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ABSTRACT: Currently the entire human population is in the midst of
a global pandemic caused by SARS-CoV-2 (Severe Acute Respiratory
Syndrome CoronaVirus 2). This highly pathogenic virus has to date
caused >71 million infections and >1.6 million deaths in >180
countries. Several vaccines and drugs are being studied as possible
treatments or prophylactics of this viral infection. M3CLpro
(coronavirus main cysteine protease) is a promising drug target as it
has a significant role in viral replication. Here we use the X-ray crystal
structure of M3CLpro in complex with boceprevir to study the dynamic
changes of the protease upon ligand binding. The binding free energy
was calculated for water molecules at different locations of the binding
site, and molecular dynamics (MD) simulations were carried out for the
M3CLpro/boceprevir complex, to thoroughly understand the chemical
environment of the binding site. Several HCV NS3/4a protease
inhibitors were tested in vitro against M3CLpro. Specifically, asunaprevir, narlaprevir, paritaprevir, simeprevir, and telaprevir all
showed inhibitory effects on M3CLpro. Molecular docking and MD simulations were then performed to investigate the effects of
these ligands on M3CLpro and to provide insights into the chemical environment of the ligand binding site. Our findings and
observations are offered to help guide the design of possible potent protease inhibitors and aid in coping with the COVID-19
pandemic.

■ INTRODUCTION

The novel coronavirus SARS-CoV-2 (Severe Acute Respira-
tory Syndrome CoronaVirus 2) is a highly infectious, positive
sense RNA virus that is responsible for the present outbreak
of COVID-19.1 This virus first appeared in Wuhan, China, in
December 20192,3 and has caused a global pandemic the likes
of which has not been seen since the 1918 Spanish flu.4 The
World Health Organization (WHO) declared the outbreak a
pandemic.5 Health care systems across the globe were pushed
to their limits, and countries instituted strict lockdowns in an
effort to slow the virus’s spread. The United States alone
accounted for >1.6 million cases and around 300 000
COVID-19 deaths. Importantly, although several viable
vaccine options have now emerged for treatment and
prevention, current drug therapeutic options to address this
new pathogen are limited at best.
A detailed understanding of SARS-CoV-2 pathophysiology

is still being developed, but the genetic makeup of this virus
has been elucidated and several potential drug targets have
been identified. These include an RNA-dependent RNA
polymerase (RDRp), the spike protein (S protein), trans-
membrane protease serine 2 (TMPRSS2), angiotensin-
converting enzyme 2 (ACE2), angiotensin AT2 receptor

(AT2), a papain-like protease (PLpro), and the coronavirus
main cysteine protease (M3CLpro).2,6−11 To date, only one
antiviral agent, remdesivir (Veklury (1), Figure 1), has been
approved by the FDA for the treatment of SARS-CoV-2
infection based on the nonconclusive results of a phase III
clinical trial of shortening the average patient hospitalization
stay by 4 days, but there was no change in patient
mortality.12,13 The value of this drug for the treatment of
SARS-CoV-2 infection remains unclear with recent study
suggesting the efficacy of remdesivir in selective patients.14

Remdesivir treatment for COVID-19 patients with a rare
autoimmune disorder had dramatic improvement of the
symptoms with eradication of the virus. In addition, it
remains to be determined if serious side effects will emerge as
this new drug becomes more widely distributed. The risk of
remdesivir-resistant strains of SARS-CoV-2 also remains
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unknown. Additional therapeutics that target SARS-CoV-2
through an alternate mechanism would provide an oppor-
tunity to use combination therapies, an approach successfully
used to treat human immunodeficiency virus (HIV)15−17 and
hepatitis C (HCV).18,19 In both cases, combination therapies
employing agents with different mechanisms provided
improved viral clearance and limited the possibility of drug
resistance.
As part of our effort to address the COVID-19 crisis and

provide clinicians with access to therapies with multiple
mechanisms of action, thereby enabling combination
therapies, we have initiated a program to develop novel
M3CLpro inhibitors. This essential cysteine protease is
responsible for cleavage of at least 11 sites on the large
polyprotein 1ab (replicase 1ab, ∼790 kDa) that in most
instances targets the recognition sequence Leu-Gln-(Ser, Ala,
Gly).21,22 X-ray crystal data (PDB 6Y2E, Figure 2) show that

this enzyme is composed of three domains.22 Domain I is a
chymotrypsin-like region (residues 10−99), while domain II
is a picornavirus 3C protease-like region (residues 100−182).
These domains contain six-stranded antiparallel β-barrels that
together form the enzyme’s active site. The last region,
domain III (residues 198−303), is a globular grouping of five
helices that regulate dimerization of the enzyme through the
formation of a salt bridge between Arg4 of one monomer and

Glu290 of a second monomer.23 Dimerization establishes a
perpendicular orientation of the two monomers in which
domain II of one monomer interacts with the NH2 terminus
(N-finger) of the other monomer over an ∼1394 Å2 contact
interface. This interaction allows the N-finger of one
monomer to interact with Glu166 of the other, which shapes
the S1 pocket of the active site.24 In the absence of
dimerization, catalytic activity is limited.23

Similar to other cysteine proteases,25 M3CLpro cleaves its
target using a Cys/His catalytic dyad, in this case Cys145 and
His41. In this process, the thiol of Cys145 is deprotonated by
His41, which facilitates its nucleophilic attack on the amide
carbonyl of the target peptide. Collapse of the transient
tetrahedral intermediate ejects the NH2-fragment peptide and
produces a Cys145 thioester, which is readily cleaved by water
to release the CO2H fragment. This readies the active site for
the next substrate. To date, there are no FDA approved
therapies that target M3CLpro for the treatment of SARS-
CoV-2 infection and there are no ongoing clinical trials of
lead compounds that target this enzyme. Only one company,
Pfizer, has published results in this area. They recently
reported the discovery of PF-07304814 (2), a prodrug of the
active agent PF-00835231 (3) (Figure 1), that inhibits
M3CLpro. Pfizer described this compound as a potential
clinical candidate, but as of December 2020, clinical trials
have not begun.26 There remains a clear and compelling need
for COVID-19 therapies and novel clinical candidates
targeting M3CLpro.
Given the urgency of the current situation, several research

groups are using in silico studies and in vitro assays to
examine approved drugs as inhibitors of M3CLpro. For
example, Ghahremanpour et al.27 tested a library of ca. 2000
drugs against M3CLpro. Fourteen drugs significantly reduced
M3CLpro activity at a concentration of 100 μM, and
specifically manidipine, boceprevir, lercanidipine, bedaquiline,
and efonidipine showed IC50 values of <40 μM. Similarly, Jo
et al.28 screened a flavonoid library. Rhifolin, herbacetin, and
pectolinarin showed noteworthy inhibitory activity against
M3CLpro. Khan et al.29 screened anti-HIV drugs, and a
traditional Chinese medicine (TCM) database to find that
saquinavir and five TCM drugs could be promising leads
against M3CLpro. In another study, Yang et al.30 found that
the anti-HIV drug darunavir has a good binding affinity for
both COV-1 and COV-2 M3CLpro.
As part of this program, we have generated an in silico

model of M3CLpro based on the X-ray crystal structure of
this enzyme bound to boceprevir (PDB 7BRP, Figure 3).31

Boceprevir (4, Figure 1) was originally marketed as Victrelis
by Schering-Plough (now Merck). It was FDA approved for
the treatment of HCV in combination with peg-Interferon

Figure 1. Remdesivir (1), Pfizer M3CLpro inhibitor (2) and prodrug thereof (3), and boceprevir (4).

Figure 2. M3CLpro crystal structure (PDB 6Y2E). The three
regions of each monomer are labeled and color coded. The key
active site residues His41 and Cys145 are shown as spheres. The color
scheme is purple (I), orange (II), and cyan (III) for chain A and
yellow (I*), wheat (II*), and violet (III*) for chain B. The image
was prepared using PyMOL.20
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and ribavirin (2011) but was supplanted by treatments such
as Harvoni and Epclusa that are more effective in eliminating
HCV infection. Interestingly, boceprevir is one of the few
drugs employed as a mixture of diastereomers, as the chiral
center (C3) of the 3-amino-4-cyclobutyl-2-oxobutanamide
residue is configurationally unstable in vivo, and hence it
exists as a mixture of two interconvertible diastereomers.32,33

The X-ray crystal structure shows that the compound
occupies the active site of M3CLpro, forms H-bonds with
multiple residues (His41, Gly143, Ser144, His164, Glu166), and
covalently binds to Cys145.31

Herein, molecular dynamics (MD) simulations were
performed to investigate the dynamic changes of the ligand
binding site. Solvent mapping was carried out to compute the
binding free energy of water molecules at the M3CLpro
binding site. Various known HCV inhibitors were then tested
in vitro against M3CLpro. On the basis of the present
experimental results, asunaprevir, narlaprevir, paritaprevir,
simeprevir, and telaprevir were selected for further computa-
tional analysis, with the use of molecular docking and MD
simulations. The water free energy maps and MD simulations
provide improved understanding of ligand recognition,
binding site dynamics, and the role of ligand-interacting
amino acid residues, which could aid in the rational design of
therapeutics targeting M3CLpro.

■ METHODS
Protein Preparation for Molecular Dynamics Simu-

lation. The crystal structure of boceprevir in complex with
M3CLpro (PDB 7BRP) was obtained from the Protein Data
Bank. The protein−ligand structures were prepared using the
Protein Preparation Wizard (PrepWizard)34,35 workflow of
the Schrödinger suite. With the use of Prime,36−38 missing
residues and loops of M3CLpro were added. Appropriate
protonation and tautomeric states were assigned for pH 7.0 ±
2.0. The original hydrogen atoms were removed, optimized
hydrogen atoms were added, and water molecules beyond 5.0
Å of boceprevir were deleted. Next, hydrogen bonds were
assigned, bond networks were optimized for pH 7.0, and
water molecules with less than three hydrogen bonds to
nonwater molecules were removed. The final structures were
energy minimized with the OPLS3e force field with
convergence of heavy atoms to an RMSD of 0.30 Å.
Docking of HCV Inhibitors. The binding site for HCV

inhibitors was based on the bound position of boceprevir
with protomer A of M3CLpro in the crystal structure. The
binding site grid was prepared using Glide.39−42 Each ligand

was prepared for docking using LigPrep43 with appropriate
tautomers and stereoisomers assigned at pH 7.0 using
Epik.44,45 Depending on the ligands different docking
approaches were used: (i) For the covalently bound ligands,
telaprevir and narlaprevir, binding modes were determined
using a covalent docking approach. (ii) For noncovalently
bound ligands, asunaprevir, simeprevir, and paritaprevir, a soft
docking technique was used. Also, the Glide standard
precision (SP) docking algorithm was used for asunaprevir,
simeprevir, and paritaprevir. To allow for more receptor
flexibility, softening the receptor potential was enabled by
scaling the per-atom van der Waals radii and charges to 0.85.
Cys145 was selected as the reactive residue in the covalent
docking of telaprevir and narlaprevir. The reaction type
between Cys145 and specified inhibitors was set to
nucleophilic addition with a double bond inserted to allow
for the reactive group of the ligands to react with −SH of
Cys145. The docking poses were refined with Prime40 by
allowing flexibility of M3CLpro residues within 10 Å of the
ligand. The ligand binding free energy (ΔG) of each pose
was calculated using Prime MM-GBSA.40 The binding mode
with the lowest ΔG was then subjected to 100 ns MD
simulation.

Molecular Dynamics Simulations. Table 1 provides the
system details of MD simulations. After the docked

conformation for other HCV inhibitors was selected, the
system was solvated in a TIP3P46 water box and neutralized
with Na+ ions. All systems were run in DESMOND47,48 of
the Schrödinger suite using the OPLS3e force field.49 Systems
were run in NPT ensemble with the constant pressure of 1
bar and the constant temperature of 300 K, using the Nose−́
Hoover chain50 and Martyna−Tobias−Klein coupling51

schemes, respectively. The RESPA integrator was employed
in the numerical integration with a short-range/bonded
interaction updated every 2 ps and long-range/nonbonded
interactions updated every 6 ps.52 The short-range Coloumb
interactions were calculated with a cutoff of 9.0 Å. Long-
range interactions were calculated using the particle mesh
Ewald method with a tolerance of 1 × 10−9.53 Images were
generated using PyMOL20 and VMD54 visualization tools.
After the completion of each MD simulation run, the

interaction strength is determined by quantifying the
incidence of appearances in the trajectory using the
simulation interaction diagram.47,48 The interaction fraction
represents a normalized value of the number of times an
interaction between a residue and ligand exists over the
course of simulation.

Figure 3. Boceprevir bound to M3CLpro (PDB 7BRP). Hydrogen
bonds with key amino acids are shown as broken yellow lines.

Table 1. System Details for MD Simulation of Different
HCV Inhibitors Bound to M3CLpro

system
HCV

inhibitor
simulation
time (ns)

no. of
atoms

no. of water
atoms

covalently
bound

boceprevir 400 83969 24861

telaprevir 100 83934 24836
narlaprevir 100 83951 24839

noncovalently
bound

boceprevir 400 84022 24872

asunaprevir 100 83885 24828
simeprevir 100 83887 24828
paritaprevir 100 83895 24831
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M3CLpro In Vitro Assay. The M3CLpro (SARS-CoV-2)
assay kit (BPS Bioscience, San Diego CA, cat. no. 78042-2) is
designed to measure M3CLpro activity and identify inhibitors
of this enzyme. The assay was performed in a 384-well black
plate using a fluorogenic substrate. Briefly, a solution of
M3CLpro was prepared according to the manufacturer’s
protocol in assay buffer (20 mM Tris-HCl pH 7.3, 100 mM

NaCl, 1 mM EDTA, 0.01% BSA, 1 mM DTT) such that 10
μL added per well will provide 15 ng of M3CLpro.
Separately, solutions of test compounds necessary to generate
an eight-point dose response curve were prepared in half-log
serial dilution (1 mM stock solution, 100 μM highest assay
concentration). Test compounds were added to the plate,
and the mixture was preincubated for 30 min at room

Figure 4. M3CLpro binding site model. (A) M3CLpro binding pocket showing polar (blue and red) and nonpolar (yellow) regions. (B)
M3CLpro with boceprevir aligned with the active site environment.

Figure 5. M3CLpro binding site model with stable hydration sites. (A) M3CLpro binding pocket showing the stable (favorable) hydration
spots with their net free energy of binding. (B) M3CLpro binding pocket showing polar (blue and red) and nonpolar (yellow) regions and the
favorable hydration shells. (C) M3CLpro with boceprevir aligned with the active site environment; the distances are shown between water spots
(W1−W13) and the closest polar atoms except for W1.
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temperature (slow shaking). A blank well (no enzyme) was
included to assess the background signal, while the known
inhibitor GC376 (IC50 = 80 nM) was used as a positive
control. The reaction was initiated by the addition of 12.5 μL
of a solution of the fluorogenic substrate (40 μM in assay

buffer). Total assay volume was 25 μL. The plate was
incubated for 4 h at room temperature, and then fluorescence
intensity was measured in a ClarioSTAR plate reader (BMG
Labtech Inc., Cary, NC) (excitation 360 nm, emission 460
nm). End point fluorescence intensity was measured, and the

Figure 6. M3CLpro binding site model with unstable hydration sites. (A) M3CLpro with boceprevir showing the unstable (unfavorable)
hydration spots. (B) M3CLpro with boceprevir showing the hydration shell throughout the binding site.

Figure 7. (A) Hydrogen bond between Gln189 and boceprevir is intact during initial stage of the simulation. (B) Gln189 shifts outward, loses its
hydrogen bond with boceprevir, causing water molecules to move in between boceprevir and loop. (C) Number of hydrogen bonds between
Gln189 and boceprevir over a 400 ns MD simulation. (D) Number of water molecules within 8 Å of Met165 (gray); the running average of the
number of water molecules every 10 ns is shown in red.
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blank value was subtracted from all values. IC50’s and Hill fits
were determined using a four-parameter fit, variable-slope
equation, using GraphPad Prism.

■ RESULTS
M3CLpro Active Site. The active site of M3CLpro is

located in the cleft between domain I and domain II and
constitutes a catalytic dyad of Cys145−His41 (Figure 2). Our
model (Figure 4) shows that the terminal tert-butyl urea of
boceprevir points into a large hydrophobic pocket, both the

cyclobutyl side chain and the central tert-butyl amino acid
side chain are solvent exposed, and the proline ring system
occupies a hydrophobic pocket. The binding pocket is
composed mainly of polar residues including Thr25, Thr26,
His41, Asn119, Asn142, Ser144, Cys145, and Gln189; some
hydrophobic residues such as Met49, Met165, Leu167, and
Pro168, and a charged Glu166.

Active Site Hydration. Protein−ligand binding takes
place in an aqueous medium, so it is important to consider
the effect of active site water molecules on ligand binding.

Figure 8. RMSD of boceprevir (magenta) and M3CLpro (blue) during 400 ns simulation of (A) boceprevir covalently bound with M3CLpro
and (B) boceprevir noncovalently bound with M3CLpro.

Figure 9. Interaction fraction (top panel) and 2D interaction diagram (lower panel) of covalently bound boceprevir with M3CLpro during (A)
initial 1 ns and (B) last 100 ns.
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Therefore, the hydration sites were mapped computationally
over the surface of M3CLpro using SZMAP55 (solvent-Zap-
mapping), a semiexplicit solvent mapping technique. The net
free energy of desolvation (dehydration) of the protein and
ligand is a good indicator of the favorable and unfavorable
contribution to protein−ligand binding. The binding free
energies for water molecules in the binding sites were
computed to identify positive (unfavorable) and negative
(favorable) hydration sites. Water molecules in favorable
hydration sites are tightly bound in the complex with strong
electrostatic interactions, while unfavorable hydration sites
show weak electrostatic interactions. It is necessary to identify
these regions in the binding site to improve ligand design.
Analysis of the binding site showed a pronounced stable
hydration shell close to the side chains of Glu166 and His172.
A cluster of water molecules of negative free energy is located
at this site with ΔG in the range −8.1 to −4.7 kcal/mol. Two
smaller stable hydration sites are present: the first is close to
the backbone of Glu166 and side chain of Met165; the second
is close to Asn142, Gly143, and Cys145. These clusters (Figure
5) define the areas at which polar ligand groups could replace
or interact with the solvent to enhance binding affinity, while
hydrophobic groups would hurt binding. Boceprevir exploits
the chemistry of the active site and replaces 12 water
molecules with its polar atoms (oxygen and nitrogen atoms).
An electrostatic mismatch was identified, however, as the tert-
butyl group replaces a stable water molecule (W1, Figure
5B).
Positive free energy hydration sites were identified

throughout the binding site (Figure 6), with a major cluster
of unfavorable hydration shell in the region surrounded by
His41, Met49, His164, and Asp187. The free energy of these
unstable hydration sites ranged from 0.8 to 2.1 kcal/mol.
Hydrophobic ligand groups at these sites should improve the

binding affinity. The nonpolar groups of boceprevir are well-
mapped with these regions.

MD Simulations. In order to develop a better under-
standing of boceprevir’s interactions with M3CLpro, two
molecular dynamics (MD) simulations were performed. The
first MD system was constructed with the covalently bound
boceprevir, and in the second system, the covalent bond
between boceprevir and Cys145 was broken. Analysis of the
MD simulations showed that in the first system the loop
composed of amino acid residues of 186−198 covering the
substituted urea moiety of boceprevir moved away from its
original position at the end of MD simulation (Figure S1). As
shown in Figure 7A,B, shifting of this loop caused Gln189 to
lose its hydrogen bonding with the urea oxygen of the
boceprevir. The initial distance between the centers of mass
(COMs) of Gln189 and urea oxygen increased from ∼5 to
∼12 Å by the end of MD simulation (Figure S2). Although
the hydrogen bonding was lost, Gln189 maintained water-
mediated interactions with boceprevir. The loop opening
facilitated access of water molecules between the loop and
boceprevir (Figure 7A,B). The average number of water
molecules was monitored within 8 Å of Met165 and was found
to be ∼10 at the start of the simulation, which increased to
∼15 after loop opening.
First, the initial 1 ns and last 100 ns of the 400 ns MD

simulations of M3CLpro−boceprevir complex in both
systems were compared to investigate the effect of covalent
bonding on the dynamic behavior of inhibitor binding. The
main protease was stable throughout the simulation time of
both systems. In the first system, the RMSD of boceprevir
increased ∼290 ns (Figure 8A). The amino acid residues that
interact with boceprevir were monitored throughout the MD
simulation time (Figure 9). During the first 1 ns of the MD
simulations, Glu166 showed the strongest interactions, while
Cys145, His164, Gly143, and Thr26 demonstrated weaker

Figure 10. Interaction fraction (top panel) and 2D interaction diagram (lower panel) of noncovalently bound boceprevir with M3CLpro during
(A) initial 1 ns and (B) last 100 ns.
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interactions. During the last 100 ns, boceprevir’s interactions
with Glu166 and Thr26 were stronger relative to boceprevir’s
interactions with Gly143, Ser144, His41, and Gln189. The total
contacts of M3CLpro with boceprevir increased throughout
the course of MD simulation (Figure S3) and in particular
during the last 100 ns, which could be correlated to the
increase of ligand RMSD at ∼290 ns. Significant conforma-
tional changes (Figure S4) were observed in loops I (residues
139−144), II (residues 165−173), and III (residues 189−
195) by the end of the 400 ns. Loop I had moved outward,
loop II demonstrated an upward shift, and loop III had
inwardly relocated. Boceprevir displayed a slight movement
toward loop III and away from loop I.
Next, key amino acid residues were inspected at different

time frames. Interestingly, at ∼290 ns the contacts between
Gly143 and His164 with boceprevir diminished, while the
contacts of Ser144 and Thr26 with boceprevir intensified
(Figure S5). At ∼275 ns, boceprevir showed hydrogen bonds
with His164 and Gly143. At ∼300 ns, boceprevir lost these
interactions and formed a hydrogen bond with Ser144. At

∼310 ns, the azabicyclic ring of boceprevir had shifted
upward, and boceprevir exhibited hydrogen bonds with Thr26

and Ser144 until the end of the 400 ns MD simulation.
Starting from ∼290 ns until the end of MD simulations, the
distance between the Cα of Thr25 and the amine of
azabicyclic ring had been decreased from ∼12 to ∼6 Å
(Figure S6).
In the second system boceprevir’s RMSD decreased at ∼80

ns and remained stable (Figure 8B). The same amino acid
residues interacted with boceprevir throughout the MD
simulation (Figure 10). Moreover, the interaction strengths of
these amino acid residues were boceprevir were similar in the
beginning and at the end of the simulation. Glu166 had the
most dominant and stable interactions with boceprevir
throughout the MD simulation time. The same amino acid
residue participated in three hydrogen bonds with boceprevir.
The interaction of Gly143 with boceprevir increased
significantly in the last 100 ns compared to the initial 1 ns,
whereas His41 experienced a 50% decrease in hydrogen
bonding during the last 100 ns. Compared to system 1, there

Table 2. IC50 Results of Selected HCV NS3/4a Protease Inhibitors Using the BPS BioScience M3CLpro (SARS-CoV-2)
Assay Kit Using Untagged Enzyme
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were no significant changes in the positions of boceprevir and
the loops around the binding cavity by the end of 400 ns
simulation (Figure S4B). In general, covalently bound
boceprevir (the first system) interacts with more residues
with greater magnitude of binding compared to noncovalently
bound boceprevir (the second system), which explains in part
why covalently bound boceprevir is the favorable binding
mode.
In Vitro Screening. As part of our effort to develop

therapeutics to address the COVID-19 crisis, several HCV
protease inhibitors were tested in vitro against M3CLpro
(Table 2, Figure S7). Boceprevir inhibited M3CLpro with an
IC50 of 8.9 μM. The measured IC50 value of boceprevir is
similar to the recently published value (8.0 ± 1 μM) reported
by Fu et al.;31 however it is twice the value (4.13 μM, 5.1
μM) reported by Ma et al.56 and Kneller et al.57 Other NS3/
4a protease inhibitors showed variable activities, with
narlaprevir being the most potent with an IC50 of 6.1 μM
and asunaprevir being the least active at 77.4 μM.

■ DISCUSSION

As already mentioned, the binding modes of telaprevir and
narlaprevir were simulated via a covalent docking approach,
while asunaprevir, simeprevir, and paritaprevir were inves-
tigated using soft docking techniques. MD simulations were
analyzed to investigate the dynamic motion of M3CLpro at
the atomic level in response to ligand binding. The M3CLpro
for each system was stable throughout the 100 ns MD
simulation (Figure S8).
Simeprevir. Gln189, Glu166, and Met165 showed the most

abundant contacts with simeprevir during the initial 1 ns and
last 10 ns of the 100 ns MD simulation (Figure S9). During
the last 10 ns, while the interactions of simeprevir with Glu166

decreased, its interactions with Gln189 increased. During the
initial stage of MD simulation, Glu166 interacted with
simeprevir through one hydrogen bond for less than 10%
of the simulation time. This hydrogen bond was lost at the
last 10 ns. In addition, during the initial 1 ns of MD
simulation, simeprevir showed multiple water-mediated
hydrogen bonds with Gln189 for a short fraction of time,
which resulted in fewer but more stable interactions at the
last 10 ns stage. The hydrogen bond between Gln189 and
simeprevir was lost at the final stage of MD simulations, and
instead stable water-mediated hydrogen bonds were created.

Paritaprevir. For paritaprevir, Glu166 showed the most
dominant interactions followed by Asn142 and Phe140 (Figure
S10). Specifically, Glu166 maintained multiple hydrogen bonds
and water-bridged hydrogen bonds with paritaprevir through-
out the course of the MD simulation. Both Asn142 and Phe140

demonstrated more contacts with paritaprevir during the last
10 ns.

Asunaprevir. In the case of asunaprevir, during the initial
stage of the MD simulation, Glu166, Gln189, and Gln192

exhibited the strongest interactions (Figure S11). However,
during the last 10 ns, Glu166 and Gln189 maintained their
interactions, while Gln191 lost most of its contacts with
asunaprevir. In addition, Glu166 lost hydrogen bonds with
asunaprevir and formed stable water-mediated hydrogen
bonds.

Narlaprevir. The dominant interactions in the case of
narlaprevir were with Glu166, Gln189, Ser144, Cys145, and Asn142

(Figure 11). These interactions reorganized over the course
of the MD trajectory. Glu166, for example, participated in
multiple hydrogen bonds during the initial stage of the MD
simulation, all of which were lost during the last 10 ns, and
instead several water-mediated hydrogen bonds were formed.

Figure 11. Interaction fraction (top panel) and 2D interaction diagram (lower panel) of narlaprevir bound with M3CLpro during (A) initial 1
ns and (B) last 10 ns.
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On the other hand, Gln189 showed multiple water-bridged
hydrogen bonds during the initial stages of the MD, which
dissipated with concomitant development of strong hydrogen
bonds over the last 10 ns. Cys145 exhibited an additional
hydrophobic contact during the last 10 ns, whereas Ser144 lost
all water-bridged hydrogen bonds. Asn142 showed more
hydrogen bonding and water-bridged interactions in the last
10 ns.
Telaprevir. In the case of telaprevir, Glu166, Cys145, Gly143,

His164, and His41 demonstrated the most abundant inter-
actions (Figure 12). Here, protein−ligand interactions were
homogeneous throughout the course of the MD simulation.
Specifically, Glu166 showed additional water-bridged hydrogen
bonds during the last 10 ns, whereas His164 and Ser144 lost
their interactions during the last 100 ns.

■ CONCLUSIONS

COVID-19 is a major threat to humankind, which demands
the rapid discovery and development of novel antiviral
therapies. The identification of novel therapeutics is, however,
a time-consuming task. Given the hundreds of thousands of
new cases and thousands of deaths reported every day, it is
essential that new therapies be brought online as quickly as
possible. Repurposing of previously approved drugs can
significantly shorten the process by providing guidance on the
possible reapplication of approved therapeutics and identify-
ing potential starting points for new therapies. Computational
tools can be employed to quickly and efficiently identify lead

compounds for in vitro and in vivo screening. Molecular
modeling methods provide scientists with an understanding
of drug−target interaction at the atomic level. The use of
computational methods in combination with experimental
methods can provide an efficiency boost in drug discovery,
something that is desperately needed in the COVID-19 era.
We have employed molecular docking and MD simulations

to explore the potential utility of FDA approved HCV drugs
as inhibitors of M3CLpro. Our in silico studies indicate that
covalent binding of boceprevir with M3CLpro is energetically
favorable. Boceprevir initially showed strong interactions with
Glu166 and Cys145, and after covalent binding, this compound
developed strong interactions with Thr26, Ser144, and His41 as
the MD simulations progressed. The binding free energy of
water molecules at different locations of the binding site
provided insight into the nature of the active site and the
effect of different substitutions on ligand binding. The polar
groups of boceprevir, for example, could displace water
molecules near Glu166 and His172, whereas nonpolar groups of
boceprevir could displace water molecules near His41, Met49,
His164, and Asp187.
Other HCV inhibitors including simeprevir, paritaprevir,

asunaprevir, telaprevir, and narlaprevir were tested in vitro
against M3CLpro. Narlaprevir was the most potent with an
IC50 of 6.1 μM. Molecular modeling results suggest that all
these inhibitors interact strongly with Glu166. Covalent
inhibitors telaprevir and narlaprevir showed stronger inter-
actions compared to the noncovalent inhibitors simeprevir,

Figure 12. Interaction fraction (top panel) and 2D interaction diagram (lower panel) of telaprevir bound with M3CLpro during (A) initial 1 ns
and (B) last 10 ns.
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paritaprevir, and asunaprevir, particularly with Cys145, Gly143,
and Asn142. The results of the MD simulations predict that
narlaprevir binds stronger to M3CLpro than asunaprevir
does, which agrees with the in vitro results.
Solvent mapping identified stable hydration sites near

Glu166; thus ligands with strong polar groups that can
displace or interact with these water molecules would provide
greater binding affinity. In summary, our findings indicate
that it may be possible to develop M3CLpro inhibitors based
on already known potent HCV protease inhibitors. Taking
boceprevir as an example (Figure 13), regions A, B, and C

play important roles in ligand binding. Region A can be
modified to a small or a simple ring system, and B should be
a slightly bulky substituent to fit into the hydrophobic cleft.
Region C carries the warhead group to interact with Cys145

and can be modified to hold the hydrogen bond donor/
acceptor group for noncovalent binders. The tert-butyl group
in D is not essential, and the cyclobutyl group can be
modified to an alkyl or aromatic group substituted with a
polar functional group.
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