
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:0

4:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Assessing potent
aLaboratory of Theoretical and Computation

Ho Chi Minh City 700000, Vietnam. E-mail
bFaculty of Applied Sciences, Ton Duc Than

Vietnam
cCenter for Molecular Biology, Institute o

University, Da Nang, 550000, Vietnam
dFaculty of Pharmacy, Duy Tan University, D
eInstitute of Natural Products Chemistry, Vie

Hanoi 100000, Vietnam
fGraduate University of Science and Techn

Technology, Hanoi 100000, Vietnam
gSchool of Science, RMIT University, GPO Bo
hInstitute of Materials Science, Vietnam Aca

100000, Vietnam
iNTT Hi-Tech Institute, Nguyen Tat Thanh

Vietnam. E-mail: vanvu@ntt.edu.vn

† Electronic supplementary informa
10.1039/d0ra07352k

Cite this: RSC Adv., 2020, 10, 40284

Received 27th August 2020
Accepted 19th October 2020

DOI: 10.1039/d0ra07352k

rsc.li/rsc-advances

40284 | RSC Adv., 2020, 10, 40284
ial inhibitors of SARS-CoV-2 main
protease from available drugs using free energy
perturbation simulations†
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Pham Minh Quan, ef Vi Khanh Truong, g Nguyen Thanh Tung h

and Van V. Vu *i

The main protease (Mpro) of the novel coronavirus SARS-CoV-2, which has caused the COVID-19

pandemic, is responsible for the maturation of its key proteins. Thus, inhibiting SARS-CoV-2 Mpro could

prevent SARS-CoV-2 from multiplying. Because new inhibitors require thorough validation, repurposing

current drugs could help reduce the validation process. Many recent studies used molecular docking to

screen large databases for potential inhibitors of SARS-CoV-2 Mpro. However, molecular docking does

not consider molecular dynamics and thus can be prone to error. In this work, we developed a protocol

using free energy perturbation (FEP) to assess the potential inhibitors of SARS-CoV-2 Mpro. First, we

validated both molecular docking and FEP on a set of 11 inhibitors of SARS-CoV-2 Mpro with

experimentally determined inhibitory data. The experimentally deduced binding free energy exhibits

significantly stronger correlation with that predicted by FEP (R ¼ 0.94 � 0.04) than with that predicted

by molecular docking (R ¼ 0.82 � 0.08). This result clearly shows that FEP is the most accurate method

available to predict the binding affinity of SARS-CoV-2 Mpro + ligand complexes. We subsequently used

FEP to validate the top 33 compounds screened with molecular docking from the ZINC15 database.

Thirteen of these compounds were predicted to bind strongly to SARS-CoV-2 Mpro, most of which are

currently used as drugs for various diseases in humans. Notably, delamanid, an anti-tuberculosis drug,

was predicted to inhibit SARS-CoV-2 Mpro in the nanomolar range. Because both COVID-19 and

tuberculosis are lung diseases, delamanid has higher probability to be suitable for treating COVID-19

than other predicted compounds. Analysis of the complexes of SARS-CoV-2 Mpro and the top inhibitors

revealed the key residues involved in the binding, including the catalytic dyad His14 and Cys145, which is

consistent with the structural studies reported recently.
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Introduction

The novel coronavirus SARS-CoV-2, which causes the disease
COVID-19, has spread all over the world, resulting in one of the
most devastating pandemics since the Spanish u pandemic in
1918. COVID-19 has disrupted almost all sectors for more than
three quarters of 2020. The virus causes severe acute respiratory
syndrome, but many infected patients do not show symptoms,
which renders the control of the virus extremely difficult. To
date, there are more than 33 million people infected and more
than 1 million deaths.1 Vaccines for SARS-CoV-2 are being
developed and tested in clinical trials. However, there are not
yet any efficient vaccine reported to date. Moreover, some
studies show that the antibodies for SARS-CoV-2 developed in
the patients disappear within a couple of months,2 which would
result in a lot of complications in vaccine development and
usage. Thus, nding drugs for SARS-CoV-2 is of great interests.

The genomes of coronaviruses are 26–32 kb long, the largest
genomes among RNA viruses,3,4 and encode more than 20
This journal is © The Royal Society of Chemistry 2020
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Table 1 Binding free energy values (kcal mol�1) of experimentally
studied inhibitors of SARS-CoV-2 Mpro

No. Name IC50 (mM) DGEXP
a DGDock DGFEP

1 11r 0.18 � 0.02 �9.23 �7.1b �13.3 � 2.58b

2 13a 2.39 � 0.63 �7.70 �6.7b �8.18 � 2.20b

3 13b 0.67 � 0.18 �8.45 �6.9b �9.18 � 2.48b

4 11a 0.053 � 0.005 �9.96 �7.2 �14.1 � 0.39
5 11b 0.040 � 0.002 �10.1 �7.2 �14.8 � 0.74
6 Carmofur 1.82 � 0.06 �7.86 �5.6 �5.16 � 0.51
7 Disulram 9.35 � 0.18 �6.89 �3.8 �4.30 � 0.34
8 Ebselen 0.67 � 0.09 �8.45 �5.6 �6.84 � 0.28
9 PX-12 21.39 � 7.06 �6.39 �3.7 �4.52 � 0.80
10 Shikonin 15.75 � 8.22 �6.58 �5.4 �3.46 � 0.55
11 Tideglusib 1.55 � 0.30 �7.95 �6.6 �5.58 � 0.26

a DGEXP was calculated from the IC50 values obtained experimentally7–10

using the equation DGExp ¼ RT ln(ki), where the inhibition constant ki is
assumed to be equal to the corresponding IC50 value, R is the gas
constant, and the temperature T is set at 298 K. The error is the
standard error of the mean. b Previously reported.18 The unit of free
energy is kcal mol�1.

Fig. 1 Correlation between the binding free energy deduced from
experimental inhibitory data (DGEXP) and that obtained with docking
(DGDock) (top) and FEP (DGFEP) (bottom) simulations. Experimental
results were reported in recent publications.7,9,10

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:0

4:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
proteins. Polyproteins 1a and 1ab are synthesized from the rst
open reading frame, which are then processed by the main
protease (Mpro) and a papain-like protease to form structural
and non-structural proteins.4 Mpro, also called 3CLPPro, thus
plays a vital role in the replication process of coronaviruses4,5

and has been proposed as a drug target.5,6 The X-ray diffraction
structure of SARS-CoV-2 Mpro has been quickly determined,7,8

which serves as the foundation for the investigation of its
inhibitors. Several inhibitors of SARS-CoV-2 Mpro were recently
synthesized and characterized, some of which exhibits nano-
molar affinity.7–10 However, these identied Mpro inhibitors
have not been clinically evaluated as drugs for COVID-19. Side-
effects of some of these inhibitors have not been reported.

Alternative to synthesizing new SARS-CoV-2 inhibitors,
potential drugs can be screened from various databases.
Because it is not feasible to experimentally test each of the
numerous available compounds, these databases need to be
screened by computational methods. Several SARS-CoV-2 Mpro
inhibitors screening studies reported recently mainly relied on
molecular docking methods.11–16 Although docking is rapid and
oen used for initial screening of a large database,17 it does not
consider molecular dynamics and thus does not guarantee the
accurate results. Therefore, the docking results require further
validations by more accurate methods. Several other studies
utilized different molecular dynamics methods, such fast pull-
ing of ligand (FPL),18,19 to validate the docking results.

Among computational methods for studying the binding
affinity protein–ligand complexes, free energy perturbation
(FEP) has proved to be the most accurate.20,21 However, FEP
requires tremendous computational resources and cannot be
applied to a large database. We recently applied FEP on several
SARS-CoV-2 Mpro inhibitors identied by FPL from a database
of compounds found in Vietnamese herbs and obtained some
promising results.18 In this work, we used FEP to assess a larger
number of potential SARS-CoV-2 inhibitors, which were
screened by molecular docking from 6363 compounds in the
ZINC15 database.22

Results and discussion
Validation of docking and FEP methods with characterized
inhibitors

To date, there are 11 inhibitors of SARS-CoV-2 Mpro that have
been experimentally characterized.7–10 The half maximal inhib-
itory concentration (IC50) were reported, which can be used to
deduce the binding free energy (Table 1). Docking of these
compounds to SARS-CoV-2 was carried out using AutoDock Vina
as described in our recent study.18 The binding free energy ob-
tained from docking simulations (DGDock) (Table 1) exhibits
a reasonably good correlation to that deduced from the exper-
imental IC50 value (DGEXP), with a coefficient of R ¼ 0.82 � 0.08
(Fig. 1).

FEP was applied on the 11 experimentally characterized
ligands. Two independent molecular dynamics (MD) trajecto-
ries were rst carried out for each SARS-CoV-2 Mpro + inhibitor
complex, which converged aer 10 ns (Fig. S2†). The last
snapshots of MD simulations were then used as the starting
This journal is © The Royal Society of Chemistry 2020
conformations for FEP calculation. Sixteen independent 2.0 ns
MD simulations were carried out for the solvated SARS-CoV-2
Mpro + inhibitor complex systems and solvated inhibitor
systems using various coupling parameter l.23

The BAR method was used to calculate free energy every 100
ps.24 It almost converged aer the rst 1.0 ns interval. The data
collected in the last 1.0 ns interval was used for determining the
binding free energy. The difference between the de-solvation
free energy of the ligand from the solvated complex and that
RSC Adv., 2020, 10, 40284–40290 | 40285
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of the solvated ligand system is the binding free energy DGFEP.23

The correlation coefficient between DGFEP and DGEXP is R¼ 0.94
� 0.04, which is signicantly higher than that between DGDock

and DGEXP (Fig. 1). One thousand of bootstrapping rounds were
used to calculate the error of correlation coefficient. The RMSE
between DGFEP and DGEXP is 2.84 � 0.38 kcal mol�1. The ob-
tained results indicate the FEP calculation is the best method
thus far to predict the ligand-binding free energy for SARS-CoV-
2 Mpro.

Assessing potentials inhibitors of SARS-CoV-2 Mpro in the
ZINC15 database

Given the high accuracy of our approach as tested with the
experimentally characterized inhibitors, we continued to use it
to assess the potential Mpro inhibitors in a database of avail-
able drugs, particularly the ZINC15 database that contains 6363
compounds. Docking studies show that most of the ZINC15
compounds has weak binding affinity to SARS-CoV-2 Mpro
(Fig. S1†). We selected the top 33 compounds with binding
affinity larger than 8.3 kcal mol�1 (Tables 2 and S1†) and
Table 2 Binding free energies for SARS-CoV-2 Mpro of the top 33 ZINC

No. ZINC ID Name DG

1 ZINC000169289767 Trypan blue �9
2 ZINC000100067477 Alatrooxacin �8
3 ZINC000004215257 Cefpiramide �8
4 ZINC000011616152 Novobiocin, sodium salt �8
5 ZINC000014880002 Dihydroergotoxine �8
6 ZINC000004099104 Sn38-glucuronide �8
7 ZINC000043100810 Delamanid �8
8 ZINC000022058728 Npc �8
9 ZINC000019632618 Imatinib �8
10 ZINC000001612996 Irinotecan �8
11 ZINC000008101127 Indocyanine green �8
12 ZINC000052955754 Ergotamine �8
13 ZINC000118915330 Pregnanediol-3-glucuronide �8
14 ZINC000021981222 N-Desmethyl imatinib �8
15 ZINC000003978005 Dihydroergotamine �8

16 ZINC000004099009 Teniposide �8
17 ZINC000084668739 Litegrast �8
18 ZINC000031425360 4-Hydroxyphenytoin glucuronide �8
19 ZINC000001482077 Gliquidone �8
20 ZINC000198970879 Olmutinib �8
21 ZINC000000896717 Zarlukast �8
22 ZINC000006745272 Regorafenib �8
23 ZINC000299818022 N/A �8
24 ZINC000253975480 Rifaximin �8
25 ZINC000064033452 Lumacaor �8
26 ZINC000118915340 HMDB0010338 �8
27 ZINC000164528615 Glecaprevir �8
28 ZINC000035051264 N/A �8
29 ZINC000013515299 17-Beta-estradiol glucuronide �8
30 ZINC000003831231 CHEMBL35025 �8
31 ZINC000006716957 Nilotinib �8
32 ZINC000040165255 Estriol-17-glucuronide �8
33 ZINC000096015174 Glycyrrhizic acid �8

a The error of computations is the standard error of the mean. The ki is pre
the temperature T is set at 298 K. The unit is in kcal mol�1. The compounds
to their weaker predicted binding affinity.

40286 | RSC Adv., 2020, 10, 40284–40290
subjected to FEP simulations (Fig. S2–S4†). The binding free
energy derived from FEP simulations (DGFEP) ranges from ca.
�1 kcal mol�1 to ca. �25 kcal mol�1, while DGDock falls in
a narrow range of �8.3 to �9.0 kcal mol�1. This result clearly
show the limits of molecular docking.

Fieen compounds were identied by FEP to have binding
affinity larger than�8.0 kcal mol�1, which would correspond to
an inhibition constant ki in the sub-micromolar range or
smaller (Table 2 and Fig. 2). Two of these compounds, no. 1 and
11 in Table 2, are common biological staining dyes that are
known to bind to cell surface protein,25,26 which might not be
suitable to use as drugs. The structures of the other 13
compounds are shown in Fig. 2.

Ergotamine27 and its derivatives dihydroergotamine28 and
dihydroergotoxine29 are drugs for treating migraine. They
narrow blood vessel and help modulate blood ow pattern. The
binding affinity to SARS-CoV-2 Mpro of dihydroergotamine and
ergotamine is in the sub-micromolar range, which increases
substantially to the sub-picomolar range. Dihyroergotoxine only
differs from dihydroergotamine in the 3-D conguration of one
15 compounds obtained from docking and FEP simulationsa

Dock DGCou DGvdW DGFEP Predicted ki range

.0 �18.97 �6.35 �25.32 � 4.6 Sub attomolar

.5 �15.34 �5.82 �21.16 � 1.49 Sub-femtomolar

.3 �11.68 �7.86 �19.54 � 0.57 Femtomolar

.3 �8.80 �9.18 �17.97 � 1.00 High-femtomolar

.5 �10.05 �6.82 �16.87 � 1.33 Sub-picomolar

.4 �2.53 �9.25 �11.78 � 2.15 Nanomolar

.7 �3.85 �7.66 �11.51 � 0.16 Nanomolar

.4 �3.27 �7.38 �10.65 � 1.37 High-nanomolar

.3 �4.15 �5.71 �9.86 � 0.26 High-nanomolar

.7 �3.83 �5.75 �9.58 � 0.38 Sub-micromolar

.3 �2.78 �6.77 �9.55 � 0.49 Sub-micromolar

.4 �1.08 �8.37 �9.45 � 1.04 Sub-micromolar

.4 0.95 �10.28 �9.33 � 0.85 Sub-micromolar

.5 �0.60 �8.55 �9.15 � 2.36 Sub-micromolar

.7 �4.67 �4.13 �8.81 � 1.87 Sub-micromolar

.4 2.12 �9.91 �7.79 � 1.31 Micromolar

.3 0.53 �8.30 �7.77 � 2.03 Micromolar

.4 1.11 �8.62 �7.51 � 0.81 Micromolar

.3 �1.97 �5.13 �7.11 � 1.00 Micromolar

.3 �1.12 �5.86 �6.98 � 1.31 Micromolar

.3 �1.54 �5.04 �6.59 � 1.54 High-micromolar

.3 2.40 �8.62 �6.22 � 0.48 High-micromolar

.3 1.35 �7.00 �5.65 � 0.18 High-micromolar

.4 8.38 �13.67 �5.29 � 2.03 Sub-millimolar

.3 3.68 �8.68 �5.00 � 0.90 Sub-millimolar

.4 4.79 �9.22 �4.43 � 1.66 Sub-millimolar

.3 1.43 �5.72 �4.29 � 8.70 Sub-millimolar

.4 1.66 �5.61 �3.95 � 0.82 Sub-millimolar

.5 5.18 �7.02 �1.84 � 1.86 High-millimolar

.3 4.82 �6.56 �1.73 � 0.92 High-millimolar

.3 6.49 �7.85 �1.35 � 0.97 Sub-molar

.3 4.74 �6.06 �1.32 � 0.28 Sub-molar

.3 5.73 �6.88 �1.15 � 1.5 Sub-molar

dicted using the equation ki ¼ e(DGFEP/RT), where R is the gas constant and
in the second part of the table (entries 16–33) are not discussed here due

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Potential inhibitors for SARS-CoV-2 Mpro identified by FEP simulations from the ZINC15 database. The dashed rectangles indicate the
Sn38 moiety in irinotecan and trovafloxacin moiety in alatrofloxacin.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:0

4:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
carbon chiral center (Fig. 2), which leads to substantial differ-
ence in their conformations in their complexes with SARS-CoV-2
Mpro. Dihydroergotoxine forms multiple H-bonds to SARS-CoV-
2 Mpro, while dihydroergotamine only forms H-bonds with an
atom of Mpro. This is an important insight of SARS-CoV-2
Mpro-ligand binding, which can serve as the basis for further
design of new inhibitors. It is worth noting that dihy-
droergotoxine exhibits an extraordinary binding affinity for
SARS-CoV-2 Mpro, which is more than 3 orders of magnitude
higher than the best experimentally characterized inhibitors of
this protease (Table 1).

Beside ergotamine and its two derivatives, seven other
compounds screened herein exhibit binding affinity for SARS-
CoV-2 Mpro ranging from sub-micromolar to nanomolar
levels (Table 2). Pregnanediol-3-glucuronide is a metabolite of
progesterone predominant in urine during pregnancy.30 Other
compounds in this group have been used as drugs. Imatinib31

and its metabolite N-desmethyl-imatinib,32 which inhibit BCR/
AbI complex and leucine-rich S/T kinase, are currently used as
oral chemotherapy medications for cancer. Irinotecan is also
a cancer drug, used to treat metastatic colon and rectal cancer.33

Npc and Sn38-glucuronide are compounds in the irinotecan
metabolism pathway, which also contain the Sn38 as in irino-
tecan (indicated with a dashed rectangle in the structure of
irinotecan in Fig. 2). It appears that the Sn38 moiety contribute
the most to the high binding affinity of irinotecan, Npc, and
Sn38-glucuronide to SARS-CoV-2 Mpro.

Notably, among the inhibitors with nanomolar affinity is
delamanid, an anti-tuberculosis agent.34 Because both
This journal is © The Royal Society of Chemistry 2020
tuberculosis (TB) and SARS-CoV-2 infect the respiratory
systems, a drug against TB that has strong affinity for Mpro
could be more suitable to be used against SARS-CoV-2 than
other drugs. The predicted nanomolar binding affinity for SARS-
CoV-2 Mpro of delamanid is comparable to that of the best
characterized inhibitors (Table 1). Thus, delamanid is one of
the most promising new drug candidates for COVID-19.

Three antibiotics were predicted by FEP to have remarkably
high binding affinity for SARS-CoV-2 Mpro in the femto-molar
scale. Alatrooxacin (no. 2 in Table 2) is a product of Pzer,
which is rapidly converted to trovaoxacin in plasma.35 Thus,
although alatrooxacin might have extraordinary binding
affinity to SARS-CoV-2 Mpro, it might not have activity against
SARS-CoV-2 in vivo. Instead, its metabolite trovaoxacin should
be considered in further studies. Novobiocin is a coumarin-
based antibiotic that can be used orally and can be used to
treat methicillin-resistant Staphylococcus aureus MRSA.36 Cef-
piramide is a potent wide-spectrum antibiotics.37 Both novobi-
ocin and cefpiramide could be considered for further studies on
SARS-CoV-2 inhibition.
Interactions of the inhibitors with SARS-CoV-2 Mpro

The ligands investigated herein bind to the same binding cle
on the surface of SARS-CoV-2 Mpro (Fig. 3), consistent with the
structurally characterized complex reported recently.7 The
conformation of the binding cle changes sizably between the
complexes, indicating the exibility of this cle and the ability
to accommodate a wide range of ligands. The strongest binding
RSC Adv., 2020, 10, 40284–40290 | 40287
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Fig. 3 Interactions between ligands and the residues of SARS-CoV-2 Mpro. (A) Representative binding conformation of trypan blue. (B)
Representative binding conformation of delamanid. (C) Residues of involving in H-bonds (top) and side chain contacts (bottom) with the top five
ligands.
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ligand identied here, trypan blue, spans the entire cle.
Delamanid binds in a similar pose, but it is shorter than trypan
blue and has signicantly smaller binding affinity (Table 2).
Analysis of the interactions between the top ve ligands and
SARS-CoV-2 Mpro reveals key residues contributing to ligand
binding. The main interactions are side chain contact involving
the residues around the positions T24–T25–T26, H41, C44–T45–
S46, M49, N142, C145, H164–M165–E166–L167–P168, and
V186–D187–R188–Q189–T190 (Fig. 3). Some of these residues
also form hydrogen bonds to the inhibitors. The Mpro catalytic
dyad His41 and Cys145 are among the residues forming the
most interaction with the substrate, which is consistent with
previous structural studies.8,10
Experimental
Input structures

The X-ray diffraction structure of SARS-CoV-2main protease was
downloaded from Protein Data Bank (ID 6Y2F).7 The ligand
structures were downloaded from ZINC15 and PubChem
database.22,38
40288 | RSC Adv., 2020, 10, 40284–40290
Molecular docking simulations

The binding position and affinity of ligands to SARS-CoV-2
Mpro were predicted using the Autodock Vina package,39 and
parameters described in our recent studies.17,18 The exhaus-
tiveness was set at 8. The optimally docked conformation was
chosen with the largest binding affinity. The grid center was set
at the center of mass of the compound 13b.7 The grid size was
set as 26 � 26 � 26 Å.

Molecular dynamics simulations

The SARS-CoV-2 Mpro + ligand complexes were simulated using
GROMACS 5.1.5.40 SARS-CoV-2 Mpro was topologized in the
Amber99SB-ILDN force eld.41 AmberTools18 and ACPYPE were
used to paramterize the ligands in the general Amber force eld
(GAFF).42,43 The Restrained Electrostatic Potential (RESP)
method44 and quantum chemical calculation (B3LYP functional
at 6-31G(d,p) level of theory inimplicit water model with 3 ¼
78.4) were carried out to assign the atomic charge of the ligands.
The parameterized SARS-CoV-2 Mpro + inhibitor complex was
placed in a 820 nm3 dodecahedron periodic boundary (PBC)
condition box. The solvated complex consists of 1 SARS-CoV-2
This journal is © The Royal Society of Chemistry 2020
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Mpro molecule, 1 inhibitor molecule, 25 300 water molecules,
and an appropriate number of Na+ ions to neutralize the system.
In total, each solvated Mpro + inhibitor system contains more
than 80 000 atoms. Likewise, the inhibitor was also put into
a ca. 85 nm3 dodecahedron PBC box. The solvated inhibitor
system consists of 1 inhibitor molecule, 2700 water molecules,
and an appropriate number of Na+ or Cl� ions to neutralize the
system. In total, each solvated ligand system contained ca. 8300
atoms.

MD simulations were carried out using the parameters
described in previous works.23 The MD time step was set at 2
fs. The nonbonded interaction cutoff was set at 0.9 nm. The
fast particle-mesh Ewald electrostatics scheme was used to
calculate the Coulomb interactions.45 The solvated system was
then subjected to EM, 0.1 ns NVT, and 0.1 ns NPT simulations.
A small harmonic force (1000 kJ mol�1 nm�2 per dimensions)
was used to restrain the Ca atoms of SARS-CoV-2 Mpro. The
relaxed SARS-CoV-2 Mpro + inhibitor system was then sub-
jected to unrestrained MD simulations. The MD simulations
were carried out for 20 ns for each solvated complex system
and 5 ns for each solvated inhibitor system. During simula-
tions, the systemic coordinates were logged every 10 ps.
Free energy perturbation (FEP) simulations

The last snapshots of MD simulations were subjected to FEP
simulations.23,46 Details of FEP calculations were described in
our previous study.23 Free energy calculations involve two
inhibitor annihilation processes.47 The coupling parameter l,
ranging from 0 to 1, was utilized to annihilate the inhibitor
from the solvated systems. The free energy change from the full-
interaction state (l¼ 0) to the non-interaction state (l¼ 1) during
l-alteration simulations was then calculated by using the Ben-
nett's acceptance ratio (BAR) method.24 The difference of free
energy changes over two annihilation processes is the binding
free energy DGFEP of an inhibitor to SARS-CoV-2 Mpro. Nine
values of l, including 0.00, 0.10, 0.25, 0.35, 0.50, 0.65, 0.75, 0.90,
and 1.00, were used to change the electrostatic potential. The
van der Waals (vdW) interaction was altered via eight values of
l, including 0.00, 0.10, 0.25, 0.35, 0.50, 0.65, 0.75, 0.90, and 1.00.
Each l-alteration simulation was performed for 2 ns. The FEP
calculation for a complex was repeated two times in order to
guarantee the simulation sampling.
Structural analysis

Chemicalize webserver (ChemAxon) was used to predict the
protonation states of the inhibitors. The protein surface
charge was computed using Adaptive Poisson–Boltzmann
Solver (APBS) package.48 The binding pose of the SARS-CoV-2
Mpro + ligand complexes was evaluated using PyMOL
package.49 The hydrogen bonds (HB) were calculated an
acceptor (A) and a donor (D) is within 0.35 nm from one
another and the angle :A–H–D is greater than 135�. The side
chain (SC) contact was recorded when the distance between
a non-hydrogen atom of a side chain of SARS-CoV-2 Mpro and
that of the ligand was smaller than 0.45 nm.
This journal is © The Royal Society of Chemistry 2020
Conclusions

We have carried out validation of FEP and docking on 11
experimentally characterized inhibitors of SARS-CoV-2 Mpro.
The binding free energy of the SARS-CoV-2 Mpro + ligand
complexes was deduced from experimental IC50 value (DGExp),
molecular docking (DGDock), and FEP (DGFEP). DGExp strongly
correlates to DGFEP (R ¼ 0.94 � 0.04), while it only moderately
correlates to DGDock (R ¼ 0.82 � 0.08). This result indicates that
FEP is the most appropriate method to predict the inhibitors of
SARS-CoV-2 Mpro. We subsequently used FEP to assess the top
33 compounds identied by docking from 6363 compounds in
the ZINC15 database. While DGDock of these compounds falls in
a narrow range from �8.3 kcal mol�1 to �8.5 kcal mol�1, DGFEP

varies substantially from ca. �1 kcal mol�1 to �25 kcal mol�1.
This result further shows the limitations of molecular docking
in predicting binding free energy. Thirteen of the top 33
compounds exhibits strong affinity for SARS-CoV-2 Mpro, which
falls in the sub-micromolar range. It is worth emphasizing that
delamanid is the most promising candidates because it has
nanomolar binding affinity and is a drug for tuberculosis,
a respiratory disease. The binding cle of SARS-CoV-2 Mpro is
exible and able to bind a large variety of ligands. The key
residues involved in ligand binding includes the catalytic dyad
His41 and Cys145.
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B. Hess and E. Lindahl, SowareX, 2015, 1–2, 19–25.
41 A. E. Aliev, M. Kulke, H. S. Khaneja, V. Chudasama,

T. D. Sheppard and R. M. Lanigan, Proteins: Struct., Funct.,
Bioinf., 2014, 82, 195–215.

42 D. A. Case, I. Y. Ben-Shalom, S. R. Brozell, D. S. Cerutti,
T. E. Cheatham, V. W. D. Cruzeiro III, T. A. Darden,
R. E. Duke, D. Ghoreishi, M. K. Gilson, H. Gohlke,
A. W. Goetz, D. Greene, R. Harris, N. Homeyer, Y. Huang,
S. Izadi, A. Kovalenko, T. Kurtzman, T. S. Lee, S. LeGrand,
P. Li, C. Lin, J. Liu, T. Luchko, R. Luo, D. J. Mermelstein,
K. M. Merz, Y. Miao, G. Monard, C. Nguyen, H. Nguyen,
I. Omelyan, A. Onufriev, F. Pan, R. Qi, D. R. Roe,
A. Roitberg, C. Sagui, S. Schott-Verdugo, J. Shen,
C. L. Simmerling, J. Smith, R. SalomonFerrer, J. Swails,
R. C. Walker, J. Wang, H. Wei, R. M. Wolf, X. Wu, L. Xiao,
D. M. York and P. A. Kollman, AMBER 18, University of
California, San Francisco, 2018.

43 A. W. Sousa da Silva and W. F. Vranken, BMC Res. Notes,
2012, 5, 1–8.

44 J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman and
D. A. Case, J. Comput. Chem., 2004, 25, 1157–1174.

45 T. Darden, D. York and L. Pedersen, J. Chem. Phys., 1993, 98,
10089–10092.

46 R. W. Zwanzig, J. Chem. Phys., 1954, 22, 1420–1426.
47 F. M. Ytreberg, J. Chem. Phys., 2009, 130, 164906.
48 N. A. Baker, D. Sept, S. Joseph, M. J. Holst and

J. A. McCammon, Proc. Natl. Acad. Sci. U. S. A., 2001, 98,
10037–10041.

49 Schrödinger LLC, The PyMOL molecular graphics system,
Versio1 1.3r1, 2010.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07352k

	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k

	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k

	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k
	Assessing potential inhibitors of SARS-CoV-2 main protease from available drugs using free energy perturbation simulationsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07352k


