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Till date millions of people are infected by SARS-CoV-2 throughout the world, while no potential therapeutics or
vaccines are available to combat this deadly virus. Blocking of human angiotensin-converting enzyme 2 (ACE-2)
receptor, the binding site of SARS-CoV-2 spike protein, an effective strategy to discover a drug for COVID-19.
Herein we have selected 24 anti-bacterial and anti-viral drugs and made a comprehensive analysis by
screened them virtually against ACE-2 receptor to find the best blocker by molecular docking and molecular

dynamics studies. Analysis of results revealed that, Cefpiramide (CPM) showed the highest binding affinity of
—9.1 kcal/mol. Furthermore, MD study for 10 ns and evaluation of parameters like RMSD, RMSF, radius of
gyration, solvent accessible surface area analysis confirmed that CPM effectively binds and blocks ACE-2 receptor

efficiently.

1. Introduction

The outbreak of COVID 19 caused by severe acute respiratory
syndrome-related coronavirus (SARS-CoV-2) has thrown a pandemic
threat to the humanity of the world [1]. Symptoms like cold, flu and in
major cases lung failure or brain failure are shown by the infected pa-
tients [2]. This virus has a huge transmission rate, and without devel-
oping a suitable therapeutic option, the human lives can’t come back in
their previous rhythm [3].

Coronaviruses (CoVs) belong to the family of Coronaviride with
spike glycoprotein on their outer surface, which is similar to severe
acute respiratory syndrome (SARS) and middle east respiratory syn-
drome (MERS) [4]. SARS-CoV-2 is a large enveloped positive sense RNA
virus containing structural and non-structural proteins (nsps), including
several accessory proteins [5]. 82% genomic sequence identity of
SARS-CoV-2 with SARS-CoV helps us to gather knowledge about the
pathogenesis of SARS-CoV-2 [6]. SARS-CoV and SARS-CoV-2, S protein
mediated host cell invasion occurred through binding angiotensin con-
verting enzyme-2 (ACE-2), a receptor protein [6,7]. ACE-2 is located at
the surface membrane of the host cell. The infection process initiates

* Corresponding author.

with the interaction between viral S protein and ACE-2 on the surface of
the host cell [8]. According to the analysis of Cryo-EM structure, the
binding affinity of S protein (SARS-CoV-2) with ACE-2 is approximately
10-20 times greater than the SARS-CoV S protein [9,10]. So higher
contagiousness and transmissibility are reflected for SARS-CoV-2 with
respect to SARS-CoV [11,12]. Various attempts have been made to
inhibit different proteins and enzymes that are involved in replication
process of SARS-CoV-2 viz. hydroxychloroquine inhibits Mpro [13],
remdesivir inhibits RARp [14], Sofosbuvir, Ribavirin inhibit RdRp [15],
extract from Azadiractha Indica inhibits PL-pro [16]. Furthermore, to
discover therapeutic agents for effective blocking of ACE-2 protein,
Chloroquine and hydroxychloroquine are already reported [17,18,51].

Systematic checking of drug-drug target interaction (DTI) is a stan-
dard method of drug repurposing. Various scoring functions (e.g.
docking scoring function) are applied for drug repurpose [17].

In this study, we have selected 24 anti-bacterial and anti-viral drugs
for virtual screening against ACE2 proteins of human body. Molecular
docking study has been done with ACE2 receptor against these drugs.
Molecular dynamics simulation was also performed to check the sta-
bility of ACE2 with that drugs by different plots like RMSD, RMSF, SASA
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Table 1
Docking score with resource of studied potentially active drugs.
Some potentially active drug for repurposing Pubchem CID MW (g/mol) MF Docking Score (Kcal/mol) Ref
2-Amino-6-chloropurine 5360349 169.57 C5HA4CINS -5.3 [26]
3-Pyridinemethanol 7510 109.13 Ce¢H/NO —4.5 [27]
Ametantrone 2134 412.5 CaoHogN4O4 -7.0 [28]
Arfomoterol (Formoterol) 3083544 344.4 C19H24N204 -7.8 [29]
Arildone 41728 368.9 C20H29Cl04 —6.0 [30]
Azanidazole 6436171 246.23 C10H10N602 -5.9 [31]
Bometolol 68850 472.5 C25H32N207 -7.5 [32]
Cefpiramide 636405 612.6 C25H24N807S2 —-9.1 [33]
Cletoquine 71826 307.82 C16H22CIN30 —6.4 [34]
Denopamine 5311064 317.4 C18H23NO4 —6.4 [35]
Emiglitate 72004 355.4 C17H25NO7 -7.1 [36]
Flurocitabine 3034016 243.19 C9H10FN304 —6.5 [37]
Lasinavir 464372 659.8 C35H53N309 -7.8 [38]
Metossamina 688523 211.26 C11H17NO3 —-5.7 [39]
Mitoxantrone 4212 444.5 C22H28N406 —-7.2 [40]
Nifurpirinol 6436061 246.22 C12H10N204 —-6.9 [41]
Oxiracetam 4626 158.16 C6H10N203 -5.1 [42]
Piroxantrone 59916 411.5 C21H25N504 -7.1 [43]
Stiripentol 5311454 234.29 C14H1803 —6.4 [44]
Sulfinalol 44439 377.5 C20H27NO4S -7.6 [45]
Teloxantrone 124644 411.5 C21H25N504 -7.1 [46]
Tigecycline 54686904 585.6 C29H39N508 -7.5 [471
Toborinone 60790 384.4 C21H24N205 -7.6 [48]
Xamoterol 155774 339.39 C16H25N305 —6.5 [49]
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Fig. 1. Docking score of different compounds against ACE-2.

radius of gyration analysis.
2. Methodology
2.1. Molecular docking studies

The crystal structure of SARS-CoV-2 spike binding site angiotensin
converting enzyme-2 (ACE-2) (PDB ID:6MO0J) receptor was obtained

from protein data bank (http://www.rcsb.org). The structure was then
cleaned using Autodock tools by removing heteroatoms and by adding
necessary hydrogen atoms. The structures of the 24 drug molecules were
obtained from PubChem. Using UCSF Chimera [19] the pdb files of the
drugs were created for docking. Only chain-A of ACE-2 receptor was
selected for docking with drugs. Autodock Vina [20] package was used
for docking between the best binding sites of ACE-2 and drugs.
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Table 2

Toxicity prediction of compounds of ACE2 inhibitor.

Compound AMES Max. tolerated dose hERG I hERG II Oral Rat Acute Toxicity Oral Rat Chronic Hepatot- Skin Sensitis- T.Pyriformis toxicity Minnow toxicity
toxicity (human) inhibitor inhibitor (LD50) (mol/kg) Toxicity (LOAEL) oxicity ation (log ug/L) (log mM)
(log mg/kg bw/day)
2-Amino-6- Yes 0.217 No No 2.318 1.227 No No 0.285 2.308
chloropurine
3-Pyridinemethanol No 0.861 No No 1.949 2.421 No Yes —0.684 2.307
Ametantrone No 0.647 No Yes 2.565 4.466 Yes No 0.285 2.718
Arfomoterol No 0.144 No Yes 2.725 2.666 Yes No 0.348 1.198
(Formoterol)
Arildone No 1.029 No Yes 3.328 1.932 No No 1.471 -1.579
Azanidazole Yes 0.482 No No 1.897 1.575 Yes No 0.285 2.141
Bometolol No —0.106 No Yes 2.019 1.757 Yes No 0.327 —0.023
Cefpiramide No 0.774 No No 2.437 3.071 Yes No 0.285 4.32
Cletoquine No 0.436 No Yes 2.717 1.371 Yes No 0.672 2.641
Denopamine No —0.139 No Yes 2.83 2.101 Yes No 0.476 1.298
Emiglitate No 0.927 No No 2.215 3.652 Yes No 0.284 4.156
Flurocitabine No 1.08 No No 2.491 2.357 No No 0.311 3.591
Lasinavir No —0.242 No Yes 2.535 2.631 Yes No 0.285 —0.014
Metossamina No 0.319 No No 2.596 1.267 No No 0.227 0.226
Mitoxantrone No 0.689 No Yes 2.499 2.605 Yes No 0.285 5.057
Nifurpirinol Yes 0.687 No No 2.491 1.987 No No 0.761 1.514
Oxiracetam No 1.29 No No 1.839 1.871 No No —0.52 3.878
Piroxantrone No 0.76 No Yes 2.479 3.902 Yes No 0.285 3.195
Stiripentol No 0.777 No No 1.867 1.965 No No 2.045 0.612
Sulfinalol No 0.262 No Yes 2.69 2.106 Yes No 0.403 0.184
Teloxantrone Yes 0.647 No Yes 2.483 3.489 Yes No 0.285 4.036
Tigecycline No 0.622 No Yes 2.274 3.327 No No 0.285 5.424
Toborinone No —0.294 No Yes 2.883 1.297 Yes No 0.308 1.311
Xamoterol No —0.235 No No 1.536 1.239 Yes No 0.27 5.022
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Fig. 2. Docked structure of ACE2 receptor with few drugs having high binding affinity.
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Fig. 4. RMSD plot (a) and RMSF plot for undocked and docked ACE2.

2.2. Molecular dynamics (MD) simulation studies

10ns MD-simulation was performed with the minimum energy
conformer of the ACE-2 and Cefpiramide (CPM) complex using Gromacs
(5.1) [20] with CHARMM36-march2019 force field [21]. The TIP3P
water model [22] was used for solvation of the complex. Necessary to-
pology and parameter files for the drug (CPM) were generated by using
CGenFF server. A cubical box with a buffer dimension 10 x 10 x 10 A%
was created and adequate number of Na™ ions were added to maintain
electro neutrality. After performing energy minimization of the
ACE-2-drug complex to 10 kJ mol 'nm ™}, a 100 ps NVT equilibration
was then performed at 300 K followed by another equilibration NPT for
100 ps, keeping 2fs time step.

Modified Berendsen thermostat was used for the NPT ensemble. Here
also the time step was 2 fs? For both NVT and NPT equilibration, cut-offs
for electrostatic and van der Waals interactions were kept at 1.0 nm.
Long range interactions were calculated using smooth particle mesh

Ewald (PME) method [23]. The equilibrated ensembles were finally
subjected to MD simulation for 10 ns, with electrostatic and van der
Waals cut off as before. PME method was used to calculate long range
electrostatic interactions. A modified Berendsen thermostat and a
Parinello-Rahman barostat were used with reference temperature and
pressure at 300 K and 1 bar respectively. Snapshots of the trajectory
were saved every 1 ns for each case.

2.3. Binding free energy calculation

Molecular mechanics Poison-Boltzmann surface area (MM-PBSA)
method [24], implemented on Gromacs tool (g_mmpbsa) [25] was used
for the calculation of binding free energies. The binding energies were
calculated by using the following formulae

@
(2)

AGbind = Gw-complcx - Gw-prolcin - Gw-drug

Gw-complex = (EMM> + (Gsol>_ TS
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Fig. 6. Structural alteration of amino acid in undocked and docked ACE-2.

Gy is the free energy of solvation including polar and non-polar energies.

Emm = Ebonded + Enon-bonded = Ebonded + (Evaw + Eelec) 3 SASA is the solvent accessible surface area, v is the coefficient of surface
tension of solvent and b is the fitting parameter. TS is not considered by
Gyol = Gpolar + Gnon-polar = Gpolar + (YSASA +b) (4) g_mmpbsa.

Where, Gy_complex 18 the total free energy of the ACE2 and drug complex, Gy.
proteins Gw-drug are the free energies of the protein and drug respectively. Eyv is
the average MM potential energy including bonding, non-bonding energies,



A.A. Khan et al.

15 1 1

Microbial Pathogenesis 152 (2021) 104762

Contribution Energy (kJ/mol)

|
155100

|
200

|
300

| |
400 500 600

Residue Number

Fig. 7. Contribution of residues to binding energy in the docked structure of ACE2.

Table 3
Different types of interaction energies between ACE2 and CPM.

System Binding Energy (kJ/mol) van der Waal energy (kJ/mol)

Electrostatic energy (kJ/mol)

Polar solvation energy (kJ/mol) SASA energy (kJ/mol)

ACE2+CPM —79.958 + 18.653 —172.786 + 15.261

—59.125 + 15.418

170.592 + 24.815 —18.638 = 1.223

3. Results and discussions

24 potentially active drugs were selected for virtual screening
against human angiotensin converting enzyme-2 (ACE-2) receptor. Ac-
cording to the previous studies, all these drugs have either anti-bacterial
or anti-viral activities as shown in Table 1. Among the selected drugs
four drugs (Formoterol, Cefpiramide, Mitoxantrone and Tigecycline) are
FDA approved. In the present study we have made a comprehensive
analysis of the inhibitory activity of these drugs against ACE-2 receptor.
Docking scores, summarised in Table 1 clearly indicate the binding ef-
ficiency of these drugs with ACE-2 receptor. All the 24 drugs showed
binding affinities with ACE-2 receptor and 12 of them showed high
binding affinities with a docking score greater than or equals to —7.0
kcal/mol.

Cefpiramide, which showed a broad spectrum antibiotic activity
showed the highest docking score against the human ACE-2 receptor of
—9.1 kcal/mol. The binding affinities of the studied drugs against ACE-2
are shown in Fig. 1.

Pharmacological analysis of these compounds showed interesting
results. ADME toxicity analysis has been performed against these
selected compounds.

3.1. ADMET calculations

ADMET (i.e. Absorption, Distribution, Metabolism, Excretion, and
Toxicity) profiling of the compounds were performed with the help of
pkCSM online server [50]. All the studied compounds have skin
permeability ranging from —2.665 to —4.3. Most of the compounds do
not inhibit P-glycoprotein I and II. Blood-brain barrier (BBB) perme-
ability values are between —2.083 and +0.087, whereas CNS perme-
ability values appear between —5.4 and —1.632. Most of the drugs do
not inhibit CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 enzymes and
do not interact with renal OCT2 substrate. Along with that, most of the

drugs neither show AMES toxicity nor inhibit the hERGI inhibitor. The
highest value of LD50 toxicity of these drugs are 3.328 mol/kg. Few of
them are hepatotoxic in nature and almost all of them do not create skin
sensitization. The highest value of minnow toxicity level of these drugs is
5.424. These values are tabulated in Table 2.

Compounds which showed potential binding affinities with ACE2 are
shown in Fig. 2. The interaction site of the docked structure of the drugs
with ACE2 is given in the figure.

Fig. 3 represents the docked structure of Cefpiramide (CPM) with
ACE2. From Fig. 3 it is clear that there is strong binding interaction
between the drug and ACE2 receptor due to the formation of H-bonding,
electrostatic and van der Waal interactions. The nearest residues are
shown in the 2D contour plot (left panel) as well as in the 3D structure is
shown in right panel. The H-bonding distances (in angstrom) are given
in the 2D structure and the donor and acceptor sites within the docked
cavity are given in the right panel 3D structure.

Analysing the ADME data and binding energies obtained from
docking results we have chosen the drug Cefpiramide (CPM BE = —9.1
kcal/mol) to study the MD-simulation against ACE-2. The RMSD plot of
the docked CPM against ACE-2 is shown in Fig. 4. We found a profound
stabilization of the docked structure after 2 ns?as compared to the
undocked one.

Furthermore, we also note that after 2 ns the RMSD fluctuation of the
docked structure is relatively low with respect to the undocked one
suggesting during the progress of MD-simulation, the drug moiety in-
teracts strongly within the cavity of the ACE-2. RMSF plot as shown in
Fig. 4b reveals that the fluctuations of residues for the docked structure
are quite low compared to the undocked one. Radius of gyration (Rg)
indicates the compactness of a system. With increasing the value of Rg,
the compactness of the system also increases. Rg for the docked and
undocked structure is shown in Fig. 5a. Rg for the docked structure is
quite high as compared to the undocked one which confirms that after
docking the drug (CPM) is nicely fitted within the cavity of ACE-2. We
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also analyzed the surface accessible surface area (SASA) plot for
undocked and docked ACE-2.

Fig. 5b represents the SASA plot of undocked and docked ACE-2. A
closer look to Fig. 5b revealed that after 4 ns the docked structure cor-
responds to the higher SASA value compared to the undocked one
suggesting the entry of the drug stabilizes ACE-2 conformation. Fig. 6
represents the sequence analysis of undocked and docked ACE-2. From
Fig. 6 it is clear that there is a substantial structural alternation on amino
acids in ACE2 before and after docking. Residue numbers from 280 to
381 of ACE2 were mostly affected by the drug CPM. This result is further
elevated by the contribution energy with respect to residue number, as
shown in Fig. 7.

The binding energy of CPM against ACE2 showed a high value of
—79.958 + 18.653 kJ/mol. As shown in Table 3 all the interaction en-
ergies between ACE2 and CPM showed a high value confirming pro-
found conformational changes of ACE2 by CPM.

Fig. 8 represents the binding free energy, MM energy, polar solvation
and non-polar solvation energy. The binding free energy of polar and
non-polar parts of the docked structure with respect to time is shown in
Fig. 8 ¢ & d respectively. During MD-simulation non-polar binding free
energy (van der Waal interaction) decreased indicating much stronger
binding of the drug CPM in the ACE2 cavity. A stronger binding between
CPM and ACE2 is indicated by the substantial structural change in ACE2
receptor. Fig. 8 a & b represented the binding energy and MM energy of
CPM against ACE2 during MD-simulation. We found the average binding
energy of —79.958 kJ/mol and the average MM energy of —231.327 kJ/
mol.

Conformational changes during MD-simulation is represented in
Fig. 9. These changes are captured at each nanosecond and revealed that
these changes are profound. RMSD plot indicates a significant change in
the structure after two ns. Hence it is clear that CPM has a considerable
impact on the conformation of ACE-2.

4. Conclusion

In the present work, we have virtually screened 24 potentially active
anti-bacterial and anti-viral drugs against SARS-CoV-2 binding receptor,
ACE-2. ADMET profiling confirms that these drugs are suitable to use
against COVID-19 treatment. The screening results revealed that cef-
piramide (CPM) showed a decent binding affinity SARS-CoV-2 human
ACE-2 receptor. CPM entry to the cavity of ACE-2 is facilitated by
forming H-bonding interactions and electrostatic interactions. Further-
more, MD-simulation of CPM against ACE-2 showed a striking result by
stabilizing ACE-2 conformation. The total disruption of ACE-2 sequence
indicates that the drug has a significant impact on the receptor.
Considerable stabilization and effective blocking of ACE-2 by CPM are
confirmed by RMSD, RMSF analysis along with the binding energy
calculation. We believe that the drug, CPM can be anticipated as an
effective blocker for ACE-2 receptor and showed potential inhibitory
activity against SARS-CoV-2.

Data availability

Data is available upon request to the corresponding author.
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