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ABSTRACT
Ivermectin (IVM) is a broad-spectrum antiparasitic agent, having inhibitory potential against wide
range of viral infections. It has also been found to hamper SARS-CoV-2 replication in vitro, and its pre-
cise mechanism of action against SARS-CoV-2 is yet to be understood. IVM is known to interact with
host importin (IMP)a directly and averts interaction with IMPb1, leading to the prevention of nuclear
localization signal (NLS) recognition. Therefore, the current study seeks to employ molecular docking,
molecular mechanics generalized Born surface area (MM-GBSA) analysis and molecular dynamics simu-
lation studies for decrypting the binding mode, key interacting residues as well as mechanistic insights
on IVM interaction with 15 potential drug targets associated with COVID-19 as well as IMPa. Among
all COVID-19 targets, the non-structural protein 9 (Nsp9) exhibited the strongest affinity to IVM show-
ing �5.30 kcal/mol and �84.85 kcal/mol binding energies estimated by AutoDock Vina and MM-GBSA,
respectively. However, moderate affinity was accounted for IMPa amounting �6.9 kcal/mol and
�66.04 kcal/mol. Stability of the protein-ligand complexes of Nsp9-IVM and IMPa-IVM was ascertained
by 100ns trajectory of all-atom molecular dynamics simulation. Structural conformation of protein in
complex with docked IVM exhibited stable root mean square deviation while root mean square fluctu-
ations were also found to be consistent. In silico exploration of the potential targets and their inter-
action profile with IVM can assist experimental studies as well as designing of COVID-19 drugs.
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Introduction

The coronavirus disease (COVID-19) outbreak has been declared
as a global public health emergency by the World Health
Organization (WHO). The novel virus, COVID-19, was first
reported during the late December 2019, in Wuhan, Hubei
Province, People’s Republic of China. International Committee
on Taxonomy of Viruses (ICTV) named it as severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2). Globally, the data of
infected people is alarming and as of September 13, 2020,
approximately 28 637 952 confirmed cases have been regis-
tered with surpassing 917,417 deaths spanning over 216 coun-
tries, areas or territories (WHO, 2020). The pandemic caused by
SARS-CoV-2 fueled considerable research efforts towards repur-
posing or repositioning of existing drugs as possible therapeutic
agents (Borkotoky & Banerjee, 2020; de Oliveira et al., 2020;
Khan et al., 2020; Mahanta et al., 2020; Sk et al., 2020).

Ivermectin (IVM; Figure 1) is an US Food and Drug
Administration (FDA)-approved broad-spectrum anti-parasitic

medicine which has been used in humans for the treatment
of onchocerciasis, and is also effective against other worm
infestations such as strongyloidiasis, ascariasis, trichuriasis
and enterobiasis (Luvira et al., 2014). Recently, Caly and co-
workers emphasized that a single dose of IVM could control
the clinical isolates of SARS-CoV-2 replication in vitro, within
24 to 48 h, making it a suitable candidate for drug repurpos-
ing against COVID-19 (Caly et al., 2020). In line with this, a
double-blind, randomized controlled trial with two parallel
groups that evaluated the efficacy of IVM in reducing nasal
viral carriage in seven days after treatment of SARS-CoV-2
infected patients and it is currently planned at a single cen-
ter in Navarra (ClinicalTrials.gov Identifier: NCT04390022).
Earlier, in an effort to treat dengue viral infection, IVM was
subjected to phase III clinical trial in Thailand during
2014–2017, wherein it was found safe as a single-daily dose
administration of which resulted in a significant diminution
of serum levels of viral NS1 protein without any alteration in
viremia or clinical benefit (Yamasmith, 2018).
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Antiviral potential of IVM is well established against sev-
eral classes of viruses including avian influenza A viruses
(G€otz et al., 2016), Venezuelan equine encephalitis virus
(Lundberg et al., 2013) and 1-4 serotypes of dengue viruses
(Tay et al., 2013). In general, antiviral agents which target
host-specific mechanisms possess broad-spectrum activity,
affecting growth of disparate viruses. Hence, a wide-range of
antiviral property associated with IVM is expected to be due
to the reliance by several diverse ribonucleic acid (RNA)
viruses on importin (IMP) a/b1 during infection (Jans et al.,
2019). Also, IVM treatment has been found to decrease HIV-1
and dengue viral replication in cell cultures by inhibiting
IMPa/b1 heterodimer, responsible for inhibition of nuclear
accumulation of HIV-1 integrase and non-structural protein 5
(NS5) polymerase proteins (Fraser et al., 2014; Wagstaff et al.,
2012). Therefore, nuclear targeting of NS5 seems to play a
vital role in limiting the host antiviral response; specific
inhibitors or mutations curbing NS5 nuclear import signifi-
cantly restrict viral proliferation. A recent report suggested
that the broad-spectrum antiviral activity of IVM could be
linked to its ability to target the host IMPa/b1 nuclear trans-
port proteins, intended for nuclear entry of integrase and
NS5 cargoes. It was also asserted that IVM could bind to the
IMPa armadillo (ARM) repeat domain resulting in dissociation
of the preformed IMPa/b1 heterodimer, as well as prevention
of its formation (Yang, Atkinson, et al., 2020). The mechanism
of action of IVM in reducing the SARS-CoV-2 load in vitro is
yet to be elucidated, but an interaction with IMPa/b1 has
been proposed by the authors owing to very close resem-
blance of SARS-CoV-2 with SARS-CoV (Caly et al., 2020).

Studies involving mechanism of action exploration and
target-identification of potential drugs are known to have
vital impact in the drug design and discovery processes

(Schenone et al., 2013). Several putative drug targets of
SARS-CoV-2 include both non-structural (Nsp) and structural
proteins such as main protease (Mpro), also called as chymo-
trypsin-like protease (3CLpro), papain-like protease, RNA-
dependent RNA polymerase (RdRp), helicase (Nsp13), Nsp14
(N-terminal exoribonuclease and C-terminal guanine-N7
methyl transferase), receptor binding domain of spike pro-
tein, spike monomer, spike trimer, post fusion state of spike
protein S2, nucleocapsid (N) protein, and ssRNA-binding pro-
tein or Nsp9 (Gordon et al., 2020; Kong et al., 2020).

Computer-aided drug design techniques are projected to
accelerate the research and development processes in an
economical manner (Azam et al., 2018, 2019). In particular, in
recent times, molecular docking coupled with molecular
dynamics simulation studies have played vital roles in inter-
preting the mechanism of binding interactions of potential
molecules with the target proteins for lead optimization as
well as design and the discovery of novel molecules (Eid
et al., 2019; Shushni et al., 2013). Therefore, in this study,
molecular docking, molecular mechanics generalized Born
surface area (MM-GBSA) and molecular dynamics protocols
have been exploited to investigate the binding interactions
between IVM and 15 potential drug targets associated with
COVID-19 as well as IMPa co-crystallized with NS5 fragment.
The study is intended to explore potential targets and their
interaction profile with IVM which could assist experimental
studies as well as the designing of COVID-19 drugs.

Materials and methods

Protein and ligand preparation

Fifteen SARS-CoV-2 targets comprising both the structural
and non-structural proteins used in this study include: main
protease, papain-like protease, RdRp (RTP site), RdRp (RNA
site), helicase (Nsp13; ADP site), helicase (Nsp13; NCB site),
Nsp14 (ExoN), Nsp14 (N7-MTase), spike receptor binding
domain, spike monomer (close), spike trimer (open), S2 post
fusion state protein, N protein (C domain), N protein
(N domain), and Nsp9 (Gordon et al., 2020; Kong et al.,

Figure 1. Chemical structures of the ivermectin used in present study.

Table 1. Results obtained after docking of IVM with 15 potential COVID-19
drug targets and host importin a.

S.N. Target PDB ID

DGBind

AutoDock
Vina 1.1 AutoDock 4.2 MM/GBSA

1 Main Protease 6LU7 �6.80 �8.35 �79.35
2 Papain-like protease 6WUU �6.70 �8.17 �60.61
3 RdRp (RTP site) 7BV2 �8.10 �10.17 �42.57
4 RdRp (RNA site) 7BV2 �8.00 �6.75 �70.06
5 Helicase (Nsp13; ADP site) 6JYT �8.10 �5.06 �58.36
6 Helicase (Nsp13; NCB site) 6JYT �10.20 �8.09 �71.63
7 Nsp14 (ExoN) 5C8S �7.90 �7.85 �63.96
8 Nsp14 (N7-MTase) 5C8S �9.80 �8.06 �78.91
9 Spike RBD 6M0J �6.70 �7.32 �69.13
10 Spike monomer (close) 6VXX �5.50 �7.44 �55.86
11 Spike trimer (open) 6VYB �7.00 �8.11 �72.40
12 S2 (post fusion state) 6LXT �5.30 �7.12 �59.55
13 N protein (C domain) 6YUN �6.00 �8.71 �75.33
14 N protein (N domain) 6YI3 �7.30 �7.47 �69.03
15 Nsp9 6WXD �5.30 �7.52 �84.85
16 Importin a 5FC8 �6.90 �16.02 �66.04
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2020). The 3D coordinates of the crystal structures were
retrieved from the RCSB PDB database as listed in Table 1. In
addition, 3D X-ray crystal structure of importin alpha (IMPa)
in complex with non-structural protein 5 (NS5; PDB ID: 5FC8)
having resolution of 2.1 Å was retrieved from Protein Data
Bank (Tay et al., 2016). Chain E consisting of 10 armadillo
(ARM) motifs of IMPa was used as protein target. The protein
structures were processed in PyMOL 1.7.4 and Biovia
Discovery Studio Visualizer 2020 to remove the solvents and
the bound molecules. The macromolecules were further
processed in MGLTools 1.5.6 for their conversion into pdbqt
format after adding Gasteiger charges. Two-dimensional
structure of the IVM was obtained from PubChem database
in sdf format and converted to its three-dimensional coordin-
ate by using Open Babel (O’Boyle et al., 2011). All non-polar
hydrogens were merged, rotatable bonds and torsion tree
were defined in MGLTools 1.5.6. The prepared ligand file was
then converted into pdbqt format with Gasteiger charges
added by using ligand_prepare.py module.

Molecular docking simulation

Molecular docking study was performed by using AutoDock
Vina 1.1 (Trott & Olson, 2010) and AutoDock 4.2 (Morris
et al., 1998). For AutoDock Vina 1.1, a grid box with a spac-
ing of 1 Å and a size of 30� 30� 30 were built around the
center of the binding site of all 15 targets of COVID-19
(Kong et al., 2020). Grid box of 60� 78� 64 points was
used for AutoDock with 0.375Å grid spacing. For IMPa
docking, the grid box of similar dimensions was defined at
the center of nuclear localization signal (NLS)-binding
domain, known as the major binding pocket of IMPa and
constituted armadillo repeats 2–4 (Kobe, 1999; Tay et al.,
2016). Other parameters of docking were set to default
while exhaustiveness value was adjusted to 12 (Trott &
Olson, 2010). At the end of docking, 10 best poses obtained
from each target were analyzed individually for binding
energy, intermolecular interactions and number in clusters
using Biovia Discovery Studio Visualizer 2020, and PyMol
1.7.4 programs (Ahmed et al., 2012; Azam et al., 2012;
Fahmy et al., 2020). Ten best poses of IVM obtained from
AutoDock Vina 1.1 in complex with each target were further
subjected to Molecular mechanics/generalized Born surface
area (MM-GBSA) computations.

Prime MM-GBSA calculations

MM-GBSA technique was exploited as a post-docking valid-
ation protocol. The binding energy computed by Prime MM-
GBSA (Schr€odinger, LLC) demonstrates an adequate estima-
tion of binding affinity. The MM-GBSA protocol implemented
in Prime combines OPLS molecular mechanics energies, a
VSGB solvation model for polar solvation (GSGB), and a non-
polar solvation expression (GNP) involving nonpolar solvent-
accessible surface area (SASA) and van der Waals interactions
(Vijayakumar et al., 2014). For each docked complex, Prime
MM-GBSA estimated the binding free energy (DGbind) of each
ligand according to the equation (Lyne et al., 2006)

DGbind ¼ DEMM þ DGsolv þ DGSA

where, DEMM is the difference in energy between the com-
plex structure and the sum of the energies of the protein
with and without ligand, DGsolv is the difference in the GBSA
solvation energy of the ligand-protein complex and the sum
of the solvation energies for the drug-bound and unbound
protein, and DGSA is the difference in the energy of surface
area for the ligand-protein complex and the sum of the sur-
face area energies for the ligand and un-complexed protein.

Molecular dynamics simulation

The best ranked conformation of IVM obtained from docking
and MM-GBSA computations in complex with Nsp9 and
IMPa was further examined for assessing their thermo-
dynamic behavior and the stability of binding mode in the
target active site using molecular dynamics (MD) simulation
studies employing Desmond 6.1 (Bowers et al., 2006;
Desmond Molecular Dynamics System, 2020). During system
setup, the ligand-protein complexes were placed into an
orthorhombic box filled with water molecules simulated by
simple point charge (SPC) model and OPLS3 force field was
adopted for the MD computations (Harder et al., 2016). The
system was neutralized using appropriate numbers of Naþ

and Cl� counter ions with fixed salt concentration of 0.15M
that represented the physiological concentration of monova-
lent ions. Isothermal-isobaric (NPT) ensemble was exercised
with temperature and pressure adjusted to 300 K and
1.01325 bar, respectively. A simulation time of 100 ns was
adjusted whereas trajectories were saved at every 100 ps. A
cut-off radius of 9.0 Å was employed for short-range van der
Waals and Coulomb interactions. The temperature and pres-
sure of the system was maintained by Nose–Hoover thermo-
stat (Hoover, 1985) and Martyna–Tobias–Klein (Martyna et al.,
1994) methods, respectively. In order to integrate the equa-
tions of motion, RESPA integrator was used with an inner
time step of 2.0 fs for bonded as well as non-bonded interac-
tions within the short-range cut-off (Humphreys et al., 1994).
The system was minimized and equilibrated with the default
protocols of the Desmond.

Results and discussion

Validation of docking protocol

The co-crystallized NS5 fragment composed of Asp881-
Glu893 of chain C was redocked within the major binding
groove of IMPa in order to validate the docking algorithm
used in this study because a successful experiment always
relies upon validation of the implemented protocol (Azam
et al., 2014). The root mean square deviation (RMSD) exhib-
ited by the best docked conformation of NS5 and X-ray crys-
tal structure was within 2 Å, which confirmed the reliability
of the scoring algorithms employed in these programs (data
not shown). However, the standard RMSD for successful
docking according to the reported protocols is �2.0 Å (Azam
et al., 2015; Hussain et al., 2016). Molecular docking protocols
adopted in this study, therefore, could be exploited to
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Figure 2. Docked ivermectin in complex of non-structural protein 9, Nsp9 (A and B), and importin a (C and D). ARM repeats 1-10 of importin a are shown in differ-
ent colors (C). Broken lines define non-bond interactions in the binding pockets; hydrogen bonds in green whereas hydrophobic interactions in purple color.

Figure 3. Most stable conformation of IVM shown as stick rendering in the binding pockets of non-structural protein 9, Nsp9 (A), and importin a (B). Binding
pockets are shown as surface rendering and docked ivermectin as stick style.
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predict the molecular interaction mode of IVM with potential
COVID-19 drug targets as well as IMPa.

Docking study of IVM with potential COVID-19
drug targets

Computational determination of the binding modes of ligands
with their targets by molecular docking is routinely employed
in various drug design and discovery programs because of its
swiftness and robustness (Ahmed et al., 2016). SARS-CoV-2 is
known to possess various conserved non-structural and struc-
tural proteins having potential to be exploited in the drug
design and discovery field (Gordon et al., 2020; Kong et al.,
2020). Estimated binding energies obtained after docking of
IVM with 15 potential COVID-19 drug targets and IMPa are pre-
sented in Table 1. According to the AutoDock 4.2 results, IMPa
was observed as best putative target for IVM exhibiting
�16.02 kcal/mol binding energy whereas helicase (Nsp13; ADP
site) was rendered as least favourable with �5.06 kcal/mol.
However, AutoDock Vina 1.1 predicted helicase (Nsp13; NCB
site) as most promising while Nsp9 has been found to be the
worst performer having binding energy of �10.2 kcal/mol and
�5.3 kcal/mol, respectively. Although numerous docking pro-
tocols are routinely exercised to underscore the binding mode
and the affinity of a ligand relative to a protein, lack of accur-
ate scoring function cannot be underestimated in these algo-
rithms. Therefore, it is imperative to employ post-docking
analyses to avoid false negatives and false positives in order to
incorporate the in-silico findings more accurately in rational
design of drug candidates (Genheden & Ryde, 2015; Sgobba
et al., 2012). Protein-ligand docked complexes computed by
AutoDock Vina 1.1 were selected for further optimizations
because of improved accuracy of the binding mode predic-
tions when compared with AutoDock 4.2 (Gaillard, 2018; Trott
& Olson, 2010). Detailed intermolecular interaction profile of
docked IVM with all the targets is listed in Table S1 of supple-
mentary information.

Docking study of IVM with IMPa protein

It has been recently reported that IVM exerts its antiviral
effect by interfering with the nuclear transport after binding

with IMPa (Yang, Atkinson, et al., 2020). In fact, targeting
IMPa emerged as a powerful strategy in the design and
development of potential antiviral agents (Jans et al., 2019;
Yang et al., 2019). In this study, the IMPa monomer compris-
ing of chain E in the X-ray crystal structure, co-crystallized
with non-structural protein 5 (NS5) was used for the docking
calculations. DG ¼ �6.9 kcal/mol was predicted for IVM inter-
action with IMPa (Table 1). Results of comprehensive
ligand–protein interactions are presented in Table S1 of sup-
plementary information.

IMPa is a protein involved in the recognition of the
import substrates through binding of their NLSs and it is
comprised of two functional domains; an importin b binding
(IBB) domain, and an NLS-binding domain which is made up
of 10 armadillo (ARM) repeats (G€orlich et al., 1996; Kobe,
1999). The NLS-binding domain constitutes major binding
site, spanning ARM repeats 2–4, while the minor site covers
ARM repeats 6–8 (Pumroy & Cingolani, 2015). Interestingly,
as shown in Figure 2, docked IVM had ample opportunity
within ARMs 2-4 of IMPa to interact through both hydropho-
bic and hydrophilic interactions. However, minor connections
were also noted with ARM 5 of the IMPa. IVM accomodated
well within major groove of the binding cavity in a similar
manner to the native co-crystallized NS5. Therefore, it seems
plausible to predict that after IVM occupation, NS5 inter-
action with IMPa might be interrupted, jeopardizing vital
processes required for viral replication. It is interesting to
note that IVM binding to the ARM repeat domains of IMPa
not only resulted in the inhibition of IMPa recognition of
NLSs through the ARM domain but also curbs tying to
IMPb1 through distinct N-terminal IBB domain of IMPa
(Yang, Atkinson, et al., 2020).

Detailed analysis of the binding pocket residues highlights
the importance of Trp184, Arg227 and Trp231 in hydrophobic
connections whereas contribution of Ser149, Asn228, Trp231
and Arg238 in hydrogen bonding seems to be critical in hold-
ing the docked IVM within major groove. Residues Trp184,
Asn228 and Trp231 are already proven to be vital for affording
several intermolecular interactions, buttressing NS5 in the
ARM repeats of IMPa (Tay et al., 2016). Molecular interaction of
IVM with IMPa is reported to restrict the inherent flexibility of
the ARM repeat domain by influencing thermostability as well

Table 2. Results of Prime MM/GBSA calculations.

S.N. Target DGCoul DGHBond DGLipo SolvGB DGvdw Lig SE

1 Main Protease �10.16 �0.44 �53.80 28.52 �59.49 34.37
2 Papain-like protease �7.97 �0.44 �52.07 25.94 �42.95 28.76
3 RdRp (RTP site) �28.13 �1.09 �23.93 79.00 �69.29 13.18
4 RdRp (RNA site) �22.56 �0.89 �37.87 30.74 �47.33 12.87
5 Helicase (Nsp13; ADP site) �14.00 �1.08 �44.85 40.20 �47.14 20.30
6 Helicase (Nsp13; NCB site) �10.34 �0.27 �83.87 49.51 �52.32 34.01
7 Nsp14 (ExoN) �5.31 �0.14 �38.29 24.52 �44.44 8.19
8 Nsp14 (N7-MTase) �10.49 �0.27 �54.97 36.66 �61.37 22.25
9 Spike RBD �11.49 �1.71 �39.45 24.60 �45.26 20.97
10 Spike monomer (close) �4.40 �0.05 �39.85 17.87 �33.46 7.64
11 Spike trimer (open) �0.33 �0.81 �38.38 14.86 �49.10 8.60
12 S2 (post fusion state) �8.91 �0.22 �30.96 27.39 �45.20 10.16
13 N protein (C domain) �9.61 �0.78 �50.50 27.96 �50.23 10.83
14 N protein (N domain) �3.60 �0.11 �54.29 31.69 �58.15 5.48
15 Nsp9 �12.53 �0.79 �50.48 14.06 �42.88 20.54
16 Importin a �24.26 �1.45 �35.74 37.83 �45.41 6.34
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as a-helicity of this protein, averting binding to IMPb1/NS5 etc.
(Vihinen, 1987). Binding pattern of IVM revealed by molecular
docking in this study is intriguing and clearly translates its anti-
viral properties reported elsewhere (Kosyna et al., 2015; Tay
et al., 2013; Wagstaff et al., 2012).

Prime MM/GBSA calculations
The top ten poses of protein–IVM docked complexes of each
target were further analysed by Molecular Mechanics/
Generalized Born Surface Area (MM/GBSA) analysis for predic-
tion of more accurate free binding energies. The best poses

Figure 4. Intermolecular interactions of IVM (shown as stick style) with different COVID-19 proteins after MM/GBSA analysis. A: main protease; B: papain-like prote-
ase; C: RdRp (RTP site); D: RdRp (RNA site); E: helicase (Nsp13; ADP site); F: helicase (Nsp13; NCB site); G: Nsp14 (ExoN); H: Nsp14 (N7-methyltransferase).
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from each target were selected according to their MM/GBSA
binding energy and results are tabulated in Table 2.
However, detailed MM/GBSA computation of all poses have
been presented as Table S2 in supplementary information.
According to the obtained DGbind values, Nsp9 target ranked

top among all studied proteins showing DGbind ¼
�84.85 kcal/mol whereas RdRp (RTP site) has been observed
to exhibit minimum affinity with IVM having binding energy
of �42.57 kcal/mol. Intermolecular interactions observed after
MM/GBSA computation of Nsp9 and IMPa targets are

Figure 5. IVM (shown as stick rendering) in complex with several COVID-19 proteins such as spike receptor binding domain (RBD; A), spike monomer (B), spike
trimer (C), S2 protein-post fusion state (D), N protein-C domain (E) and N protein-N domain (F) after MM/GBSA computation.
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presented in Figure 2 and Figure 3 displays surface view of
the binding pockets of these targets. IVM in complex with
main protease, papain-like protease, RdRp (RTP site), RdRp
(RNA site), helicase (Nsp13; ADP site), helicase (Nsp13; NCB
site), Nsp14 (ExoN) and Nsp14 (N7-methyltransferase) are
presented in Figure 4. Non-bond contacts of IVM with spike
receptor binding domain (RBD), spike monomer, spike trimer,
S2 protein (post fusion state), N protein (C domain) and N
protein (N domain) are demonstrated in Figure 5. In addition
to DGBind, MM/GBSA also computes DGCoul, DGHBond, DGLipo,
SolvGB, DGvdw, and Lig SE representing energies of Coulomb,
hydrogen-bonding correction, lipophilic, generalized Born
electrostatic solvation energy, Van der Waals, and ligand
strain, respectively (Tables 1 and 2).

Nsp9 is a member of oligosaccharide/oligonucleotide
binding protein superfamily which plays an indispensable
role in viral replication. Interestingly, nps9/10 prevents mito-
chondrial protein synthesis and thus oxidative phosphoryl-
ation as a result of its imitation with host ribosomal
assembly and also due to methylation of mitochondrial
rRNA. The symptoms of SARS-CoV-2 such as reduced blood
pressure following coma, induction of platelet aggregation
and increased blood coagulability has been observed which
was found to be associated with the ATP lowering effect of
Nsp9 (Romano et al., 2020). Recently, conivaptan, an arginine
vasopressin antagonist has been reported to exhibit high

binding energy with Nsp9 and has shown antiviral activity
against Human coronavirus OC43 (Chandel et al., 2020; Yang,
Peng, et al., 2020). Hence, targeting Nsp9 seems to be a
potential strategy for therapeutic armamentarium of the
COVID-19 infection (Littler et al., 2020).

Molecular dynamics simulation of ivermectin in complex
with Nsp9 and IMPa proteins

The application of MD simulation in computer-aided drug
design field has gained substantial importance for the esti-
mation of dynamic and thermodynamics parameters of living
systems under specific situations of physiological milieus
(Azam et al., 2018; Hospital et al., 2015). Owing to the max-
imum affinity of IVM with Nsp9 in MM/GBSA computation, it
was selected for further analysis by MD simulation. In add-
ition, IMPa was also chosen for further study because of the
established affinity of IVM with this target. The best docked
pose of IVM in complex with Nsp9 and IMPa was subjected
to MD simulation study in order to investigate the stability
of the ligand-protein complex as well as main intermolecular
interactions during the period of simulation. Desmond soft-
ware was employed for the MD simulation of 100 ns for each
protein-ligand complex in explicit solvent system. The result-
ing trajectories of the simulated complex was inspected for

Figure 6. The Root Mean Square Deviations (RMSD) of Ca relative to the starting frame during 100 ns MD simulation of IVM in complex with Nsp9 (A) and
IMPa (B).
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different standard simulation parameters such as backbone
root mean square deviations (RMSDs) for all Ca carbon
atoms of protein, the root mean square fluctuations (RMSFs)
of individual amino acid residues, intermolecular interactions
involved, and radius of gyration (rGyr). The RMSD plot of
simulated complex is presented in Figure 6.

The analysis of Nsp9 RMSD indicated that the simulated sys-
tem equilibrated very well and the fluctuations in the Ca atoms
were consistently within 4.5Å during the entire simulated tra-
jectory whereas up to 4.8Å oscillations were noted in case of
IMPa protein. However, minor fluctuation is obvious during ini-
tial period in both proteins which acquired stability throughout
the rest of the simulation period. A system showing steady fluc-
tuations is usually considered stable and deemed to be properly
equilibrated. However, higher undulations of Ca atoms are
regarded as an indication of large conformational changes in
protein structure over the course of simulation.

The local conformational alterations along both Nsp9 and
IMPa proteins chain were probed by analyzing the root
mean square fluctuation (RMSF) during simulation time. As
indicated in Figure 7, stable RMSF plots were obtained dur-
ing entire simulation period. The vertical green lines on the
X-axis of the plot illustrated the participation of interacting
residues between each protein chain and IVM. Residues of
Nsp9 affording polar interactions such as Val7, Leu9, Gln11,
Tyr31, Gly100, Ser105 and Thr109 had RMSF values of 1.22,
0.9, 0.79, 0.59, 0.92, 0.93 and 1.27 Å respectively. Chief con-
tributors of non-polar connections with Nsp9 binding pocket
such as Leu9, Tyr31 and Leu106 also had less than 1Å RMSF
figures. However, other residues providing van der Waal’s
contacts like Pro6, Ala8, Leu97 and Ala108 exhibited RMSF
values of approximately 1.5 Å or less. In case of IMPa, key
residues for H-bond interactions such as Ala148, Ser149,
Gly150, Trp184, Asp192, Asn228, and Arg238 had maximum
RMSFs of 1.39, 1.57, 1.97, 0.83, 1.60, 1.05 and 1.01 Å,

Figure 7. Root Mean Square Fluctuations (RMSF) of Nsp9 (A) and importin a (B) residues. The point of contact of ivermectin with protein residues is shown by
vertical green lines on X-axis.
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respectively, whereas main residues participating in hydro-
phobic interactions like Trp142, Trp184 and Trp231 also
exhibited impressive RMSFs of 1.04, 0.83 and 0.97 Å, respect-
ively. Furthermore, residues contributing in ionic bond con-
tacts such as Gly150, Thr155 and Asp192 demonstrated
RMSFs of 1.97, 1.81 and 1.60 Å, respectively. All of these val-
ues were estimated around the flexible loop regions of tar-
get protein. As disclosed in Figure 6, the highest RMSF
values of 3.45 and 3.24 Å which correspond to the terminal
residues Gln71 and Ser497, respectively, are far from the lig-
and binding site, and hence, least important.

Structural compactness of the target protein was ascer-
tained by evaluating the radius of gyration (rGyr) during MD
simulation. Time-dependency plot of the radius of gyration
for the simulated complex of IVM-Nsp9 and IVM-IMPa

protein is presented as Figures S1 and S2 respectively, in
supplementary information. As can be seen, no significant
deviation was noticed in the values of rGyr and the compact-
ness was maintained throughout the trajectory of 100 ns. In
addition, the existence of a stable ligand-protein complexes
was also implied by observing the changes in various surface
areas such as molecular surface area (MolSA), polar surface
area (PSA), and solvent accessible surface area (SASA) of
studied complex as a function of simulation time (Figures S1
and S2 of supplementary information).

A comprehensive intermolecular interaction of IVM with
Nsp9 and IMPa was also studied using simulation interac-
tions diagrams during entire simulation time. The pattern of
interaction of IVM clearly showed that the docking pre-
dicted main contacts were nearly preserved (Figure 8). Non-

Figure 8. Nsp9 (A) and importin a (B) interactions with ivermectin, monitored throughout the simulated trajectory of 100 ns. These interactions are clustered by
type and summarized in bar diagram including H-bonds, hydrophobic, ionic and water bridges.
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Figure 9. 2D representation of the atomic interactions between ivermectin and Nsp9 residues during 100 ns molecular dynamics simulation.

Figure 10. Two-dimensional representation of the atomic interactions between ivermectin and importin a protein residues during 100 ns molecular dynam-
ics simulation.
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bond interactions involving hydrogen bonds, hydrophobic,
ionic and water bridges which are considered important in
stability of a protein-ligand complex, were involved in sup-
porting IVM in the Nsp9 as well as in NLS binding site of
the IMPa.

As shown in Figures 8–10, the intermolecular interactions
spotted in the docking model were mostly reproduced after
MD simulations in both Nsp9 and IMPa targets. Moreover,
these proteins also revealed many interesting contacts dur-
ing simulation of the docked ligand-protein complexes. In
Nsp9 site, Leu9, Tyr31, Gly100, Ser105 and Thr109 were iden-
tified as additional hydrogen bond providers whereas many
water bridges were also noticed with Val7, Leu9, Gln11,
Tyr31, Ser105 and Thr109 (Figure 9). Nsp9 is reported to
form a homodimer which in turn binds with single stranded
viral RNA (Snijder et al., 2016). Moreover, the dimerization of
this protein increases its binding affinity with nucleic acids
and is considered as important step for viral replication and
growth (Zeng et al., 2018). In the peptide binding region,
Pro6, Val7, Leu9 and Ser105 are important for hydrogen
bond and Van der Waals interactions whereas Tyr31, Met101,
Leu106 offer additional hydrophobic contacts (Littler et al.,
2020). Analysis of the hydrogen bond lengths between IVM
and the key amino acid residues of Nsp9 and IMPa were esti-
mated during 50 ns to 100 ns MD simulations and are pre-
sented in Table 3. LigPlot diagrams showing key residues of
Nsp9 and IMPa are presented as Figures S3 and S4 respect-
ively, in supplementary information. In Nsp9 site, Ser105
exhibited average bond length of 3.31 Å whereas 3.07 Å
bond length was measured for Thr109. However, hydrogen
bonds offered by Leu9 and Tyr31 were inconsistent during
simulated trajectory (Figure S3, supplementary information).

In case of IMPa, residues such as Ala148, Ser149, Gly150,
Trp184, Gly191, Asp192, Asn228, Asn235, Arg238, and Glu266
were important for affording water bridges, and hence, sup-
porting IVM in the binding cavity (Figure 10). For hydrogen
bond interactions of IVM with IMPa, Ser149, Gly150, Asp192
and Arg238 were exploited. Gly150 and Trp184 demon-
strated average hydrogen bond lengths of 3.09 and 2.89 Å,
respectively whereas polar contacts provided by Ser149 and
Asp192 were not reliable. A timeline representation of the
interactions and contacts in terms of hydrogen bonds, hydro-
phobic, ionic, and water bridges between ivermectin and res-
idues of Nsp9 and IMPa in each trajectory frame is presented
as Figures S5 and S6, respectively, in supplementary material.

Conclusion

Ivermectin, a broad-spectrum antiparasitic agent, has been
found to inhibit SARS-CoV-2 replication in vitro. In this study,

15 potential COVID-19 targets were used to underscore IVM
affinity by computational techniques employing molecular
docking, MM/GBSA computation and molecular dynamics
simulation. IMPa protein was also included in this study
owing to the reported interaction of IVM with host importin
a, resulting in the prevention of nuclear localization signal
recognition. Estimation of MM/GBSA based binding energy
revealed that Nsp9 possesses highest affinity among COVID-
19 targets. Strengths of IVM complex with Nsp9 and IMPa
was ascertained by the evaluation of RMSD and RMSF plots
obtained after molecular dynamics simulation of 100 ns. Both
hydrophobic as well as hydrophilic interactions were identi-
fied in anchoring the IVM inside the binding site of Nsp9 as
well as major binding groove of the IMPa. Intermolecular
interaction profile of IVM disclosed in the current study is
expected to assist experimental studies and designing of
COVID-19 drugs.
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