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A B S T R A C T

The COVID-19 pandemic raised by SARS-CoV-2 is a public health emergency. However, lack of antiviral drugs
and vaccine against human coronaviruses demands a concerted approach to challenge the SARS-CoV-2 infection.
Under limited resource and urgency, combinatorial computational approaches to identify the potential inhibitor
from known drugs could be applied against risen COVID-19 pandemic. Thereof, this study attempted to purpose
the potent inhibitors from the approved drug pool against SARS-CoV-2 main protease (Mpro). To circumvent the
issue of lead compound from available drugs as antivirals, antibiotics with broad spectrum of viral activity, i.e.
doxycycline, tetracycline, demeclocycline, and minocycline were chosen for molecular simulation analysis
against native ligand N3 inhibitor in SARS-CoV-2 Mpro crystal structure. Molecular docking simulation predicted
the docking score>−7 kcal/mol with significant intermolecular interaction at the catalytic dyad (His41 and
Cys145) and other essential substrate binding residues of SARS-CoV-2 Mpro. The best ligand conformations were
further studied for complex stability and intermolecular interaction profiling with respect to time under 100 ns
classical molecular dynamics simulation, established the significant stability and interactions of selected anti-
biotics by comparison to N3 inhibitor. Based on combinatorial molecular simulation analysis, doxycycline and
minocycline were selected as potent inhibitor against SARS-CoV-2 Mpro which can used in combinational therapy
against SARS-CoV-2 infection.

1. Introduction

Human coronaviruses (HCoVs), such as middle-east respiratory
syndrome coronavirus (MERS-CoV), severe acute respiratory syndrome
coronavirus (SARS-CoV), and 2019 novel coronavirus (2019-nCoV, also
called as SARS-CoV-2) that emerged from animal reservoirs, have ag-
gravate the pandemic with high mortality and morbidity.
Coronaviruses (CoVs) are positive-sense, single-stranded RNA (ssRNA)
virus which contain the largest RNA genome of 27–32 kb with six to ten
open reading frames (ORFs) enclosed in an enveloped protein to form
spherical particles of 100–160 nm size [1,2]. The genetic material of
HCoVs is highly susceptible to frequent recombination process which
has been suggested to direct the establishment of new HCoV strains
with altered virulence [3]. As a result, a total of seven main HCoVs have
been recorded, viz. HCoV-229E, HCoV-NL63, HCoV-OC43, HCoV-
HKU1, MERS-CoV, SARS-CoV, and SARS-CoV-2; these viruses are held
accountable for fatal infections in the respiratory system and other
system symptoms, including diarrhea and nausea [4,5].

HCoVs belong to the Coronaviridae family of the order Nidovirales
and classified into four genera (α, β, γ, and δ) [6]. Recently discovered
SARS-CoV-2 belongs to the β genus which shares 79.5% sequence si-
milarity to SARS-related coronavirus and is 96% identical at the whole-
genome level to a bat coronavirus [7,8]. The genome analysis of cor-
onaviruses, including SARS-CoV-2 genome (GenBank:MN908947.3),
revealed four non-structural proteins, i.e. papain-like protease (PLpro),
3-chymotrypsin-like (3CLpro), helicase, and RNA polymerase; four
structural proteins, viz. nucleocapsid (N) protein, membrane (M) pro-
tein, envelope (E) protein, Spike (S) protein, and accessory proteins
[1,9–11]. Both 3CLpro and PLpro are reported in transcription and re-
plication of the virus [6]. Remarkably, in vitro inhibition of these pro-
teases by the selected inhibitors has shown antiviral activity against
coronaviruses (CoVs) [12,13]. These observations concluded the 3CLpro

as the main coronavirus protease (Mpro) [14], which is essentially re-
quired to conduct the replication cycle of the virus [6,15]. Like in other
HCoVs, SARS-CoV-2 Mpro digests the polyprotein at conserved sites; it
starts with autolytic cleavage from pp1a and pp1ab site encoded by the
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virus ORF1a/b which shares 96% sequence similarity with Mpro of
SARS-CoV strain [16,17]. To conquer coronavirus infections, the in-
hibition of viral Mpro, which is functionally important in the viral life
cycle and absence of its human homologues, has been approved as
conventional antiviral therapeutic strategy [12].

In current scenario, despite numerous efforts, no drug or vaccine is
yet approved against the HCoVs and expected to take further months to
years for the new interventions [11]. Recently, various Mpro inhibitors
were demonstrated for broad-spectrum in vitro activities against CoVs
via interacting with conserved key residues required for the substrate
recognition at respective Mpro enzymes [18,19]. Moreover, with the
urgency of SARS-CoV-2 outbreak, drug repurposing is represented as an
effective drug discovery approach from existing drugs to suggestively
shorten the time and condense the cost by comparison to de novodrug
discovery strategy and randomized clinical trials [20]. To facilitate the
rapid drug discovery, computational drug repurposing approaches have
been established as an effective method to reveal the new indications
from already known drugs with the aid of computational algorithms
such as molecular docking simulation and molecular dynamics simu-
lation to predict the drug-target interactions and binding stability, re-
spectively [21,22]. Previously, computational drug repurposing ap-
proaches were employed to identify the potential drug candidates
against viral infections, including Ebola, ZIKA, dengue, and influenza
infections [23], and for HCoVs such as SARS-CoV and MERS-CoV
[24–26]. Also, nonpeptidic active-site-directed inhibition of SARS-CoV
Mpro was discovered by a combination of screening and docking
methods [27]. Likewise, bifunctional aryl boronic acid compounds were
discovered to inhibit the SARS-CoV Mpro using combination of experi-
mental and computational methods [28]. After SARS-CoV-2 outbreak,
computational drug repurposing was also applied to find the potential
drugs and some of the investigations are already reported [29–31]. In
area of drug repurposing, antibiotics from tetracyclines and its deri-
vatives have been repurposed against viral infections [32,33]. These
antibiotics are well designated as broad-spectrum bacteriostatic in-
hibitors which selectively inhibit the microbial protein synthesis only,
including naturally occurring polyketide compounds (chlortetracycline,
oxytetracycline, and tetracycline) and their semisynthetic derivatives
(minocycline, doxycycline, and methacycline) [32]. Notably,

tetracycline derivatives, i.e. doxycycline, was reported to exert antiviral
effects against antimurine retrovirus [34], Chikungunya infection [33],
and blockage of dengue virus replication in infected cell lines [35,36].
Besides, demeclocycline is known to exert anti-viral activity on west
Nile virus (WNV) [37] and included in the list of antiviral compounds
[38]. Another, broad spectrum tetracycline derivative minocycline was
initially reported against human immunodeficiency virus (HIV) type 1
infection [39], and later studied for other viruses such as WNV, Japa-
nese encephalitis virus (JEV), Simian Immunodeficiency virus (SIV),
Sindbis, human T-lymphocytic virus type-1 (HTLV-1), Rabies, and Re-
oviruses [40]. Moreover, tetracyclines (e.g. tetracycline, doxycycline,
and minocycline) which are known as zinc chelating agents were pos-
tulated to inhibit COVID-19 infection by restricting viral replication in
the host [41]. Additionally, synthetic halogenated tetracycline erava-
cycline was demonstrated with inhibitory effect against SARS-CoV,
SARS-CoV-2, MERS-CoV, and hepatitis C virus (HCV) using computa-
tional studies [42].

Hence, under the impression of tetracyclines and their derivatives
inhibits viral infections, we hypothesized that antibiotics reported for
antiviral activities may be helpful in the SARS-CoV-2 inhibition by
blockage of its main protease, viz. Mpro. Thereof, we employed structure
based molecular docking for selected four tetracyclines, i.e. doxycy-
cline, tetracycline, demeclocycline, and minocycline known for anti-
viral activities against other viruses, with Mpro from SARS-CoV-2.
Similar virtual screening approach was recently applied to identify the
tetracycline derivatives as Flavivirus inhibitors [36]. Following, docked
protein-antibiotics complexes were evaluated for the complex stability
via classical molecular dynamics simulation. The binding affinity and
stability of selected viral protease-antibiotics complexes were also
compared to the docked complexes of protease with native ligand N3
inhibitor to generate a comparative study as mentioned in Fig. 1.

2. Methodology

2.1. Receptor and ligand collection

Crystal structure of the novel SARS-CoV-2 main protease (SARS-
CoV-2 Mpro) was downloaded from PDB database (https://www.rcsb.

Fig. 1. Repurposing of antibiotics tetracyclines as potential inhibitors of SARS-CoV-2 main protease (Mpro) via combinatorial molecular simulation calculations.
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org/) with PDB ID:6lu7 [43]. The viral Mpro was elucidated at 2.16 Å
resolution as dimer, where each monomer contained three domains;
domain I (residues 8–101), domain II (residues 102–184), and domain
III (residues 201–303) connected by long interconnecting loop (residues
185–200) between the domains II and III. The catalytic dyad (His41 and
Cys145) and substrate binding sites were also defined between the
domains I and II in the crystal structure with N3 inhibitor [43]. Besides,
3D structures of selected antibiotics, i.e. doxycycline (CID: 54671203),
tetracycline (CID: 54675776), demeclocycline (CID: 54680690), and
minocycline (CID: 54675783), were also downloaded from PubChem
database (https://pubchem.ncbi.nlm.nih.gov/).

2.2. Molecular docking simulation

Molecular docking simulation between the SARS-CoV-2 Mpro and
selected antibiotics was conducted in Chimera-AutoDock Vina plugin
setup to determine the interacting residues of the protein with re-
spective ligands. Briefly, protein and ligand structures were minimized
using the default parameters in structure minimization tool in USCF
Chimera-1.14 [44]. Following, receptor and ligands were prepared
using Dock prep tool in Chimera under default parameters, where na-
tive ligand from the crystal structure was removed, polar hydrogen
atoms and charges were added. Finally, molecular docking simulations
were performed using AutoDock Vina [45] plugin with default setting
at the native ligand binding pocket by adopting the docking grid size of
60 × 40 × 40 Å along both three (X, Y, and Z) axes, covering all the
essential residues center at −8.918, 17.918, 62.905 Å region, to pro-
vide copious space for the ligand conformations. By docking, at least 10
conformers were generated and conformer with lowest binding energy
and RMSD were chosen for further analysis in free academic Maestro
v12.3 (Schrödinger Release 2020-1: Maestro, Schrödinger, LLC, New
York, NY, 2020). Herein, noncovalent interactions, viz. hydrogen
bonding, hydrophobic, π-π interaction, π-cation interaction, positive
(basic or positive amino acids), negative (acidic or negative amino
acids), polar (polar amino acids), glycine (non-polar interaction), and
salt bridges interactions, were calculated at cutoff radius of 4 Å under
default conditions, and both 3D and 2D interaction images were gen-
erated. Similar docking methodology was also employed for the crystal
structure ligand, i.e. Michael acceptor inhibitor, known as N3 inhibitor
[43], to validate the docking procedure and for comparative analysis
with the selected antibiotics.

2.3. Molecular dynamics simulation

The best scored poses for receptor-ligand complexes were evaluated
for complex stability by 100 ns molecular dynamics (MD) simulations
using free academic Desmond v5.6 module of Schrödinger-Maestro
v11.8 [46] under Linux environment on HP Z2 workstation. All the MD
systems for protein-ligand complexes were fabricated as an orthor-
hombic grid box (10 Å × 10 Å × 10 Å buffer) followed by addition of
TIP4P (transferable intermolecular potential 4 point) water molecules
for system minimization using System Builder tools in Desmond-
Maestro interface. Later, salt and ion placement were omitted at 20 Å
from the ligand and whole system was neutralized by addition of
counter ions. Besides, 0.002 ps time interval was set for the anisotropic
diagonal position scaling to reserve the constant pressure during MD
simulation. Additionally, temperature of the system was set at 300 K
coupled with 20 ps NPT reassembly at 1 atm pressure. Furthermore,
system density was preserved near 1 g/cm3 and all the calculations
were conducted under default parameters. Finally, MD simulation for

each complex was conducted for 100 ns interval under similar condi-
tions. Subsequently, the simulation trajectories were analyzed by si-
mulation interaction diagram tool in Desmond v5.6 module of Schrö-
dinger-Maestro v11.8 [46].

3. Results and discussion

3.1. Intermolecular interaction analysis

The molecular docking algorithms have been widely used to predict
the bioactive compounds or drug repurposing against various drug
targetable proteins in diseases and infections [36,47]. Likewise, this
study also employed the molecular docking simulation approach for the
selected antibiotic tetracyclines, i.e. doxycycline, tetracycline, deme-
clocycline, and minocycline, to predict their instinctively potential
against SARS-CoV-2 infection by its Mpro inhibition. All the docked
drugs and N3 inhibitor showed significant docking confirmation with
binding affinity energies>−7 kcal/mol at least RMSD (0 value by
default in AutoDock Vina under default parameters) in the active
pocket of SARS-CoV-2 Mpro with respect to N3 inhibitor (Figs. 2, S1).
The docked SARS-CoV-2 Mpro-doxycycline complex was recorded with
significant −7.6 kcal/mol docking score and formed five hydrogen
bonds with the viral protease by active residues Thr26 (2.8 Å and
2.33 Å), Leu141 (2.33 Å), Gly143 (2.86 Å), and Cys145 (3.23 Å); ad-
ditional interactions, i.e. hydrophobic (Leu27, Met49, Leu141, Cys145,
Met165), polar (Thr24, Thr25, Thr26, Hie41, Thr45, Asn142, Ser144,
His163, and Gln189), negative (Glu166), and glycine (Gly143), were
logged in SARS-CoV-2 Mpro-doxycycline complex (Fig. 2a–b). Whereas,
SARS-CoV-2 Mpro docked complex with tetracycline was logged for
docking energy of −7.5 kcal/mol and formation of four hydrogen
bonds with the active residues His41 (2.84 Å), Asn142 (3.33 Å), Gly143
(2.84 Å), and Gln189 (3.86 Å) was also recorded. Moreover, hydro-
phobic interactions (Leu27, Met49, Phe140, Leu141, Cys145, and
Met165), polar interactions (Thr25, Thr26, His41, Thr45, Ser46,
Asn142, Ser144, His163, His164, and Gln189), negative interactions
(Glu166), and glycine interactions (Gly143) were also observed be-
tween the residues of SARS-CoV-2 Mpro and atoms of tetracycline
(Fig. 2c–d). Similarly, SARS-CoV-2 Mpro-demeclocycline complex ex-
hibited significant docking score of −7.4 kcal/mol along with forma-
tion of three hydrogen bonds at essential residues Asn142 (3.03 Å),
Gly143 (2.80 Å), and Gln189 (3.74 Å) of SARS-CoV-2 Mpro. Ad-
ditionally, the respective complex was noted for hydrophobic interac-
tions (Leu27, Met49, Leu141, Cys145, and Met165), polar interactions
(Thr25, Thr26, Hie41, Ser46, Asn142, Ser144, His164, Gln192, Thr190,
and Gln189), negative interactions (Glu166 and Asp187), positive in-
teractions (Arg188), and glycine interactions (Gly143) (Fig. 2e–f).
While, SARS-CoV-2 Mpro-minocycline complex showed substantial
binding energy of −7.1 kcal/mol followed by formation of three hy-
drogen bonds with the residues Asn142 (2.64 Å), Gly143 (2.54 Å), and
Glu166 (2.84 Å) in the active pocket of viral protease. Other inter-
molecular interactions, viz. hydrophobic interactions (Leu27, Met49,
Pro52, Tyr54, Leu141, Cys145, and Met165), polar interactions (Thr25,
Thr26, His41, Ser46, Asn142, Ser144, His164, and Gln189), negative
interactions (Glu166 and Asp187), positive interactions (Arg188), and
glycine interactions (Gly143), were also observed for SARS-CoV-2 Mpro-
minocycline docked complex (Fig. 2g–h). The substantial docking en-
ergy and formation of strong hydrogen bonds between the atoms of
respective antibiotics with active residues of SARS-CoV-2 Mpro indicate
the substantial stability of docked protease-antibiotics complexes.

Furthermore, the docked poses of the antibiotics with SARS-CoV-2

Fig. 2. 3D and 2D interaction profiles for SARS-CoV-2 Mpro-antibiotics; (a–b) doxycycline, (c–d), tetracycline, (e–f) demeclocycline, and (g–h) minocycline, depicting
active residues around the ligand at 4 Å area in the active pocket of SARS-CoV-2 Mpro. In 2D interaction maps, hydrogen bond formation (pink arrows), hydrophobic
(green), polar (blue), red (negative), violet (positive) and glycine (grey) interaction are also logged between the docked SARS-CoV-2 Mpro and selected antibiotics.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Mpro were also compared to the SARS-CoV-2 Mpro-N3 inhibitor docked
complex (Fig. S2). The comparative docking analysis includes docking
energy and intermolecular interaction profiling between the selected
complexes. From molecular docking simulation analysis, N3 inhibitor
(−7.6 kcal/mol) showed relatively similar docking energy by com-
parison to selected antibiotics (maximum docking score −7.6 kcal/mol
logged for SARS-CoV-2 Mpro-doxycycline complex). Moreover, SARS-
CoV-2 Mpro-N3 inhibitor complex exhibited formation of four hydrogen
bonds with residues Cys145 (2.01 Å), Glu166 (2.16 Å), and Gln189
(2.30 and 3.06 Å) along with other intermolecular interactions (Fig.
S2). Interestingly, in SARS-CoV-2 Mpro-antibiotic complexes, doxycy-
cline also generated five hydrogen bonds and minimum of three hy-
drogen bonds were noted for the minocycline docked at the active
pocket of viral protease. Besides, both antibiotics and N3 inhibitor ex-
hibited significant hydrophobic, polar, negative, positive, and glycine
interactions with common residues of the SARS-CoV-2 Mpro (Figs. 2,
S2). Interestingly, selected antibiotics docked with SARS-CoV-2 Mpro

exhibited one or more than type of interaction with the catalytic dyad
(Cys145 and His41), substrate binding residues (Phe140, Leu14,
Gly143, Ser144, His163, Met165, and Glu166) and other essential re-
sidues required for the substrate binding pocket (Thr24, Thr25, Met49,
Phe140, Asn142, His163, Met165, Asp187, and Gln189) (Figs. 2, S2) as
reported in the viral protease crystal structure with N3 inhibitor [43].
Additionally, Gln189 residue, which is absolute requirement for S1
subsite at the P1 position was logged in the interaction profile with the

selected antibiotics with SARS-CoV-2 Mpro inhibitors [43]. As, the an-
tibiotics were logged for intermolecular interaction with residues of
active site and substrate-binding pocket located between the clefts of
domain I and domain II of vial main protease, suggested to inhibit the
proteolytic function of SARS-CoV-2 Mpro, which is required for the viral
replication and pathogenesis [43]. Moreover, interacted residues of
SARS-CoV-2 Mpro in the antibiotics docked complexes are highly con-
served as substrate-recognition pocket of the CoVs, suggested the se-
lected screened antibiotics can be employed for the development of
broad spectrum of antiviral drugs against HCoVs. Hence, molecular
docking simulation analysis for the screened antibiotics with respect to
N3 inhibitor suggested that the selected drug molecules have the po-
tential to inhibit SARS-CoV-2 Mpro by interacting with its catalytic dyad
and substrate binding residues.

3.2. Molecular dynamics simulation analysis

Molecular dynamics simulation can be employed to the docked
complexes to study their stability and intermolecular interaction pro-
filing with respect to time [47,48]. In this study, docked complexes of
antibiotics and N3 inhibitor with viral protease were subjected to
100 ns molecular dynamics (MD) simulation to predict the respective
complex confirmation change, stability, and intermolecular interactions
between the active residues of the receptor and atoms of the ligand
molecules. Initially, last pose from simulation trajectory was extracted

Fig. 3. Calculated RMSD values for α-carbon atoms (blue curves) of SARS-CoV-2 Mpro and selected ligands (red curves), viz. (a) doxycycline, (b), tetracycline, (c)
demeclocycline, and (d) minocycline plotted with respect to 100 ns MD simulation time. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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and studied for the intermolecular interaction for the respective com-
plexes. A maximum of three hydrogen bonds were recorded for SARS-
CoV-2 Mpro-demeclocycline, two hydrogen bonds for SARS-CoV-2 Mpro-
tetracycline, only one hydrogen bond in each SARS-CoV-2 Mpro-dox-
ycycline and SARS-CoV-2 Mpro-minocycline complex against SARS-CoV-
2 Mpro-N3 inhibitor (no hydrogen bonding) (Figs. S3, S4). These ob-
servations predicted that selected antibiotics have substantial affinity
with the active pocket of SARS-CoV-2 Mpro by comparison to N3 in-
hibitor. To further verified the selected receptor-ligand complex stabi-
lities, four properties were calculated from respective simulation tra-
jectories, i.e. (a) root mean square deviation (RMSD), (b) root mean
square fluctuation (RMSF), (c) protein secondary structure element
(SSE) changes to nullify abnormal structural changes and conforma-
tional modification of docked ligands with respect to simulation time,
and (d) protein-ligand contacts mapping, was performed to analyze the
type of interaction between the ligand atoms and residues of the protein
during MD simulation.

3.2.1. RMSD and RMSF
To quantify the degree of conformational changes in protein and

ligand of the docked complexes, initially RMSD for protein (Cα, back-
bone, side-chain, and heavy) and fit ligand on protein were calculated
from 100 ns simulation trajectories for each complex. The Cα atoms of
SARS-CoV-2 Mpro docked with selected antibiotics and N3 inhibitor
showed acceptable fluctuations (mean = 1.80 to 2.11 Å) with equili-
bration till end of simulation (Figs. 3, S5). Likewise, backbone, side-
chain, and heavy atoms of SARS-CoV-2 Mpro from respective complexes
were noted for stable deviations (< 3 Å), except for receptor complex
with tetracycline (< 4.5 Å) showed fluctuation around 20–40 ns fol-
lowed by state of equilibrium till end of 100 ns simulation (Fig. S6).
Besides, RMSD of the four antibiotics fit on protein exhibited acceptable
deviations (Fig. 3). Notably, tetracycline and minocycline showed
maximum variation (< 10.5 Å) between 40 and 60 ns interval followed
by equilibrium at 5.8 Å and 2.2 Å, respectively at the end of 100 ns
simulation (Fig. 3). While RMSD for the N3 inhibitor fit on protein
showed variations (~6 Å) between 40 and 60 ns and then higher de-
viations (~9-18 Å) after 80 ns till end of 100 ns interval (Fig. S5). These
results indicate that antibiotics docked protease complexes have at-
tained the equilibrium during 100 ns simulation while N3 inhibitor
docked complex required longer simulation interval to achieve the
complex stability. Thereof, based on mean of the RMSD trajectories, the
selected antibiotics were concluded with significant complex stability
by comparison to N3 inhibitor docked with SARS-CoV-2 Mpro.

Furthermore, flexibility of SARS-CoV-2 Mpro docked with selected
compounds was analyzed to monitor the deviations in the protein re-
sidues and ligand atoms during simulation (Fig. S7). In all the com-
plexes, acceptable RMSF values for the protein residues were recorded
with respect to time where residues on the N-terminal (< 2 Å) ex-
hibited low fluctuation compared to the C-terminal (last 10 residues
with variation of> 4.5 Å). Besides, ligands were also monitored to
have significant contacts with the residues in β-strands (containing
active pocket of the protein), supports the integration of the docked
ligands with residues on the active region of SARS-CoV-2 Mpro (Fig. S7).
Moreover, intermolecular interactions of the ligands with secondary
structure elements (α-helices and β-strands) of the protein indicate
induction of slight rigidity in the protein structure. Hence, these ac-
ceptable RMSF values for protein structure and residue-ligand contact
mapping suggested the structural stability of SARS-CoV-2 Mpro com-
plexes with antibiotics by comparison to native ligand N3 inhibitor of
crystal structure during 100 ns simulation.

Likewise, RMSF calculated for the selected antibiotics fit on SARS-
CoV-2 Mpro with respect to simulation time suggested the acceptable
deviations (< 3.5 Å) in mean structure of the ligand, expect for tetra-
cycline (atoms at position 19 to 28) and minocycline (atoms at position
19 to 28) (Fig. S8). These variations in heteroatoms of the ligands were
also concluded to contribute in relatively higher ligand fit on protein

RMSD against other antibiotics during simulation. Furthermore, RMSF
calculated for the N3 inhibitor fit on SARS-CoV-2 Mpro exhibited higher
deviations (5–10 Å) (Fig. S8), which were suggested to contribute
higher RMSD in the fit ligand on protein during MD simulation (Fig.
S5). In conclusion, RMSD and RMSF indicate the acceptable changes in
the antibiotics docked SARS-CoV-2 Mpro complexes by comparison to
SARS-CoV-2 Mpro-N3 inhibitor during 100 ns MD simulations.

3.2.2. Protein secondary structure elements (SSE)
The protein SSE (α-helices and β-strands) were monitored for SSE

distribution and SSE composition analysis for the respective residue
index during the simulation to observed changes in the domains of
SARS-CoV-2 Mpro docked with respective ligands (Fig. S9). The selected
complexes of SARS-CoV-2 Mpro with antibiotics and N3 inhibitor ex-
hibited only α-helix structures in the C-terminal region (201–303)
which formed the domain III of the viral protease. While, N-terminal
region showed both α-helices and β-strands (1–200) which constitute
the domain I and domain III for the viral protease, defined in the crystal
structure for the formation of active pocket [43]. These observations
concluded the secondary structure of SARS-CoV-2 Mpro complexed with
all the selected ligands (%total SSE = 45 ± 1.2). Interestingly, β-
strand (%total 25 ± 1.1) secondary structures in the active pocket of
SARS-CoV-2 Mpro were monitored to be significantly occupied by se-
lected antibiotics and N3 inhibitor (Fig. S9). Furthermore, torsion angle
potential plot was also studied for all the selected ligands which ex-
hibits the relation between the torsion angle of the respective ligands to
their respective potential energy [49]. The torsion angle provides the
necessary information for the number of rotatable bonds in the ligand
molecule (Fig. S10). Here, doxycycline, tetracycline, demeclocycline,
minocycline, and N3 inhibitor were predicted with 6, 6, 7, 6, and 22
rotatable bonds in their structures. The torsion potential and histogram
relationships provide a standard method to get an insight into the
conformational strain introduced in the ligands during simulation,
which assisted to understand the protein-bound ligand conformation.
These results indicate that ligand with a smaller number of rotatable
bonds showed stronger rigidity and vice-versa may contribute to gen-
erate optimum geometry for the ligand in the active pocket to attained
higher stability. This can be correlated with the docking score and
number for intermolecular interactions in the respective docked com-
plexes (Figs. 2, S2). Moreover, modifications introduced in the fit ligand
on protein during MD simulation were also calculated in terms of ligand
RMSD, radius of gyration, intra-molecular hydrogen bonds, molecular
surface area (MolSA), solvent accessible surface area (SASA), and polar
surface area (PSA) (Fig. S11). These results suggested the stability of
selected antibiotics at the active pocket of SARS-CoV-2 Mpro by com-
parison to N3 inhibitor.

3.2.3. Protein-ligand interaction mapping
The binding mode of ligand with the active pocket of SARS-CoV-2

Mpro can be further analyzed for the atomic level interactions which
includes hydrogen bond formation, hydrophobic contact, ionic inter-
action, and salt bridge formation during MD simulation. Hence, these
protein-ligand interactions were extracted from 100 ns simulation tra-
jectories to support the respective complex stability during MD simu-
lation. All the antibiotics by comparison to N3 inhibitor showed sig-
nificant interactions with the essential catalytic residues, i.e. His41 and
Cys145, in addition to other substrate binding residues in the active
pocket of SARS-CoV-2 Mpro (Figs. 4, S12); these residues were also re-
corded for the intermolecular interaction with the ligands during mo-
lecular docking simulation (Figs. 2. S2). Interestingly, all the antibiotics
were observed for higher number of interactions with residues in pro-
tein-ligand mapping and formation of hydrogen bond with active re-
sidues of the protein for 30% of the simulation interval with an ex-
ception in SARS-CoV-2 Mpro-tetracycline complex (Fig. 4). However,
only Asn142 and Glu166 were predicted with substantial hydrogen
boning and water bridges formation in SARS-CoV-2 Mpro-N3 inhibitor
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Fig. 4. Protein-ligand interactions mapping for SARS-CoV-2 Mpro with selected antibiotics, i.e. (a–b) doxycycline, (c–d) tetracycline, (e–f) demeclocycline, and (g–h)
minocycline, extracted from 100 ns MD simulations. In 2D interaction diagram, the residues cystine (green), glutamic acid (red), histidine and glutamine (blue), and
glycine (grey) exhibit the hydrophobic, negative, polar and non-polar interactions, respectively along with hydrogen bonding (pink arrow) and ionic interaction with
sodium ion (black line) with the receptor are extracted at 30% of the total MD simulation interaction interval. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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complex from protein-ligand interaction mapping data analysis (Fig.
S12). Furthermore, total number of contacts and their density with
respect to time were also calculated (Fig. S13). Again, these plots
suggested the multiple interactions of the selected antibiotics by com-
parison to N3 inhibitor with the essential residues (His41, Asn142,
Gly143, Cys145, Glu166, and Gln189) in the active pocket of SARS-
CoV-2 Mpro. These observations suggested the substantial protein-li-
gand intermolecular interactions and stability of four antibiotics by
comparison to N3 inhibitor throughout the 100 ns MD simulations.

Hence, based on docking score and simulation trajectory analysis,
selected four antibiotics are predicted as potential SARS-CoV-2 Mpro

inhibitor in the order, viz. doxycycline, minocycline, demeclocycline,
and tetracycline, to challenge the SARS-CoV-2 infection by comparison
to N3 inhibitor. Recently combinational therapy of lopinavir with the
other potent compounds against SARS-CoV-2 virus has been suggested
to increase synergy and decrease the effective concentration of lopi-
navir [50]. For instance, triple antiviral therapy composed of interferon
β-1b, lopinavir–ritonavir, and ribavirin against SARS-CoV-2 Mpro was
reported as superior and safe against lopinavir–ritonavir alone to re-
duce the virus shedding, lessening symptoms, and facilitating discharge
of infected patients with mild to moderate degree of SARS-CoV-2 in-
fection [51]. In this regard, based on our computational studies, the
selected antibiotics, i.e. doxycycline, minocycline, demeclocycline, and
tetracycline, may be helpful as combinational therapy with lopinavir-
ritonavir and ribavirin against SARS-CoV-2 infection.

4. Conclusion

This study was aimed to repurpose the antibiotics with known anti-
viral activity as potential inhibitor against SARS-CoV-2 Mpro with the
aid of molecular simulation approaches. A total of four potent anti-
biotics, viz. doxycycline, tetracycline, demeclocycline, and minocycline
were evaluated as SARS-CoV-2 Mpro inhibitor by comparison to native
ligand of SARS-CoV-2 Mpro crystal structure (N3 inhibitor). Molecular
docking simulation for the selected antibiotics showed docking
score>−7 kcal/mol and interaction with catalytic dyad of SARS-CoV-
2 Mpro, i.e. His41 and Cys145. These complexes were further analyzed
for structural stability by 100 ns classical molecular dynamics simula-
tion, suggested the considerable stability of SARS-CoV-2 Mpro docked
complexes with antibiotics by comparison to N3 inhibitor of SARS-CoV-
2 Mpro via strong multiple intermolecular interactions. From the
binding mode analysis, before and after molecular dynamics simulation
analysis followed by interaction profiles collected during the simulation
interval supported the selected antibiotics for substantial stability on
the active pocket of SARS-CoV-2 Mpro. In conclusion, based on docking
score and molecular dynamics simulation trajectory analysis, selected
four antibiotics can be used as potential SARS-CoV-2 Mpro inhibitor in
the order, viz. doxycycline, minocycline, demeclocycline, and tetra-
cycline to challenge the SARS-CoV-2 infection. Hence, the screened and
computationally validated antibiotics can be further evaluated for in
vitro SARS-CoV-2 Mpro inhibition and viral infection as single dose or in
synergistic concentrations for the drug development and combinational
therapy against SARS-CoV-2 infection.
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