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Abstract
Coronavirus spread is an emergency reported globally, and a specific treatment strategy for this significant health issue is 
not yet identified. COVID-19 is a highly contagious disease and needs to be controlled promptly as millions of deaths have 
been reported. Due to the absence of proficient restorative alternatives and preliminary clinical restrictions, FDA-approved 
medications can be a decent alternative to deal with the coronavirus malady (COVID-19). The present study aims to meet the 
imperative necessity of effective COVID-19 drug treatment with a computational multi-target drug repurposing approach. 
This study focused on screening the FDA-approved drugs derived from the fungal source and its derivatives against the 
SARS-CoV-2 targets. All the selected drugs showed good binding affinity towards these targets, and out of them, bromocrip-
tine was found to be the best candidate after the screening on the COVID-19 targets. Further, bromocriptine is analyzed 
by molecular simulation and MM-PBSA study. These studies suggested that bromocriptine can be the best candidate for 
TMPRSS2, Main protease, and RdRp protein.
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Introduction

Coronavirus disease (COVID-19) is a public health emer-
gency across the globe that emerged recently in Hubei prov-
ince, P.R. China (Lupia et al. 2020; Al-Tawfiq 2020). The 
causative agent of COVID-19 is a new virus that which is 

thought to be emerged from SARS coronavirus (SARS-
CoV), is highly contagious and pathogenic, known as Severe 
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 
(Andersen et al. 2020). In a short period, COVID-19 has 
spread all over the globe. Soon it is announced as a pan-
demic by WHO (https://​www.​who.​int/​dg/​speec​hes/​detail/​
who-​direc​tor-​gener​al-s-​openi​ng-​remar​ks-​at-​the-​media-​brief​
ing-​on-​covid-​19-​11-​march-​2020). To date, this pandemic 
disease has approximately 40 million confirmed cases of 
infection with 1.1 million confirmed deaths across the globe 
(https://​www.​world​omete​rs.​info/​coron​avirus/) since the 
first patient was hospitalized on 12 December 2019, thus 
stressing the menace caused by this deadly disease. Most 
of the infections resolve on their own without any specific 
treatment. Still, the immunosuppressed, and older adults 
with cardiovascular disease and metabolic syndrome, upon 
getting infected, may develop severe pneumonia, requiring 
immediate medical attention following treatment with sup-
plemental oxygen (Chen et al. 2020; Zhou et al. 2020a, b).
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A causative agent of various respiratory, hepatic, enteric, 
and neurological diseases, SARS-CoV is a positive-sense 
single-stranded RNA virus (Chan et al. 2013; Zumla et al. 
2016). The clinical manifestation of COVID-19 ranges from 
asymptomatic to severe respiratory illness (Li et al. 2020a, 
b). The most common symptoms include dry cough, pyrexia, 
fatigue, and dyspnea. These symptoms may get worsen, 
leading to pneumonia and pleuritic chest pain that has also 
been reported (Chen et al. 2020). Based on symptom sever-
ity, patients can be classified into mild, severe, and criti-
cal types (Wu et al. 2020). SARS-CoV-2 has high genomic 
similarity to the other members of the coronaviruses family 
but has major variations in the gene sequence in comparison 
to earlier sequenced CoVs owing to its incorporation of a 
polybasic cleavage site that result in augmented pathogenic-
ity and transmissibility (He et al. 2020; Coutard et al. 2020).

The SARS-CoV-2 has an RNA sequence of around 
30,000 nucleotides responsible for encoding the whole viral 
proteome. Entire coding SARS-CoV-2 RNA can be divided 
into three central regions, non-structural protein (nsp) cod-
ing region, structural protein-coding region, and accessory 
protein-coding region (Wang et al. 2020a, b, c; Andersen 
et al. 2020; Kim et al. 2020). SARS-CoV-2 S-protein (spike 
protein), a trimeric class I viral fusion glycoprotein, under-
goes a structural rearrangement to aid the fusion of the virus 
with the membrane of the host cell (Li et al. 2016). The 
angiotensin-converting enzyme 2 (ACE-2) acts as a recep-
tor for SARS-CoV-2. The virus’s S-protein reacts with the 
pneumocytes’ ACE-2 with a high affinity, thereby acting as 
a gateway to the cell (Oudit et al. 2009; Wrapp et al. 2020).

Viral proteases, RNA-dependent RNA polymerase, and 
viral surface spike protein are among those few of the sig-
nificant proteins that act as potential drug targets for SARS-
CoV-2 based on the earlier therapeutics developed against 
earlier coronaviruses (Medhi et al. 2020;  Nadeem et al. 
2020). For battling the SARS-nCoV-2, there is a need to 
create a quick treatment to curb the disease spread, which 
could only be achieved by drug repurposing (Tu et al. 2020; 
Cherian et al. 2020). Drug repurposing is achieved by vari-
ous computational and experimental techniques (Asai et al. 
2020; Pawar et al. 2020). As mentioned, three essential drug 
targets have been studied extensively using drug repurposing 
(Elfiky et al.  2020; Fan et al. 2020). Owing to its critical role 
in pathogenesis and high sequence conservation, the main 
protease (Mpro, 3CLpro) is regarded as an efficient target for 
drug design and development (Kruse et al. 2020).

Several existing medications are being evaluated for the 
treatment of COVID‑19, including antiviral drugs, quinine 
compounds (Zumla et al. 2016; Zhang et al. 2020). Two 
broad-spectrum IND having antiviral activity remdesivir 
(GS-5734) and favipiravir (T-705) and five FDA-approved 
drugs (penciclovir, ribavirin, nafamostat, nitazoxanide, and 
chloroquine (C.Q.) were tested against the clinical isolate of 

SARS-CoV-2 (Koch et al. 2020). Extensive clinical trials of 
the mentioned drugs help to conclude that remdesivir (GS-
5734), an experimental drug developed for the treatment of 
Ebola hemorrhagic fever caused by a filovirus, and C.Q., an 
anti-malarial drug, is showing substantial efficacy (Wang 
et al. 2020a, b, c; Zhou et al. 2020a, b).

Researchers from different fields work in various aspects 
by applying different approaches to battle against this pan-
demic (Zeng et al. 2021; Singh et al. 2020). Aiming to con-
tribute towards rapid therapeutic development, we opted for 
Virtual Screening of currently FDA-approved drugs using 
the COVID-19 main protease as a drug target. Bromocrip-
tine binds to the active site of ZIKV-NS2B-NS3 protease 
and could thereby inhibit ZIKV replication (Chan et al. 
2017). Previous studies also reported that it inhibits the 
translation and replication of the dengue virus by binding to 
NS-3 protease (Kato et al. 2016), revealing that it could have 
activity against SARS-CoV-2. Ergot alkaloids methylergo-
metrine and methysergide used to treat migraine were stud-
ied for repurposing since its congener ergotamine showed 
significant activity against the different targets SARS-CoV-2 
(Mevada et al. 2020). Indispensable cellular serine proteases 
TMPRSS2 are highly expressed at epithelial cells in human 
lungs and co-expressed with the SARS-CoV-2 receptor 
ACE-2 on type II pneumocytes (Donaldson et al. 2001; 
Paoloni-Giacobino et al. 1997). This regulates the S protein 
priming and efficiently activates SARS-CoV-2 S protein to 
induce virus-cell membrane fusion at the cell surface. The 
inhibition of TMPRSS2 could thereby act as an attractive 
drug target for the treatment of COVID-19.

Materials and methods

Homology modeling of TMPRSS2

Homology modeling was utilized to generate a valid protein 
structure by using the sequence of amino acids. The 3-D 
crystal structure of TMPRSS2 is not established, so we used 
the SWISS-modeler (Waterhouse et al. 2018; Bienert et al. 
2016; Guex et al. 2009) to generate the homology model 
of TMPRSS2. SWISS-MODEL developed the three differ-
ent models for the TMPRSS2. Out of the three models, we 
selected the best model for further molecular docking based 
on the QMEANS value (Fig. 1a). The homology model can 
be considered reliable when the target sequence alignment is 
more than 30 %. The sequence alignment between the devel-
oped model of TMPRSS2 and human hepsin TMPRSS1 (5ce 
1.1 A) is 33.82 % of sequence similarity and has a resolution 
of 2.4 Å (Fig. 1c). The model showed a total of 116 similar 
amino acid residues with the hepsin, out of which 92 resi-
dues were in catalytic (Singh et al. 2020) or active site of the 
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generated TMPRSS2 homology model, which enhanced the 
reliability of this model.

This model was built based upon the template-target 
alignment by using ProMod3. The geometry of the model 
was regularized by using the force field. The quality of 
the model was analyzed by the QMEANS and General-
ized Quantum Master Equation (GMQE) value of the 
model, which was found to be − 1.43 and 0.53, respectively 
(Fig. 1b). The RAMPAGE server further analyzed the qual-
ity of the model. The result found that out of 344 amino 
acids of the homology model, 92.7 % of the total residues 
are in favored regions, 6.7 % are in allowed regions, and only 
0.6 % are in the outer regions.

The PDB ID was downloaded and used for the docking 
(Fig. 1a).

Selection of ligands and targets

This study selected the FDA-approved drugs, which are 
semi-synthetic derivatives of a natural ergot alkaloid. These 
compounds have been studied on the main protease (Mpro), 
RdRp, and TMPRSS2. The crystal structure of the main 
protease (6LU7) and RdRp (6M71) were downloaded from 
the RSCB protein database in PDB format (www.​rscb.​org). 
The PDB file of the protein was cleaned with the help of the 
BIOVIA discovery studio.

Virtual screening and molecular docking

The molecular docking was performed by PyRx version 
0.8 Autodock vina (https://​pyrx.​sourc​eforge.​io/). The 

Fig. 1   a Homology model for TMPRSS2, b local quality estimation with a chart for target by SWISS-Modeler, and c predicted sequence align-
ment of the model target (TMPRSS2) concerning Human Hepsin TMPRSS1

http://www.rscb.org
https://pyrx.sourceforge.io/
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protein molecules TMPRSS2, RdRp, and main protease 
Mpro were loaded into software individually put the mac-
romolecules as fixed. The ligands have been rotatable tor-
sions. The size of box was kept as center_x = − 26.284, 
center_y = 12.5976 and center_z = 58.9679 for main pro-
tease, center_x = 121.4969, center_y = 123.2721 for RdRp 
and center_z = 127.0716 and center_x = 1.1075, center_y = 
− 1.3337 and center_z = 15.7311 for TMPRSS2 for docking 
towards all the ligands with exhaustiveness parameter of 8. 
The BIOVIA discovery studio analyzed the ligand-protein 
interaction.

FEP‑ABFE approaches

The accelerated FEP-ABFE technique was relied to on the 
utilization of the RED function. The RED function was 
designed to automatically add restraints that helped achieve 
the single-step perturbation to analyze free binding energy 
and accelerate the FEP-ABPE analysis (Li et al. 2020b). 
The FEP-ABPE approaches used the 42 λ value (Aldeghi 
2016, 2017), but the RED function-based FEP-ABFE can 
be analyzed and gives the best results in the 16 λ. After 
molecular docking, the best compound is subjected to the 
RED function-based FEP-ABFE method. With this function, 

the compound was simulated against the selected targets up 
to the 20 λ. The best binding energy was found at 16 λ.

Target and toxicity prediction of ligands

This analysis was necessary to predict possible targets of the 
selected drugs. The SWISS target prediction server was used 
for these studies. The toxicity prediction was needed to ana-
lyze the concentration of safe drugs for human use (Daina 
et al. 2019). The toxicity prediction was performed using 
the pkCSM online database. The drugs’ experimental toxic-
ity is mentioned with the Drug Bank server’s help (David 
et al. 2017) (https://​go.​drugb​ank.​com/). The input files of 
the molecules were submitted in smiles format. This online 
database gives the AMES toxicity, maximum tolerated dose, 
hERGI, hERGII, LD50 with liver, and skin toxicity (Pires 
et al. 2015).

Molecular dynamic and MM‑PBSA analysis

Molecular dynamics were executed with a docked struc-
ture having minimum energy using GROMACS software 
(Version 5.1.2) (Berendsen et al. 1995) with CHARMM36-
March 2019 (Lee et  al. 2014) force field using TIP3P 

Fig. 2   Docking score of the drugs against the targets

https://go.drugbank.com/


In Silico Pharmacology            (2021) 9:27 	

1 3

Page 5 of 16     27 

(Boonstra et al. 2016). For the preparation of ligand files, 
the CHARMM General Force Field server (http://​cgenff.​
umary​land.​edu/) was used. PBC was applied by generating a 
dodecahedron box. An adequate number of Na + or Cl− ions 
were added for the neutral system. Energy minimization was 
followed by system equilibration for 100 ps at 300 K using 
isochoric-isothermal (NVT) equilibration by keeping time 
step of 2 fs. With the same time step, the isothermal-isobaric 
ensemble was performed for 100 ps at 300 K. Electrostatic 
and van der Waals interactions cut-offs for both NVT and 
NPT were kept at 1.2 nm. For long-range calculating inter-
actions, smooth particle mesh Ewald (PME) method was 
used. M.D. Simulation of 20,000 ps was performed using 
the same cut-off, and 20,000 ps trajectories were submitted 
to MM-PBSA analysis with 20,000 frames for TMPRSS2, 
RdRp protein, Main protease (Kumari et al. 2014; Baker 
et al. 2001).

Results

Molecular docking

We have selected five FDA-approved drugs, which are semi-
synthetic derivatives of natural ergot alkaloids. The antivi-
ral properties of these compounds have already been estab-
lished. The compound named bromocriptine was shown to 
be a potent serine protease that is already reported as an 
antiviral agent (Kato et al. 2016). Other compounds from 
the same class that is isolated from the fungus have simi-
lar antiviral properties. This study aims to repurpose these 
compounds against the SARS-CoV-2 protease (Mpro), RdRp, 
and TMPRSS2 serine protease. These five compounds’ 
molecular docking study showed good affinity towards the 
main protease (Mpro), RdRp, and TMPRSS2 serine protease. 
We have selected a total of three reference compounds, N3, 

Fig. 3   3D structure interaction of ligand-protein at the left side and 
2D interaction of at right side, a 3D structure interaction of Bro-
mocriptine-Mpro protease, b 2D interaction of Bromocriptine-Mpro 

protease, c 3D structure interaction of N3-Mpro protease, and d 2D 
interaction of N3-Mpro protease

http://cgenff.umaryland.edu/
http://cgenff.umaryland.edu/
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remdesivir, and camostat mesylate, for this study. N3, rem-
desivir, and camostat mesylate are already established as 
main protease inhibitors (Mpro), RdRp, and TMPRSS2, 
respectively (Fig. 2).

The bromocriptine showed the highest affinity towards the 
selected targets. It showed the binding affinity of − 9.6 kcal/
mol for the main protease, − 9.3 kcal/mol for the RdRp pro-
tein of SARS-CoV-2, and − 8.8 kcal/mol for TMPRSS2 
serine proteases. Whereas the reference compounds, i.e., 
N3 showed − 7.5 kcal/mol for the main protease, remdesi-
vir showed − 8.4 kcal/mol for the RdRp protein of SARS-
CoV-2, and camostat mesylate showed − 7.1 kcal/mol for 
TMPRSS2 serine proteases that are low from the docking 
score of bromocriptine for all of the targets (Fig. 2). Bro-
mocriptine showed hydrogen bonding with GLY143A, 
ARG188A, ASN 142 A, and van der Waals interaction with 
THR190A, GLN192A, ASP187A, HIS164A, SER144A, 
GLU166A, CYS145A, LEU27A, THR26A, and THR25A 

residue of main protease Mpro. The N3 showed hydrogen 
bonding with THR190A, HIS 41 A, GLU166A, GLN189A, 
GLY143A, THR26A, and van der Waals interaction with 
TYR54A, ARG188A, ASP187A, HIS172A, ASN142A, 
SER144A, MET49A, CYS145A, THR25A, LEU27A, 
LEU167A, and GLN192A (Fig. 3).

Further, bromocriptine showed two conventional hydro-
gen bonding with the LYS780A, one conventional hydrogen 
bonding with TYR129A, and one carbon-hydrogen bond 
with GLN773A. The bromocriptine shows the van der Waals 
interaction with the ASN138 A, ASP140A, LEU142A, 
THR141A, CYS139A, ASP135A, HIS 133 A, ASN 781 A, 
SER 709 A, ASP 711 A, THR710A, and SER772A. Remde-
sivir showed hydrogen bonding with TYR129A, HIS133A, 
SER709A, ASN780A, GLY774A, LYS47A, GLN773A, 
and van der Waals interaction with ASN705A, LYS780A, 
SER784A, ASP135A, PHE134A, ASP140A, THR141A, 

Fig. 4   3D structure interaction of ligand-protein at the left side and 2D interaction of at right side, a 3D structure interaction of Bromocriptine-
RdRp, b 2D interaction of Bromocriptine-RdRp, c 3D structure interaction of Remdesivir-RdRp, and d 2D interaction of Remdesivir-RdRp
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LEU142A, CYS139A, ASN138A, ALA706A, THR710A, 
ASP711A (Fig. 4).

In TMPRSS2, the bromocriptine showed hydrogen bond-
ing with ARG150A, CYS241A, and the van der Waals inter-
action with GLN159A, ILE452A, GLY153A, ALA243A, 
and PHE156A. Camostat mesylate showed hydrogen bond-
ing with GLY464A, CYS 465 A, HIS296A, ASP435A, 
and van der Waals interaction with SER460A, ALA466A, 
TRP461A, GLY462A, GLY472A, SER436A, VAL473A, 
THR459A, THR393A, HIS279A, VAL278A, ALA386A, 
VAL280, GLY439A, SER441A (Fig. 5). The binding energy 
of bromocriptine was found to be -8.8 kcal/mol, was already 
established as the serine protease inhibitor (Chan et al. 2017) 
(Fig. 5).

The predicted conventional hydrogen binding residues 
of bromocriptine and reference compounds with selected 
COVID-19 protein targets and their respective bond lengths 
(Å) are mentioned in Fig. 6. The results found that all the 

bond length was found to be less than 4 Å which concludes 
that the compounds having good binding with the targets.

Target prediction and toxicity prediction

The pkCSM online database identified the prediction of the 
toxicity of the drugs. The bromocriptine showed no AMES 
toxicity, hepatotoxicity, and skin sensitivity (Table 1). None 
of the compounds interfered with the hERGI inhibitors. The 
LD50, LOAEL doses are mentioned in Table 1. But the ergot 
alkaloid, methysergide, and pergolide showed AMES toxic-
ity. The existed experimental toxicity of the drugs is men-
tioned by using the Drug bank server. The drugs showed 
nausea, vomiting, diarrhoea, and severe hypotension as com-
mon side effects. Bromocriptine is currently used to manage 
the neurological disease and metabolic disorders such as 
Parkinson’s, acromegaly, and type-2 diabetes mellitus via 
(Ozery et al. 2020). Further, the SWISS target prediction 

Fig. 5   3D structure interaction of ligand-protein at the left side and 
2D interaction of at right side, a 3D structure interaction of Bro-
mocriptine-TMPRSS2, b 2D interaction of Bromocriptine-TMPRSS2, 

c 3D structure interaction of Camostat mesylate-TMPRSS2, and d 2D 
interaction of Camostat mesylate-TMPRSS2
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server analyzed the target prediction of bromocriptine. The 
bromocriptine contributes 46 % family A G-protein-coupled 
receptor, 20 % proteases, 12 % kinases, 8 % cytochrome 
P450, 6 % enzymes. The SWISS target prediction showed 
there are chances of protease enzyme inhibition by bro-
mocriptine (Fig. 7).

Molecular dynamic and MM‑PBSA analysis

A molecular dynamics simulation study of the docked struc-
ture was done to analyze the drug’s effect on the Mpro, RdRp, 
and TMPRSS2. The molecular dynamics were performed 
up to 20 ns, and results indicate that bromocriptine has an 

Fig. 6   Interactive residues of SARS-CoV-2 targets with Bromocriptine and reference compounds

Table 1   Toxicity and experimental prediction of FDA approved drugs

Drug name Ames toxicity Max tolerated 
(human)(log 
mg/kg/day)

HERG I 
inhibitor

HERG II 
inhibitor

Oral acute tox-
icity (LD50) 
mol/kg

Oral chronic 
toxicity 
(LOAEL) (log 
mg/kg_bw/
day)

Hepatotoxicity Skin 
sensiti-
zation

T. pyri-
formis 
(logµg/L)

Predicted toxicity of drug
Bromocriptine No − 0.915 No Yes 3.739 2.693 No No 0.285
Methysergide Yes − 0.515 No Yes 2.642 1.013 Yes No 0.316
Methylergo-

metrine
Yes − 0.723 No Yes 2.81 1.078 No No 0.299

Pergolide Yes − 0.266 No Yes 2.919 1.846 Yes No 1.006
Cabergoline No − 0.978 No No 3.032 0.442 Yes No 0.282
           Experimental toxicity of drug 
Bromocriptine Nausea, vomiting, diarrhoea and severe hypotension
Methysergide Tachycardia, hyperactivity, Euphoria, dilated pupils, and dizziness
Methylergo-

metrine
Seizure, nausea, vomiting, hypertension

Pergolide Nausea, Vomiting, decreased blood pressure, convulsions, and CNS stimulation
Cabergoline Nasal congestion, syncope, or hallucinations
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enormous impact on the molecular structure of the Mpro, 
RdRp, and TMPRSS2 protein. Figure 8 shows the proteins’ 
RMSD plots (Mpro, RdRp, and TMPRSS2 proteins) and 

bromocriptine-protein complex. This indicated that bro-
mocriptine stabilizes the protein structures. The RMSD 
value of bromocriptine-Mpro was less than 0.25 Å, similar 
to the N3 (Fig. 8a). In the bromocriptine-TMPRSS2, good 
stabilization started from 0.1 Å throughout the simulation 
process compared to the camostat mesylate (Fig. 8b). The 
RMSD plot value of bromocriptine-TMPRSS2 was found to 
be in the range of 0.2–0.3 Å without fluctuations.

Similarly, the bromocriptine-RdRp complex showed good 
stabilization throughout the simulation, and the RMSD value 
was found near 0.2 Å without much fluctuation. The result 
obtained by bromocriptine showed a similar pattern as that 
of remdesivir-RdRp complex (Fig. 8c). The RMSD values 
of bromocriptine towards three different targets indicate that 
bromocriptine was tightly bound to its active site.

These complexes were further analyzed for their inter-
action with particular residues by molecular dynamic stud-
ies. Bromocriptine-Mpro complex had single conventional 
hydrogen bonding with ARG188A and two conventional 
carbon-hydrogen bonding with GLY143A before starting 

Fig. 7   Target prediction of Bromocriptine

Fig. 8   RMSD plot of bromocriptine with a Main protease (Mpro), b TMPRSS2 and c RdRp
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the M.D. study. At a 10 ns frame of MDS, the bromocrip-
tine stayed at the same protein pocket with conventional 
hydrogen bond with the identical residues of the protein, 
i.e., ARG188A and GLY143A. At 20 ns frame of MDS, 
the bromocriptine lost its bonding with GLY143A con-
ventional hydrogen bond and formed an additional con-
ventional hydrogen bond with VAL186A with a distance 
of 1.98 Å in complex stabilization (Fig. 9).

To shed light on the bromocriptine-RdRp complex, this 
complex has three conventional hydrogen bonding, two 
bonding with LYS780A (2.68 and 2.84 Å), and one con-
ventional bonding with TYR129A (2.48 Å) before M.D. 
study. After the M.D. study at 10 ns, all three conven-
tional hydrogen bonds were lost and formed additional 
hydrogen bonds with ASP135A and LYS714A. At 20 ns, 

bromocriptine formed two new hydrogen bonds with CYS 
799 A with a distance of 2.72 Å and 2.77 Å. This bond-
ing increased the stability of the complex during MDS 
(Fig. 10).

The binding mode of bromocriptine with the RBD 
domain of the TMPRSS2 is elaborated in Fig. 11. It was 
observed that the TMPRSS2 and bromocriptine-TMPRSS2 
protein complex RMSD is very stable, it was found that bro-
mocriptine stayed in the same protein pocket throughout the 
MDS process. At 10 ns, an additional conventional hydrogen 
bond was formed with CYS244A with a distance of 2.33 Å, 
providing stability to the complex. At 20 ns frame, another 
hydrogen bond formed with THR190A with a bond length 
of 2.58 Å, and the bond distance of CYS244A become 
shorter from 2.33 to 2.19 Å. The MM-PBSA residue-based 

Fig. 9   Interaction analysis of bromocriptine bounds to Mpro binding 
domain during simulation process. a Binding of bromocriptine with 
Mpro before molecular simulation study, b Binding of bromocrip-
tine with Mpro with molecular simulation study at 10 ns, c binding 
of bromocriptine with Mpro with molecular simulation study at 20 

ns, d 2D interaction of the bromocriptine with Mpro before molecu-
lar simulation study, e 2D interaction of the bromocriptine with Mpro 
with molecular simulation study at 10 ns, f 2D interaction of the bro-
mocriptine with Mpro with molecular simulation study at 20 ns
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Fig. 10   Interaction analysis of 
bromocriptine bounds to RdRp 
binding domain during simula-
tion process. a Binding of bro-
mocriptine with RdRp before 
molecular simulation study, b 
binding of bromocriptine with 
RdRp with molecular simula-
tion study at 10 ns, c binding 
of bromocriptine with RdRp 
with molecular simulation study 
at 20 ns, d 2D interaction of 
the bromocriptine with RdRp 
before molecular simulation 
study, e 2D interaction of the 
bromocriptine with RdRp with 
molecular simulation study at 
10 ns, f 2D interaction of the 
bromocriptine with RdRp with 
molecular simulation study at 
20 ns

Fig. 11   Interaction analysis 
of bromocriptine bounds to 
TMPRSS2 binding domain 
during simulation process. a 
Binding of bromocriptine with 
TMPRSS2 before molecular 
simulation study, b binding of 
bromocriptine with TMPRSS2 
with molecular simulation 
study at 10 ns, c binding of 
bromocriptine with TMPRSS2 
with molecular simulation study 
at 20 ns, d 2D interaction of the 
bromocriptine with TMPRSS2 
before molecular simulation 
study, e 2D interaction of the 
bromocriptine with TMPRSS2 
with molecular simulation study 
at 10 ns, f 2D interaction of the 
bromocriptine with TMPRSS2 
with molecular simulation study 
at 20 ns
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decomposition analysis showed that the THR 190, ALA 243, 
CYS 244, CYS 241 contributes − 2.30, − 1.814, − 0.619, 
− 0.854 kcal/mol of binding energy.

To further analyze the interaction between targets’ active 
sites and bromocriptine, the root means square fluctuations 
(RMSF) studies were performed. RMSF study of the bro-
mocriptine with Mpro shows slight variation in compari-
son with Mpro protein. The residues of Mpro active site that 
binds to the bromocriptine showed significantly less average 
RMSF value, i.e., less than 0.25 nm. We have found maxi-
mum fluctuation in THR 169 and ASN 238 residues with 
RMSF values of 0.206 and 0.288 nm (Fig. 12a).

Similarly, in the bromocriptine-TMPRSS2 complex, the 
fluctuation was also observed in amino acid residue at the 
protein’s bromocriptine binding site, and the RMSF value 
was found to be around 0.45 Å. The residues involved in 
the fluctuation are ASP 175, ASN 218, LYS 340, GLY 370, 
and PRO 422, with average values of 0.2147, 0.4497, 0.408, 
0.2919, and 0.1999 nm, respectively. It is assumed that very 
low b-factor in the region owing to the structure confirma-
tion (Fig. 12b).

In the case of RdRp, the RMSF study showed fluctuation 
in PRO112, LYS 160, LEU 261, ASN 911 amino acid resi-
dues with average RMSF values of 0.308, 0.2423, 0.4974, 
and 0.4162 nm, respectively (Fig. 12c).

Furthermore, we examined the solvent-accessible 
surface area (SASA) to inspect the hydrophilic and 

hydrophobic residues of the control targets and bro-
mocriptine docked target complex. M.D. simulation-based 
decrease in the average percentile value in SASA for the 
active pocket of proteins indicates that ligand is reliable to 
penetrate the core of protein (Morris et al. 2019). In this 
study, the SASA plot of bromocriptine-Mpro has slight fluc-
tuation throughout the M.D. process, the average value of 
this complex and Mpro apo-protein was found to be 168.25 
and 169.02 nm2 (Fig. 13a). The bromocriptine-TMPRSS2 
and TMPRSS2 showed the plateau after 5 ns and stayed 
the same up to 20 ns of M.D. simulation with the SASA 
value of 188.27 and 186.65 nm 2 respectively (Fig. 13b). 
The third complex, bromocriptine-RdRp, showed stability 
up to 10 ns of the M.D. process. After that, the complex 
had some fluctuation but regained stability after 15 ns 
of M.D. process. The bromocriptine-RdRp complex and 
RdRp value’s average SASA value was 469.48 and 469.28 
nm2 (Fig. 13c).

The Radius of gyration (Rg) indicates the compactness, 
shape, and folding of the protein and ligand-protein com-
plex. The system with a higher number of Rg shows higher 
structure compactness. Figure 14 represents the Rg plots 
of bromocriptine with the Mpro, RdRp, and TMPRSS2. 
Plots revealed that bromocriptine-protein complexes have 
more compactness as compared to the protein control. The 
bromocriptine-Mpro showed the plateau from the beginning 
of molecular dynamics upto 10,000 ps. The Mpro protein 

Fig. 12   RMSF plot of bro-
mocriptine with a main protease 
(Mpro), b TMPRSS2 and c 
RdRp protein
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and bromocriptine-Mpro complex were stabilized between 
2.20 and 2.5 nm, respectively (Fig. 14a). The bromocriptine-
TMPRSS2 and TMPRSS2 protein started the plateau from 
10 to 15 ns. The Rg value of the bromocriptine-TMPRSS2 
and TMPRSS2 was found to be 2.17 ± 0.3 (Fig. 14b). In the 
case of bromocriptine-RdRp shows the plateau up to 8 ns, 
the RdRp protein and bromocriptine-RdRp complex having 
the Rg value between 3.0 and 3.05 nm (Fig. 14c).

MM-PBSA method was performed on the entire three 
ligand-protein complexes for screening the binding free 
energy of the bromocriptine towards the Mpro, RdRp, and 
TMPRSS2. The binding free energy calculation was per-
formed up to 20,000 ps on the M.D. trajectories. This meth-
od’s analysis of the free binding energy is more favorable 
than the ligand-protein complex’s docking score. Bro-
mocriptine-TMPRSS2 showed the highest binding energy 
of − 18.77 kcal/mol, followed by the bromocriptine-Mpro 

with − 17.85 kcal/mol, and bromocriptine-RdRp has the 
least binding energy of − 6.30 kcal/mol (Fig. 15).

FEP‑ABFE approaches

RED function-based FEP-ABPE results calculated for the 
bromocriptine against the Mpro, RdRp, and TMPRSS2 tar-
gets. This method helps encounter systematic errors, and 
the results showed that the best binding energy was found 
to be at 16 λ. We use BAR analysis, which provides a sim-
ple path to perform all calculations and produces various 
error analysis procedures. The free energy of solvation of the 
bromocriptine-Mpro, bromocriptine-RdRp bromocriptine- 
TMPRSS2 was found to be − 5.114 ± 0.038, − 4.343 ± 0.123, 
and − 5.195 ± 0.036 kcal/mol. The calculation’s visual com-
parison segments are mentioned in the supplementary fig-
ures (Figures S1, S2, and S3).

Fig. 13   SASA plot of bromocriptine with a main protease (Mpro), b TMPRSS2 and c RdRp protein
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Conclusion

In the present study, we analyzed the structures of SARS-
CoV-2 Mpro, RdRp and TMPRSS2 co-crystallized with five 
different inhibitors possessing antiviral activity. We explored 
their binding affinity, which revealed few potential drugs 
that can be considered for repurposing. Our analysis also 
predicted toxicity profiles of all the ligands (Table 1) con-
sidering AMES toxicity, hepatotoxicity, skin sensitivity, and 
hERG inhibition for assessing potential cardiotoxicity. Bro-
mocriptine, methysergide, methylergometrine, and caber-
goline showed good docking scores when docked with the 
mentioned SARS-CoV-2 proteins. Among these compounds, 
bromocriptine is a promising candidate to inhibit SARS-
CoV-2 replication. It is bound with a high affinity to all the 
receptors with the binding affinity of − 9.6 kcal/mol towards 
the Mpro, − 9.3 kcal/mol for the RdRp protein, − 8.8 kcal/
mol against the TMPRSS2, and showed no toxicity in all 
domains of assessment.

In conclusion, the accelerated FEP-ABFE show 5 dif-
ferent method TI, TI-CUBIC, DEXP, IEXP, BAR results 

for energy calculation methods show a bit different result 
at state 12–13, 13–14, 14–15, at rest they line up good. 
We used the BAR for reporting results as it was better 
as compared to other methods. The free energy of solva-
tion of the bromocriptine-Mpro, bromocriptine-RdRp bro-
mocriptine- TMPRSS2 was found to be − 5.114 ± 0.038, 
− 4.343 ± 0.123, and − 5.195 ± 0.036 kcal/mol. These pre-
dictions have been performed, resulting in the bromocrip-
tine’s incredible accurate binding energy with selected 
targets. The molecular dynamic studies and MM-PBSA 
study also suggested that bromocriptine can be the best 
candidate for the Main protease (Mpro), TMPRSS2, and 
RdRp. Furthermore, previous studies showed that bro-
mocriptine inhibits protease activity of Zika virus (Chan 
et al. 2017) and the translation or replication steps in the 
dengue virus life cycle (Kato et al. 2016), confirming our 
approach for utilization of bromocriptine against SARS-
CoV-2 infection. Since these FDA-approved compounds’ 
safety pharmacology is already established, it would be 
easy to repurpose them to meet the grave need for treat-
ment of COVID-19.

Fig. 14   Rg plot of bromocriptine with a Mpro, b TMPRSS2, c RdRp protein
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Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40203-​021-​00089-8.
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