luria−Bertani (LB) containing ampicillin at a concentration of
100 μg/mL overnight at 37 °C with shaking at 250 rpm.
Secondary inoculation was done by adding this culture to 1000
mL of the LB medium, which contained 100 μg/mL ampicillin.
It was then placed in an orbital shaker at 37 °C with shaking at
250 rpm until the optical density (OD) of the culture at 600 nm
reached the level of 0.8 followed by addition of 0.5 mM
isopropyl-D-thiogalactoside (IPTG) for induction of the Mpro
gene and culture was kept shaking for 5 h at 37 °C. After 5 h, cells
were harvested by centrifugation at 6000 rpm at 4 °C for 15 min.
The supernatant was discarded, and the cell pellet was
resuspended in lysis buffer (50 mM potassium phosphate buffer
containing 150 mM NaCl, pH 7.8). The sonicator (model
UP50H, Hielscher, Brandenburg, Germany) was used for the
disruption of cells followed by high-speed centrifugation at
15,000 rpm for 40 min. The clear lysate obtained was loaded
onto a Ni-NTA (Ni2+−nitrilotriacetate) super flow column
(Qiagen, Hilden, Germany) pre-equilibrated with lysis buffer.
The columnwas washed with 50mL of lysis buffer containing 40
mM imidazole to remove nonspecific binding proteins followed
by elution using lysis buffer containing 300 mM imidazole. The
eluted target protein fraction was mixed with PreScission
protease at a molar ratio of 5:1 and dialyzed against buffer (50
mM potassium phosphate, 150 mMNaCl, 1 mMDTT, pH 7.8)
at 4 °C overnight.55 The mixture was then loaded onto the
GSTtrap FF (GE Healthcare) column, which resulted in a free
His-tag, His-tag-free protein, and protein with uncleavedHis-tag
in the collected flow through. The flow through was then loaded
onto a Ni-NTA column equilibrated with lysis buffer. The flow
through collected from this column contained a His-tag-free
Mpro with authentic N- and C-termini. The collected protein in
buffer (50 mM potassium phosphate, 150 mM NaCl, 1 mM
DTT, pH 7.8) was concentrated using an Amicon ultrafiltration

device (Millipore) with a molecular mass cutoff of 3 kDa. The
purity of the protein was finally checked by SDS-PAGE, which
clearly showed a single band of an approximate monomer weight
of 33 kDa.

Molecular Interactions Using Surface Plasmon Resonance
(SPR). Binding studies of Mpro from SARS CoV-2 with
compounds cobicistat (DB09065), cangrelor (DB06441), and
denufosol (DB04983) were carried out using the technique
surface plasmon resonance. The binding studies using a
BIAcore-3000 (Biacore Inc., Uppsala, Sweden) were carried
out in our lab. Mpro was immobilized on a Biacore chip CM5
using the amine coupling by the coupling agents EDC andNHS.
After immobilization, a total of 1000 RU (response unit) was
achieved for the immobilized protein. Five different concen-
trations of ligands cangrelor, cobicistat, and denufosol were run
on the immobilized Mpro at a flow rate of 10 μL/min. The
concentrations for ligands cobicistat, cangrelor, and denufosol
used are 4 × 10−6, 8 × 10−6, 1.6 × 10−5, 3.2 × 10−5, and 6.4 ×
10−5 M; 2 × 10−4, 4 × 10−4, 8 × 10−4, 1.6 × 10−3, and 3.2 × 10−3

M; and 2 × 10−3, 4 × 10−3, 8 × 10−3, 1.6 × 10−2, and 3.2 × 10−2

M, respectively. The regeneration of bound analytes was
achieved by injecting 50 mM NaOH for 60 s at a flow rate of
30 μL/min.

Enzyme Activity Assay. For enzyme inhibition studies on
Mpro, universal, non-specific protease activity assay by Sigma
Aldrich, which uses casein as a substrate, was used. When casein
is digested using any protease, the amino acid tyrosine is
liberated along with peptide fragments. The liberated free
tyrosine reacts with Folin−Ciocal̂teu’s phenol (F-C reagent) to
generate a blue-colored chromophore, which shows absorbance
at 660 nm. Hence, the amount of free tyrosine is directly
proportional to the protease activity.57,58 Casein has multiple
Mpro cleavage sites (SAVLQ↓SGFRK; the arrow indicates the
cleavage site), which makes it an appropriate substrate to assess
the enzyme activity. In order to optimize the concentration of
casein to be used in the subsequent reactions with inhibitors to
calculate the values of IC50, the activity of Mpro was measured
by using 10 μMenzyme with different casein concentrations in a
400 μL reaction in phosphate buffer at pH 7.5 incubated at 37
°C for an hour. The reaction was terminated using 200 μL of
1.7% trichloroacetic acid followed by high-speed centrifugation
at 15000 × g for 5 min. The clear supernatant was transferred to
a separate vial, and a 200 μL of 0.5 M sodium carbonate solution
was added to it followed by immediate addition of 50 μL of 0.5
M freshly diluted F-C reagent. Reaction contents were mixed by
swirling and incubated at 37 °C for 30 min for color
development. Reaction mixtures were given a short spin, and
the absorbance at 660 nmwas recorded for each reaction using a
Cary 100 BIO spectrophotometer. The enzyme activity was
calculated for each concentration of casein, and it was found to
be at maximum when the concentration of casein used was 150
μM. For inhibition studies, 10 μM Mpro was incubated with
different concentrations of compounds for an hour. Then, it was
followed by addition of 150 μM casein in the same 400 μL
reaction containing phosphate buffer at pH 7.5 incubated at 37
°C for an hour. The rest of the protocol remains the same for
each reaction as mentioned above, and the same steps were
repeated for all of them. The increasing concentrations of
compounds cobicistat, cangrelor, and denufosol used to study
inhibition are 2 × 10−6, 4 × 10−6, 8 × 10−6, 1.6 × 10−5, 3.2 ×
10−5, 6.4 × 10−5, 1.28 × 10−4, and 2.56 × 10−4 M; 6 × 10−4, 8 ×
10−4, 1× 10−3, 1.2× 10−3, 1.4× 10−3, 1.6× 10−3, and 1.8× 10−3

M; and 4 × 10−4, 8 × 10−4, 1.6 × 10−3, 3.2 × 10−3, 6.4 × 10−3,
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and 1.28 × 10−2 M, respectively. The percentage inhibition of
enzyme activity by these compounds were calculated by putting
the values in the formula 100− (AT/AC× 100) whereAT andAC
are the values of enzyme activities in the presence and absence of
the compounds, respectively. The IC50 value for each inhibitor
was determined by plotting the percentage inhibition versus log
(conc.) curve using GraphPad Prism 5 (GraphPad Software,
Inc., La Jolla, CA, USA), and the exact IC50 values were
calculated by nonlinear least squares regression and equation
solving for IC50: Y = 100/1 + 10[(logIC50 − X) × (hill slope)], where Y
is % inhibition and X is the log inhibitor concentration.
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