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ABSTRACT
The outbreak of COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS CoV-2),
represents a pandemic threat to global public health. To date, �530,000 people died of this disease
worldwide. Presently, researchers/clinicians are adopting the drug repurposing strategy to combat this
disease. It has also been observed that some repurposed anti-viral drugs may serve as potent inhibi-
tors of SARS CoV-2 Mpro, a key component of viral replication. Apart from these anti-viral drugs,
recently dexamethasone (an important corticosteroid) is effectively used to treat COVID-19 patients.
However, the mechanism behind the mode of its action is not so clear. Additionally, the effect of other
well-known corticosteroids to control this disease by inhibiting the proteolytic activity of Mpro is
ambiguous. In this study, we have adopted computational approaches to understand these aspects.
Six well-known corticosteroids (cortisone, hydrocortisone, prednisolone, methylprednisolone, betame-
thasone and dexamethasone) and two repurposed drugs (darunavir and lopinavir) against COVID-19
were subjected for molecular docking studies. Two of them (betamethasone and dexamethasone)
were selected by comparing their binding affinities with selected repurposed drugs toward Mpro.
Betamethasone and dexamethasone interacted with both the catalytic residues of Mpro (His41 and
Cys145). Molecular dynamics studies further revealed that these two Mpro-corticosteroid complexes
are more stable, experience less conformational fluctuations and more compact than Mpro-darunavir/
lopinavir complexes. These findings were additionally validated by MM-GBSA analysis. This study pro-
vides corroboration for execution of anti-COVID-19 activity of dexamethasone. Our study also empha-
sizes on the use of another important corticosteroid (betamethasone) as potential therapeutic agent
for COVID-19 treatment.

Abbreviations: COVID-19: corona virus disease 2019; SARS CoV-2: severe acute respiratory syndrome
corona virus-2; Mpro: main protease; MD: molecular dynamics; RMSD: root mean square deviation;
RMSF: root mean square fluctuation; Rg: radius of gyration; SASA: solvent accessible surface area.
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1. Introduction

A novel coronavirus disease identified as COVID-19 has been
declared as a global pandemic by the World Health
Organization (WHO) (Cucinotta & Vanelli, 2020). Till now,
there have been more than 11.3 million reported cases and
more than 530,000 deaths around the globe (https://www.
worldometers.info/coronavirus/). The epicenter of the disease
was China, but gradually it spread worldwide and infected
people from 215 countries (Zhu et al., 2020). The United
States remains the most affected country in terms of the
total number of cases, followed by Brazil, Russia and India.
COVID-19 is a highly contagious disease and can be easily
transmitted through nasal droplets and close contacts
(Cascella et al., 2020). Similar to other coronavirus infections,
the most common symptoms of COVID-19 are high fever,
cough, shortness of breath and fatigue (Chen et al., 2020;
Guan et al., 2020). Some cases of this disease are life-threat-
ening, thus it possesses a great threat to global health
and safety.

The etiological agent of COVID-19 is severe acute respira-
tory syndrome corona virus-2 (SARS CoV-2). It belongs to the
order Nidovirales and genus b-coronavirus (Zheng, 2020). It is
a non-segmented, enveloped, positive-sense, single-stranded
RNA virus with the genome size of �29.9 kb (Wu et al., 2020;
Zhu et al., 2020). This large RNA genome of SARS CoV-2 is
comprised of �30,000 nucleotides that encode two overlap-
ping polyproteins required for viral replication and transcrip-
tion (Grum-Tokars et al., 2008; Marra et al., 2003; Thiel et al.,
2003). The functional proteins are released by extensive pro-
teolysis of the polyproteins by two proteases namely the
papain-like protease (PLpro) and the 3C-like protease
(3CLpro) (Grum-Tokars et al., 2008; Marra et al., 2003; Thiel
et al., 2003). 3CLpro is also named as the main protease
(Mpro) as it executes the maximum number of proteolytic
cleavages (11 sites) within the polyprotein (Harcourt et al.,
2004; Thiel et al., 2003). Mpro is reported to be a cysteine
protease with a molecular weight of 33.8 kDa (Blanchard
et al., 2004; Dai et al., 2020; Jin et al., 2020; Osman et al.,
2020). Each protomer of the homodimeric SARS CoV-2 Mpro
protein have three domains – domain I (amino acid residues
8–101), domain II (amino acid residues 102–184) and domain
III (amino acid residues 201–303) (Jin et al., 2020). Domains II
and III are connected via a long loop (amino acid residues
185–200). Among them, domains I and II are consist of b-bar-
rels while, domain III has predominantly a-helix structure (Jin
et al., 2020). The catalytic site/active site/substrate-binding
site comprising of His-Cys dyad i.e. cysteine (Cys145) and his-
tidine (His41) amino acid moieties, are located at the cleft of
domains I and II (Blanchard et al., 2004; Dai et al., 2020; Jin
et al., 2020; Osman et al., 2020). Cysteine145 serves as a
common nucleophile and plays a vital role in the proteolytic
functioning of Mpro (Anand et al., 2003; Chou et al., 2003;
Hsu et al., 2005). As Mpro plays a vital role in polyprotein
processing and virus maturation, it is considered to be an
important drug target (Anand et al., 2003; Yan et al., 2003).
Besides, the absence of similar protease in humans makes it
an automatic choice of drug target for designing antiviral
drugs against SARS CoV-2 (Kim et al., 2016). Recently Yang

and colleagues have reported the structure of Mpro, co-crys-
tallized with an inhibitor N3 by X-ray crystallography (Jin
et al., 2020). They have also identified six Mpro inhibitors
with IC50 values of enzyme inhibition in the range of
0.67–21.4lM by using a fluorescence resonance energy
transfer (FRET) based high throughput enzyme activity assay.
Thus, they have revealed, both the structures of substrate-
binding site of Mpro as well as structure-based approach for
designing potential drug molecules against COVID-19. Based
on these, natural products and phytochemicals have been
studied to find an effective inhibitor of Mpro (Bhardwaj
et al., 2020; Das et al., 2020; Ghosh et al., 2020a, 2020b;
Gorla et al., 2020; Gurung et al., 2020; Joshi et al., 2020a,
2020b; Mazzini et al., 2020).

Another approach that has been opted for the treatment
of COVID-19 is drug repurposing (Baby et al., 2020; Beck
et al., 2020; Bharadwaj et al., 2020; Hage-Melim et al., 2020;
Hakmi et al., 2020; Jimenez-Alberto et al., 2020; Kandeel &
Al-Nazawi, 2020; Kumar et al., 2020). Drug repurposing is
commonly employed to identify potential drugs against dif-
ferent diseases. It has been achieved massive attention for
the ability to reuse drugs that are already used for the treat-
ment of various diseases, besides the specific diseases for
which those were originally developed. Many drugs have
multiple targets and several diseases share a common over-
lapping molecular and biochemical pathways (Hodos et al.,
2016). In such cases, reusing drugs for more than one pur-
pose and finding their new uses can significantly reduce the
cost, time and risk of the drug development process (Xue
et al., 2018). This concept of drug repurposing has been
used for well-known diseases successfully for many years. For
example, favipiravir, an approved influenza virus drug, and
sofosbuvir, a hepatitis C virus drug have a strong repurpos-
ing potential against Ebola and Zika viruses (Mercorelli et al.,
2018). Different drugs such as nelfinavir, lopinavir, oseltami-
vir, atazanavir and ritonavir have been used to cure MERS
and SARS (Dobson et al., 2015; Lv et al., 2015). Similarly, sev-
eral drug repurposing options are being considered and are
under investigation to control the COVID-19, as there is an
urgent requirement for an effective drug or combination of
drugs to combat this disease. Several efforts were executed
to design novel inhibitors or employ drug repurposing
approach to identify anti-COVID-19 drugs, which can act as
promising inhibitors against coronavirus protease (Baby
et al., 2020; Beck et al., 2020; Bharadwaj et al., 2020; Hage-
Melim et al., 2020; Hakmi et al., 2020; Jimenez-Alberto et al.,
2020; Kandeel & Al-Nazawi, 2020; Kumar et al., 2020).

Recently, a large-scale trial conducted by a group of
Oxford University revealed that dexamethasone, a repur-
posed drug has shown to reduce the mortality rate of
COVID-19 patients (Horby et al., 2020). They also found that
dexamethasone has reduced the deaths by about one-third,
in patients receiving invasive mechanical ventilation while by
about one-fifth, in patients receiving oxygen without invasive
mechanical ventilation. But how dexamethasone abated the
death of COVID-19 patients is far from clear. In fact, dexa-
methasone is widely used for the treatment of various
inflammatory diseases, which include severe allergies, some
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types of nausea and vomiting, arthritis, swelling of the brain
and spinal cord, severe asthma and for breathing difficulties
in newborn babies (Henzi et al., 2000; Tang et al., 2014;
Yoder et al., 1991). Dexamethasone is also reported to be
used for the treatment of various viral infections (Clement
et al., 2011; Turner et al., 2014; Yim et al., 2006).
Dexamethasone belongs to a class of drugs known as corti-
costeroids. Other well-known members of this corticosteroids
class are cortisone, hydrocortisone, prednisolone, methyl-
prednisolone and betamethasone. All these corticosteroids
are broadly used to treat a range of conditions related to
inflammation (Barnes, 2006). These corticosteroids are also
employed for effective treatment related to various viral dis-
eases (Gagyor et al., 2019; Sullivan et al., 2016; Thaera et al.,
2010). Cortisone and hydrocortisone are reported to inhibit
the multiplication of influenza A & influenza B virus and her-
pes simplex virus (Kilbourne, 1957; Wheeler et al., 1961).
Prednisolone is known to reduce the viral upper respiratory
tract infections in children (Abeyagunawardena & Trompeter,
2008). Methylprednisolone is also used in case of various
viral diseases such as H1N1 infection, H7N9 infection, influ-
enza B, cytomegalovirus infection, etc. (Confalonieri et al.,
2010; Emery et al., 2000; Liu et al., 2019; Spoto et al., 2019;
Wright & O’Driscoll, 2005). The clinical efficacy of betametha-
sone is described against human T-cell lymphotropic virus
type I (HTLV-I)-associated myelopathy/tropical spastic para-
paresis (HAM/TSP) (Alberti et al., 2011). Dexamethasone and
other corticosteroid drugs are previously used for the treat-
ment of other coronavirus diseases such as SARS and MERS
(Arabi et al., 2018; Yu et al., 2004). But whether these cortico-
steroid drugs can inhibit the propagation of SARS CoV-2 is
not clear still now. Furthermore, whether these drugs can
bind to the substrate-binding site/catalytic site of the main
protease is unexplained. In this current study, we have
undertaken a thorough attempt to find out the potency of

above discussed six corticosteroid drugs (cortisone, hydrocor-
tisone, prednisolone, methylprednisolone, betamethasone
and dexamethasone) (Figure 1) to bind and inhibit the cata-
lytic activity of Mpro using in silico docking studies, molecu-
lar dynamics simulations and MM-GBSA analysis. This study
reports betamethasone and dexamethasone as more effect-
ive inhibitors of SARS CoV-2 Mpro than previously recom-
mended repurposed drugs (darunavir and lopinavir).

2. Materials and methods

2.1. Preparation of the ligands

The structures of six corticosteroid drugs (cortisone, hydro-
cortisone, prednisolone, methylprednisolone, betamethasone
and dexamethasone) were downloaded from the PubChem
crystal database server in SDF format (https://pubchem.ncbi.
nlm.nih.gov). Using the PyMol, all the SDF files were con-
verted to PDB format after that each of the corticosteroid
drug structures was optimized with B3LYP/6-31G� basis set
by using Gaussian09 software (Frisch et al., 2009). Autodock
Tools were then used for the generation pdbqt files.

2.2. Preparation of Mpro

The crystal structure of the SARS CoV-2 Mpro was taken
from the RCSB Protein Data Bank (http://www.rcsb.org) (PDB
ID: 6LU7) (Jin et al., 2020). After correcting the improper
bonds, missing hydrogens, side-chain anomalies, etc. (if any),
the structure file was inserted into AutoDock Tools and
pdbqt file format of Mpro was obtained (Morris et al.,
2008, 2009).

Figure 1. Chemical structure of corticosteroid drugs. The two-dimensional structure of six corticosteroid drugs with their respective names.
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2.3. Molecular docking

AutoDockVina was used to perform docking studies to get
docked posses with binding energies of Mpro with two anti-
HIV drugs and six corticosteroid drugs (Morris et al., 2008,
2009). As per the position of active site region, the grid box
was assigned with a 10.0 Å radius throughout the initial
inhibitor, where the ligands can easily be fitted and which
covers the entire active site pocket. To obtain different
docked conformations, the same grid box size and other
parameters were used for docking studies of two anti-HIV
drugs along with all the six corticosteroid drugs. We have
chosen the conformations with the lowest root mean square
deviation (RMSD) values along with the highest Vina score
for Mpro and six corticosteroid drug complexes. The output
from AutoDock Vina was rendered with DS visualizer soft-
ware (Biovia, 2017).

2.4. Molecular dynamics simulation

The molecular dynamics (MD) simulations were performed
using the GROningen MAchine for Chemical Simulations
GROMACS 2019 (Abraham et al., 2015). The GROMOS9653a6
force field and SPC water model were used for all the MD
simulations (Oostenbrink et al., 2004). The ligand topologies
were obtained from the PRODRG server (Schuttelkopf & van
Aalten, 2004). All bond lengths of protein and anti-HIV
drugs/corticosteroid drugs were constrained using the LINCS
algorithm, while water molecules were restrained by the
SETTLE algorithm (Hess et al., 1997; Miyamoto & Kollman,
1992). The system was accommodated in a cubic box and
solvated by the SPC water model. Each system was energy-
minimized using the steepest descent algorithm and equili-
brated to achieve the appropriate volume. The leapfrog algo-
rithm with time step 2 fs was used and at every five steps,
the neighbor list was updated. The Particle Mesh Ewald
method is used to treat the Long-range electrostatics with
cut off 1.2 nm and with a Fourier grid spacing of 1.2 nm
(Essmann et al., 1995). Periodic boundary conditions were
applied in all three directions. Equilibration of the systems

was carried out in two main stages. First, the system was
allowed to heat gradually to 300 K in the NVT ensemble
using the Berendsenbarostat method for 10 ns (Berendsen
et al., 1984). Then the NPT ensemble using the Parrinello-
Rahman method was employed for 10 ns by positional
restraining of the complexes (unligated Mpro, Mpro-daruna-
vir, Mpro-lopinavir and Mpro-corticosteroid complexes),
slowly allowing the solvent molecules to relax around it
(Parrinello & Rahman, 1981). The equilibrated systems were
then subjected to unrestrained production MD simulations of
100 ns each, maintaining target pressure (1 bar) and tempera-
ture (300 K). The root mean square deviation (RMSD), the
total number of hydrogen bonds, root mean square fluctu-
ation (RMSF), the radius of gyration (Rg), solvent accessible
surface area (SASA) for each system were calculated from the
MD trajectories (Ghosh et al., 2020a, 2020b).

2.5. MM-GBSA

MM-GBSA is a popular method to calculate binding energy,
which uses energy properties of free ligand, free receptor
and receptor-ligand complex for binding affinity calculation.
The prime module of the Schrodinger suite (Schr€odinger
Release 2020-1: Prime, Schr€odinger, LLC, New York, NY, 2020)
was used for all MM-GBSA calculations (Ghosh et al., 2020a).
We have used the MM-GBSA method to calculate the relative
binding free energies of anti-HIV as well as corticosteroid
drugs to Mpro. We have calculated the MM-GBSA from the
entire trajectory of the MD simulation run for each Mpro-
complex system. For that, we have taken the entire 100 ns
trajectory of the MD simulation and extracted the coordinate
file at every 5 ns interval. From these 20 points, we have cal-
culated the average MM-GBSA value. The free energy of
binding can be calculated as DGbind¼DH�TDS.

DH¼DEelecþDEvdWþDGpolarþDGnon-polar, where Eelec and
EvdW are the electrostatic and van der Waal’s contributions,
and Gploar and Gnon-polar are the polar and non-polar solv-
ation terms, respectively. As similar types of ligands bind to
the receptor, the entropic contribution is neglected here.

Figure 2. Chemical structure of anti-HIV drugs. The two-dimensional structure of two anti-HIV drugs (darunavir and lopinavir).

4 R. GHOSH ET AL.



Therefore, our calculated values referred to as relative bind-
ing free energies (DGbind).

3. Result and discussion

The crystal structure of Mpro in complexation with a Michael
inhibitor N3 (PDB ID 6LU7) and inhibitor alpha-ketoamide
(PDB ID 6Y2E) provide valuable information about the struc-
ture of Mpro (Jin et al., 2020; Zhang et al., 2020). We have
discussed the structural elements of Mpro in detail in
Section 1. These two crystal structures also laid the basis
toward the structure-based drug design against Mpro. Many
small molecules are being proposed as effective SARS CoV-2
Mpro inhibitor (Bhardwaj et al., 2020; Das et al., 2020; Ghosh
et al., 2020a, 2020b; Gorla et al., 2020; Gurung et al., 2020;
Joshi et al., 2020a, 2020b; Mazzini et al., 2020 ). Several anti-
HIV drugs (darunavir, lopinavir, atazanavir, etc.) also exhibit
excellent binding affinity toward the active site of Mpro
(Beck et al., 2020). In recent past, two well-known anti-HIV
drugs (darunavir and lopinavir) (structure of them mentioned
in Figure 2) have been selected by many investigators as
standard substrates for comparing the binding affinity and/or
binding modes of various small molecules with that of

‘Mpro-darunavir/lopinavir complex’ (Bhardwaj et al., 2020;
Ghosh et al., 2020b). Therefore, we have also decided to take
these two anti-HIV drugs as standard Mpro inhibitors for
this study.

3.1. Molecular docking studies

Six well-known corticosteroids and two repurposed drugs
against Mpro (darunavir and lopinavir) were docked to assess
the corticosteroid(s) exhibiting the higher or comparable
binding energy to that of ‘Mpro-darunavir/lopinavir inter-
action’. The binding energy of darunavir and lopinavir toward
Mpro was �7.4 and �7.3 kcal/mol, respectively (Table 1). We
also estimated the binding energy of six corticosteroids (corti-
sone, hydrocortisone, prednisolone, methylprednisolone,
betamethasone and dexamethasone) toward Mpro using
molecular docking studies. It was found that the binding
energy of cortisone, hydrocortisone, prednisolone and methyl-
prednisolone was in the range of �5.1 to �5.5 kcal/mol which
was much lower in compared to the standards, darunavir and
lopinavir (Table 1). On the contrary, the other two corticoste-
roids (betamethasone and dexamethasone) exhibited higher
binding affinity (�7.8 to �7.9 kcal/mol) toward Mpro than that
of darunavir and lopinavir (Table 1). To validate these findings,
we also performed blind docking. Amongst 200 different
docked conformations, majority of the interactions of dexa-
methasone (180 docked conformations), betamethasone (176
docked conformations), darunavir (178 docked conformations)
and lopinavir (177 docked conformations) were within the
active/catalytic site of Mpro. The binding energy (lowest) of
darunavir, lopinavir, dexamethasone and betamethasone
toward Mpro was �7.33, 7.21, �7.85 and �7.72 kcal/mol,
respectively. The binding energy values from blind docking

Table 1. The binding energy of different anti-HIV drugs and corticosteroids
with Mpro.

Drug Binding energy (kcal/mol)

Darunavir �7.4
Lopinavir �7.3
Cortisone �5.3
Prednisolone �5.1
Hydrocortisone �5.4
Methylprednisolone �5.5
Betamethasone �7.8
Dexamethasone �7.9

Figure 3. Molecular docking of corticosteroids with Mpro. The docked conformation of the Mpro-betamethasone complex (A) and Mpro-dexamethasone complex
(B) depicting the possible interactions with various amino acids of Mpro. Both the corticosteroid drug molecules interact with many amino acid residues including
His41 and Cys145 of Mpro.
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were in close agreement with those obtained from the
molecular docking using a grid box around the active site of
Mpro. As betamethasone and dexamethasone had higher
binding affinity than darunavir and lopinavir, we decided to
proceed further with these two corticosteroids.

The amino acid residues within the active site of Mpro
which were interacting with these two selected corticoste-
roids were carefully examined with the aid of discovery stu-
dio visualizer. It was evidenced that betamethasone and
dexamethasone efficiently interacted with different amino
acid residues of domain I and II of Mpro (Figure 3 and
Table 2).

When betamethasone was docked into the active site of
Mpro, two hydrogen bond interactions [Leu141 (2.3 Å) and
Gly143 (2.4 Å)] and eight van der Waals interactions (Thr25,
Met49, Asn142, Ser144, His164, Met165, Glu166 and Gln189)
were evidenced (Figure 3A and Table 2). Beside these, mul-
tiple alkyl (Leu27 and Cys145) and p-alkyl (His41 and His163)
were evidenced in the Mpro-betamethasone complex (Figure
3A and Table 2). Interestingly, more number of H-bond inter-
actions was observed when dexamethasone was docked to
the active site of Mpro. Dexamethasone formed a single
hydrogen bond with His163 and His164 as well as formed
double hydrogen bonds with Cys145 of Mpro (Figure 3B and
Table 2). Mpro-dexamethasone complex was further stabi-
lized by 1 alkyl (Met49) and 13 van der Waals interactions
(Thr25, His41, Thr45, Ser46, Phe140, Leu141, Asn142, Gly143,
Ser144, Met165, Glu166, His172 and Gln189) (Figure 3B).
Even, two repurposed drugs (darunavir and lopinavir) also

interacted with several critical residues within the active site
of Mpro (Figure 4 and Table 2). Darunavir interacted with
Mpro via two hydrogen bonds [Gly143 (2.3 Å) and Glu166
(2.4 Å)], one p-sulfur bond (Met165) and multiple alkyl/p-alkyl
bonds (Leu27, His41, Met49, Cys145 and His163) (Figure 4A
and Table 2). It also formed many van der Waals interactions
with different amino acid residues of Mpro (Figure 4A).
Lopinavir formed only one hydrogen bond with Cys145 and
several other non-covalent bonds with various important
amino acid residues (such as Thr26, His41, Met49, Phe140,
Glu166, Leu167, etc) within the active site of Mpro (Figure 4B
and Table 2). Altogether, molecular docking studies clearly
revealed that selected two corticosteroids (betamethasone
and dexamethasone) interacted with both the key residues
(His41 and Cys145) of Mpro via hydrogen bonding and/or
other non-covalent forces (Figure 3 and Table 2). Even, in
blind docking, the docked conformation having the lowest
binding energy depicted that dexamethasone and betame-
thasone have non-covalent interaction (other than H-bond
interaction) with these two important amino acid residues of
Mpro (Supplementary Figure S1). In fact, there are many
reports available in the literature where investigators noticed
the formation of non-covalent bonds (other than H-bond)
including alkyl bond(s) between compounds and residues of
catalytic site (His41 and Cys145) of the Mpro (Bhardwaj et al.,
2020; Das et al., 2020; Gurung et al., 2020; Islam et al., 2020;
Joshi et al., 2020; Odhar et al., 2020). We believe that the
availability and/or accessibility of Cys145 as well as His41 of
Mpro may be ceased down due to the formation of alkyl

Table 2. Hydrogen bond interactions of anti-HIV drugs and corticosteroids with the active site of SARS CoV-2 Mpro.

Drugs interact with Mpro Number of H-bonds Amino acids of Mpro involved in H-bonding Hydrogen bond distance (Å)

Betamethasone 2 Leu141 2.3
Gly143 2.4

Dexamethasone 4 Cys145 2.4
Cys145 2.5
His163 2.4
His164 2.4

Darunavir 2 Gly143 2.3
Glu166 2.4

Lopinavir 1 Cys145 2.3

Figure 4. Molecular docking of anti-HIV drugs with Mpro. Interactions of various amino acids of Mpro with darunavir (A) and lopinavir (B) are presented with the
best docking pose.
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bond(s) between compounds and these two residues of
Mpro and such alterations possibly can inhibit its (Mpro)
catalytic activity. Moreover, their binding affinity toward
Mpro was more than the binding affinity of darunavir/lopina-
vir to Mpro (Table 1). Thus, it can be concluded that betame-
thasone and dexamethasone may possibly inhibit the
proteolytic activity of Mpro and may potentially be repur-
posed to treat patients with COVID-19. We also computed
the inhibition constant (ki) so as to get the idea about the
inhibition potency of dexamethasone and betamethasone
toward Mpro (Gurung et al., 2020). Inhibition constant (ki)
was estimated using the following equation:

ki ¼ exp ðDG=RTÞ (1)

where DG is the binding energy in kcal/mol, R is the univer-
sal gas constant (1.987 cal K�1mol�1) and T is the tempera-
ture (298 K).

For the docked structure (having lowest energy) of Mpro-
dexamethasone complex as well as Mpro-betamethasone
complex, the in silico determined ki value at 298 K was
1.6� 10�6 M and 1.9� 10�6 M, respectively. These computed
ki values are far lower than their toxicity dose range [LD50

for dexamethasone >3000mg/kg and LD50 for betametha-
sone ¼ 4096mg/kg] which further validates the strong can-
didature of these two corticosteroids as target drugs to
bind Mpro.

These two Mpro-corticosteroid complexes were further
subjected to molecular dynamics simulations as well as bind-
ing free energy computations to assess the stability of
these complexes.

3.2. Molecular dynamics simulation studies

Several structural properties like overall complex stability
(RMSD), conformational fluctuations (RMSF), structural com-
pactness (Rg) and solvent accessibility (SASA) were investi-
gated by MD simulations. We performed production run for
100 ns using GROMOS9653a6 force field of Mpro alone/Mpro
(unligated) and Mpro complexed with two anti-HIV drugs, as
well as betamethasone and dexamethasone. The information
about the structural stability of the protein-ligand complexes
could be analyzed by RMSD. We estimated the RMSD of
alpha-carbon atoms of all these systems (Figure 5). The
RMSD of Mpro (unligated) maintained a constant value
(�0.21–0.22 nm) from 2 to 17 ns. Thereafter, the RMSD value
gradually increased till 25 ns and reached �0.35 nm. Then,
the value was slightly decreased and persisted at �0.31 nm
from 65 ns till the end of the MD run. The RMSD values for
both Mpro-darunavir and Mpro-lopinavir complexes were
found to remain almost constant (�0.36–0.37 nm) from 10 to
100 ns with some marginal fluctuations (Figure 5). On the
other hand, the magnitude of RMSD corresponding to Mpro-
betamethasone and Mpro-dexamethasone complexes
attained an equilibrium value after 20 ns (�0.25–0.26 nm)
and remained almost the same throughout the
100 ns simulation.

The average RMSD values for Mpro (unligated), Mpro-dar-
unavir complex and Mpro-lopinavir complex were found to
be �0.31 nm, �0.36 nm and �0.37 nm, respectively, which
are in agreement with previously reported values (Table 3)
(Bhardwaj et al., 2020). Whereas the RMSD values of Mpro-

Figure 5. RMSD plots of Mpro (unligated), Mpro-darunavir, Mpro-lopinavir and two Mpro-corticosteroid complexes. The MD simulations for each system were per-
formed for 100 ns. These MD trajectories were analyzed with the aid of RMSD.

Table 3. Average values of the RMSD, RMSF, Rg, SASA and the total number of intermolecular hydrogen bonds formed during MD simulation for differ-
ent systems.

System RMSD (nm) RMSF (nm) Rg (nm) SASA (nm2) Total number of H-bonds formed

Mpro (unligated) 0.309 0.1937 2.195 151.4483 547
Mpro-darunavir 0.361 0.1952 2.197 151.1540 550
Mpro-lopinavir 0.371 0.1948 2.196 151.2825 551
Mpro- betamethasone 0.254 0.1661 2.179 151.2791 556
Mpro-dexamethasone 0.258 0.1652 2.182 151.2388 555
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betamethasone and Mpro-dexamethasone complexes were
�0.25 nm and �0.26 nm (Table 3), respectively, which were
quite lower than Mpro (unligated), Mpro-darunavir and
Mpro-lopinavir complexes. These results suggested that
Mpro-betamethasone and Mpro-dexamethasone complexes
were relatively more stable than that of Mpro-darunavir/
Mpro-lopinavir complexes.

The conformational stability of these two Mpro-corticoste-
roids complexes was further analyzed by estimating the total
number of intermolecular hydrogen bonds formed during
the entire simulation as determined previously (Ghosh et al.,
2020a, 2020b; Islam et al., 2020) (Table 3). The average num-
ber of intermolecular hydrogen bonds in the Mpro

(unligated) system was 547, whereas, for Mpro-darunavir and
Mpro-lopinavir complexes, the values were 550 and 551,
respectively. In the case of Mpro-betamethasone and Mpro-
dexamethasone complexes, a higher number of intermolecu-
lar hydrogen bonds (556 and 555, respectively) were found
(Table 3). We also evaluated the existence of H-bonds
between Mpro and these four compounds after the comple-
tion of MD run. In Mpro-darunavir and Mpro-lopinavir com-
plexes, we observed one and two hydrogen bond
interactions, respectively (Figure 6A,B and Table 4). On the
other hand, after MD run, we evidenced three and two
hydrogen bond interactions in Mpro-dexamethasone com-
plex and Mpro-betamethasone complex, respectively (Figure

Figure 6. Identification of binding residues/modes within Mpro-darunavir, Mpro-lopinavir, Mpro-betamethasone and Mpro-dexamethasone complexes after MD
run. The docked conformation of the Mpro-darunavir complex (A), Mpro-lopinavir complex (B), Mpro-betamethasone complex (C) and Mpro-dexamethasone com-
plex (D) depicting the possible interactions with various amino acids of Mpro after 100 ns MD run. All these drugs are shown to interact with His41 and Cys145
of Mpro.
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6C,D and Table 4). It is noteworthy to mention here that the
interaction between these two corticosteroids and many
important amino acid residues (including His41 and Cys145)
of Mpro is retained even after MD run (Figure 6C,D and
Table 4). Altogether, these results further suggested that
these two Mpro-corticosteroids complexes (Mpro-betametha-
sone and Mpro-dexamethasone) are more stable than those
of two selected Mpro-anti-HIV drug complexes.

To find out the conformational flexibility of Mpro (unli-
gated) and other Mpro-complexes, we have calculated the
RMSF of alpha-carbon atoms for all systems (Figure 7). It
was quite evident from the RMSF profiles that all systems
experience more conformational fluctuations in domain III.
In case of Mpro (unligated) system, we additionally
observed higher fluctuations (upto �0.6 nm) in certain por-
tion of domain I (residues 45–60). In fact, most of the
amino acid residues within the domain I and II of this sys-
tem had RMSF fluctuation below 0.3 nm. The average
RMSF value for Mpro (unligated) system was �0.194 nm
(Table 3). The Mpro-darunavir and Mpro-lopinavir system

experienced more or less similar conformational fluctua-
tions to that of Mpro (unligated) system (Figure 7). In fact,
the fluctuations for the residues 45–60, were reduced
upon the binding of lopinavir to Mpro (up to 0.35 nm).
For both Mpro-darunavir and Mpro-lopinavir complexes,
the average RMSF value was �0.195 nm (Table 3). Upon
analyzing all the RMSF profiles, it was clearly observed
that Mpro-betamethasone and Mpro-dexamethasone com-
plexes showed lower fluctuations (especially in domain I
and II) as compared to the Mpro (unligated) and Mpro-
darunavir/lopinavir complexes (Figure 7). The average
RMSF values of Mpro-betamethasone and Mpro-dexa-
methasone complexes were �0.166 nm and �0.165 nm,
respectively (Table 3). Most importantly, the fluctuations of
many key residues of the binding region of Mpro were
ceased down after binding to betamethasone and dexa-
methasone. These findings suggested that the overall con-
formational fluctuations of Mpro-betamethasone and
Mpro-dexamethasone complexes are relatively less than
that of Mpro-darunavir/Mpro-lopinavir complex.

Table 4. Different interactions of Mpro-darunavir, Mpro-lopinavir, Mpro-betamethasone and Mpro-dexamethasone complexes after 100 ns MD simulation.

Drug
Hydrogen bond

interaction van der Waals interaction
C–H bond
interaction

Alkyl
interaction

p-alkyl
interaction

p-p
interaction

p-sulfur
interaction

Halogen bond
interaction

Darunavir Thr26 (2.4 Å) Thr25, Leu27, Tyr54, Leu141,
Gly143, Ser144, His163,
His164, Met165, Glu166,
Leu167, Pro168, Asp187,
Arg188, Gln189, Thr190

Asn142 Met49,
Cys145

His41

Lopinavir Cys145 (2.5 Å),
Glu166
(2.3 Å)

Thr25, Leu27, Tyr54, Phe140,
Leu141, Asn142, Gly143,
His163, His164, Leu167,
Pro168, Asp187, Arg188,
Gln189, Thr190, Gln192

His41 Met49,
Met165

Betamethasone Glu166 (2.4 Å),
Gln189
(2.4 Å)

Thr25, Thr26, Leu27, Phe140,
Leu141, Gly143, Ser144,
Met165, His172

Met49,
Cys145

His41,
His163

Asn142

Dexamethasone Asn142 (2.3 Å),
Glu166 (2.3
Å), Glu166
(2.4 Å)

Thr26, Leu27, Phe140, Leu141,
Gly143, Ser144,
Met165, Gln189

Met49,
Cys145

His41,
His163

Asn142

Figure 7. RMSF profiles of Mpro (unligated), Mpro-anti-HIV drugs, Mpro-betamethasone and Mpro-dexamethasone complexes. The RMSF values of Mpro (unli-
gated) and Mpro-anti-HIV drug complexes as well as Mpro-betamethasone and Mpro-dexamethasone complexes were plotted against the amino acid residues
of Mpro.
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Figure 8. Estimation of Rg values of Mpro (unligated), two Mpro-anti-HIV drugs and two Mpro-corticosteroid complexes. The MD simulations for each system were
performed for 100 ns. These MD trajectories were analyzed with the aid of Rg.

Figure 9. SASA value analysis of Mpro (unligated), Mpro-anti-HIV drugs, Mpro-betamethasone and Mpro-dexamethasone complexes. The MD simulations for each
system were performed for 100 ns. These MD trajectories were analyzed with the aid of SASA.

Figure 10. MM-GBSA binding free energy profiles of two Mpro-anti-HIV drug complexes, Mpro-dexamethasone and Mpro-betamethasone complexes. The binding
free energy values of two Mpro-anti-HIV drug complexes as well as Mpro-dexamethasone and Mpro-betamethasone complexes were represented throughout the
entire 100 ns simulation trajectory.
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We have also estimated the Rg value to assess the compact-
ness of all the complexes (Figure 8 and Table 3). The average
Rg value for Mpro (unligated) and the other two complexes
(Mpro-darunavir and Mpro-lopinavir) was almost identical
(�2.20 nm). We observed a slightly less average Rg value for
Mpro-betamethasone (2.179 nm) and Mpro-dexamethasone
(2.182 nm) complexes (Table 3). These results suggested that
our Mpro-betamethasone and Mpro-dexamethasone com-
plexes were slightly more compact as compared to the two
Mpro-anti-HIV drug complexes. SASA values were also calcu-
lated to assess the extent of expansion of protein volume in
each system (Figure 9 and Table 3). The average SASA values
of Mpro-darunavir complex (151.154 nm2), Mpro-lopinavir
complex (�151.283 nm2), Mpro-betamethasone (151.279 nm2)
and Mpro-dexamethasone complexes (�151.239 nm2) were
found to be in the similar range with Mpro (unligated)
(�151.448 nm2) (Table 3). Thus, it can be suggested that
almost a similar degree of expansion of the Mpro occur upon
interaction with two anti-HIV drugs as well as betamethasone
and dexamethasone.

3.3. MM-GBSA analysis

We have taken the configurations from 100ns trajectory corre-
sponding to every 5 ns time interval and determined the bind-
ing free energy of Mpro-betamethasone, Mpro-
dexamethasone as well as Mpro-anti-HIV drugs by using MM-
GBSA method. The determined binding free energy values
throughout the trajectory for each system were presented in
Figure 10.

The resultant/average binding free energy value com-
puted from the whole trajectory was listed in Table 5. The
binding free energy values of Mpro-darunavir and Mpro-lopi-
navir complexes were found to be �35.60 kcal/mol and
�40.66 kcal/mol, respectively, whereas for Mpro-betametha-
sone and Mpro-dexamethasone complexes were �45.85 kcal/
mol and �42.76 kcal/mol, respectively (Table 5).

It is quite evident from these MM-GBSA values that two
corticosteroid drugs (betamethasone and dexamethasone)
interact with Mpro with higher binding free energy than that
of darunavir/lopinavir. The higher MM-GBSA values (DGbind)
in the case of Mpro-betamethasone and Mpro-dexametha-
sone mostly contributed by the coulombic and hydrophobic
interactions.

4. Conclusion

This study is aimed to test the inhibition potency of six well-
known corticosteroids against SARS CoV-2 Mpro using a
computational approach. Molecular docking studies were
conducted to compare their binding affinities (toward Mpro)

with two repurposed drugs (darunavir and lopinavir) against
COVID-19. Only two of them (betamethasone and dexa-
methasone) had higher AutoDock Vina energy values than
the darunavir and lopinavir. These two corticosteroids inter-
acted with both the key catalytic residues (His41 and Cys145)
of Mpro. The RMSD and RMSF profiles corresponding to
Mpro-betamethasone and Mpro-dexamethasone complexes
clearly suggested that they (complexes) are highly stable and
experience less conformational fluctuations. The Rg and
SASA analysis revealed that Mpro-betamethasone and Mpro-
dexamethasone complexes are slightly more compact and
somewhat less expanded. The existence of a higher number
of intermolecular hydrogen bonds in the complexes with
two corticosteroids (betamethasone and dexamethasone)
was evidenced than in Mpro-darunavir/lopinavir complex
suggesting greater stability of these corticosteroids in the
binding pockets of Mpro. Apart from this non-structural pro-
tein, other ones (such asPLpro/Nsp3, Nsp9, Nsp16, etc.) could
also be potent targets for dexamethasone as well as for
betamethasone. Such possibilities should be examined thor-
oughly. Nevertheless, we can say that possessing Mpro
inhibitory activity possibly makes dexamethasone effective
for COVID-19 treatment. Our findings further revealed that
betamethasone also possesses the potential to inhibit the
proteolytic activity of Mpro. Thus, betamethasone may be
used for the COVID-19 treatment. But detailed experimental
studies are necessary before repurposing betamethasone
against COVID-19.
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