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Binding mechanism and structural insights into the identified protein target
of COVID-19 and importin-a with in-vitro effective drug ivermectin
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ABSTRACT ARTICLE HISTORY
While an FDA approved drug Ivermectin was reported to dramatically reduce the cell line of SARS- Received 13 June 2020
CoV-2 by ~5000 folds within 48 h, the precise mechanism of action and the COVID-19 molecular tar-  Accepted 8 October 2020
get involved in interaction with this in-vitro effective drug are unknown yet. Among 12 different
COVID-19 targets along with Importin-a studied here, the RNA dependent RNA polymerase (RdRp)
with RNA and Helicase NCB site show the strongest affinity to Ivermectin amounting —10.4 kcal/mol
and —9.6 kcal/mol, respectively, followed by Importin-o. with —9.0 kcal/mol. Molecular dynamics of cor-
responding protein-drug complexes reveals that the drug bound state of RdRp with RNA has better
structural stability than the Helicase NCB site and Importin-o, with MM/PBSA free energy of —187.3kJ/
mol, almost twice that of Helicase (—94.6 kJ/mol) and even lower than that of Importin-o. (—156.7 kJ/
mol). The selectivity of Ivermectin to RdRp is triggered by a cooperative interaction of RNA-RdRp by
ternary complex formation. Identification of the target and its interaction profile with Ivermectin can
lead to more powerful drug designs for COVID-19 and experimental exploration.
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1. Introduction difficult to contain that has been a serious concern to the
scientific community worldwide now (Gupta et al., 2020;
Muralidharan et al., 2020). An increasing number of cases
and death from the novel coronavirus worldwide certainly
ushers an adverse global impact on health and economics.

) - ) > Considering the fatality and the epidemic nature of this dis-
genic members of the coronaviridae family that includes sev- ease, there is a solemn need to find out preventive therapeu-

eral mild common cold viruses, e.g. hCoV-OC43, HKU, and s a5 quickly as possible to curb this virus. However, thus
229E (Prajapat et al., 2020; Sarma et al., 2020). Looking back-  far no clinically effective drug is approved for the treatment
ward in the recent decade, highly pathogenic human severe ¢ this virus infection.

acute respiratory syndrome (SARS) coronavirus (SARS-CoV) in SARS-COV-2 has several conserved non-structural and
2002, and the Middle East respiratory syndrome (MERS) cor-  structural proteins (Kong et al., 2020; Wu et al., 2020), which
onavirus (MERS-CoV) in 2012, with a fatality rate of 10% and can be the potential targets for the novel or repurposed
36%, respectively, have emerged (Chang et al,, 2006; Sarma  drug discovery. The non-structural proteins are virus-encoded
et al, 2020; Zhu et al,, 2020). Compared to MERS or SARS, proteins, but not a part of the viral particle as they express
SARS-CoV-2 appears to spread more rapidly, making it in infected cells. These proteins are typically used for

Covid-19, declared pandemic by WHO (Cucinotta & Vanelli,
2020), is a respiratory disease caused by a novel virus, SARS-
CoV-2, which is an enveloped, positive-sense, single-stranded
RNA beta-coronavirus. COVID-19 is one of the seven patho-
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replicating itself by different enzymes and transcription fac-
tors. The viral genome is released into host cells as a single-
stranded RNA and then translated into viral polyproteins with
the help of host protein translation machinery. The polypro-
teins are further split into a number of non-structural proteins
(Nsps) by the main protease (MPro or 3CLpro) and papain-like
protease (PLpro). The Nsps play an important role in many
processes including the replication of viruses in host cells.
Nsp1 and 3 inhibit IFN signaling, blocking the host innate
immune response and translation of host's RNA. Nsp2 with no
known function binds to prohibitin proteins; Nsp3 and 5 pro-
mote cytokine expression and cleavage of viral polyproteins
(Fehr & Perlman, 2015). Similarly, Nsp 12, a conserved protein
in coronavirus, is an RNA-dependent RNA polymerase (RdRp)
and responsible for coronavirus replication/transcription.
Given previous SARS-CoV and MERS-CoV inhibitors’ search
considers RdRp as a significant drug target, in the case of
SARS-COV-2, Nsp12-RdRp can be most crucial for drug design
on which no specific inhibitors have been reported until now
(Gao et al., 2020). Together, being conserved and a necessary
component for the replication of coronavirus, a multi-func-
tional protein, Nsp13-helicase, is another vital SARS-COV-2 tar-
get (Jia et al., 2019), which can be considered further for anti-
viral drug discovery provided a very small number of Nsp13
inhibitors reported to date (Cao et al., 2020).

Importin (IMP) is a karyopherin-type protein, which trans-
ports protein molecules to the nucleus from the cell cyto-
plasm. It is of two types, namely Importin o and Importin .
Importin o performs an indispensable role of ferrying proteins
from the cytoplasm into the nucleus with a transport carrier,
Importin B. Mammalian cells from mouse or human contain
either six or seven Importin o subtypes, respectively, each with
a tightly regulated expression (Miyamoto et al, 2016).
Previously, lvermectin acted on targets such as IMPa/B1-medi-
ated nuclear import of viral proteins targeting IMPa (Yang
et al., 2020). Importin-a targeting compound Ivermectin inhib-
its by binding to the NLS-binding site of Importin-a, preclud-
ing Importin-o/B1 heterodimer formation and subsequently its
combination with coronavirus followed by transportation from
the cytoplasm to the nucleus through the nuclear pore com-
plex (Atkinson et al., 2018; King et al., 2020; Shechter et al.,
2017; Wagstaff et al., 2011; 2012; Yang et al., 2020).

Based on previous evidence of the effectiveness against
the earlier SARS, MERS, etc, some FDA approved antiviral
drugs remdesivir, lopinavir, ritonavir, and oseltamivir are ini-
tially under investigation against COVID-19 (The Scientist
dated February 3, 2020. https://www.the-scientist.com/news-
opinion/flu-and-anti-hiv-drugs-show-efficacy-againstcoronavi-
rus-67052). Remdesivir, an inhibitor of RNA-dependent RNA
polymerase, developed by Gilead to treat Ebola virus infec-
tions, is currently in clinical trials for treating COVID-19 (Cao
et al,, 2020). Recently, a sudden breakthrough in research at
Monash University, Australia reporting Ivermectin, an anti-
parasitic drug, killing SARS-CoV-2 within 48h has gained a
considerable attention worldwide (Caly et al, 2020).
Ivermectin is an FDA-approved drug and has shown in vitro
antiviral activity previously against a broad range of viruses,
including HIV, Dengue, influenza, and Zika virus (Wagstaff

et al, 2012; Yang et al, 2020). A medical team from
Bangladesh has claimed that a combination of two widely
used drugs Ivermectin and Doxycycline had ‘astounding’
results in curing patients with acute symptoms of SARS-CoV-
2 (https://www.trialsitenews.com/bangladesh-medical-college-
hospital-physician-see-astounding-results-with-drug-combin-
ation-targeting-covid-19/). Now, clinical trial titled ‘Efficacy
and Safety of Ivermectin and Doxycycline in Combination or
IVE Alone in Patients With COVID-19 Infection’ is going on
for the efficacy of said combination of drugs (https://clinical-
trials.gov/ct2/show/NCT04407130). With a lack of further
details as to how Ivermectin inhibiting these viruses, the
exact mechanism and the target in which Ivermectin inter-
acts with SARS-CoV-2 is yet to be identified (Caly et al.,
2020). Such information can proliferate the identification and
design of more potent drugs than Ivermectin against SARS-
CoV-2 in the near future.

Therefore, the present work explores the interaction
between all possible targets of SARS-CoV-2 and Importin-a
with Ivermectin to identify the one which is specifically
inhibited by the drug providing molecular insights. Molecular
docking of Ivermectin with twelve SARS-COV-2's targets
along with Importin-o was carried out, followed by binding
mechanism exploration and structural stability analysis using
molecular dynamics (MD) simulation through the root-mean-
square deviation (RMSD), root-mean-square fluctuation
(RMSF), radius of gyration (Ry), and binding free energy of
the complexes of lvermectin with the best targets. The iden-
tification of potential target and revelation of the binding
mechanism for Ivermectin provide useful information for fur-
ther exploration in the potential therapeutic discovery
against the SARS-CoV-2 pandemic.

2. Materials and methods
2.1. Protein and ligand structure preparation

The twelve targets of SARS-CoV-2 used in the study are Main
Protease, Papain-like protease, RdRp with RNA, RdRp without
RNA, Helicase ADP site, Helicase NCB site, Nsp14(ExoN),
Nsp14(N7-MTase), Nsp15(endoribonuclease), Nsp16(2’-O-
MTase), N protein NCB site, and E protein(ion channel) (Kong
et al,, 2020). Apart from them, Importin-o. was also used com-
prising a total of thirteen targets. If available, the structures
were retrieved from the RCSB database, otherwise, were mod-
elled using Modeller, see Figure 1. Crystal structures of 6YB7,
6WUU, 7BV2, and 4WV6 for the Main protease, Papain-like pro-
tease, RdRp, and Importin-a with high resolutions of 1.25, 1.66,
250, and 1.75 A, respectively, were retrieved from RCSB. The
structure of nsp15 in complexation with Uridine-5'-
Monophosphate was retrieved from the PDB database with
code 6WLC. The structure of nsp16/10 in complexation with 7-
methyl-GpppA (GTA), S-Adenosylmethionine (SAM), and 7-
methyl-guanosine- 5'-triphosphate (MGP) was retrieved from
the PDB database with code 6WVN. The crystal structure of the
SARS-CoV-2 nucleocapsid protein with N-terminal RNA-bind-
ing domain with PDB id 6M3M was downloaded from RCSB.
The modeled structure of E protein was obtained from
Zhang's lab (Zhang et al., 2020). The structure of nsp14 was
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Figure 1. The 3D diagram of Ivermectin binding with twelve different target proteins of SARS-COV-2 in this study.

Table 1. Binding energies (in kcal/mol) of Ivermectin with various targets of
SARS-CoV-2 and Importin-o.

S. No. SARS-COV-2 targets Docking server AutoDock Vina
1 E protein (ion channel) —8.2 —8.2
2 Helicase ADP site -7.6 —76
3 Helicase NCB site —9.6 —9.6
4 Main Protease —7.8 —8.0
5 N protein NCB site —-83 —83
6 Nsp14 (ExoN) -84 —8.4
7 Nsp14 (N7-MTase) -89 —87
8 Nsp15 (endoribonuclease) —6.9 —6.6
9 Nsp16 (2/-O-MTase) -8.0 —8.0
10 Papain-like protease -85 -84
11 RdRp with RNA —10.4 —-10.4
12 RdRp without RNA —-8.7 —8.8
13 Importin-o - —9.0

modeled based on PDB id: 5C8S, the nsp14 structure of SARS-
CoV with the sequence identity of 92%. The active site of C-ter-
minal N7-MTase is defined as the SAH-binding site in 5C8S.
The model of Helicase was built using crystal structure 6JYT,
the helicase structure of SARS-CoV with sequence identity as
98.5%. The structures were validated and energy minimized
with Gromacs (Pronk et al, 2013). Downloaded from Drug
Bank (Wishart et al., 2018), the SMILES of Ivermectin was con-
verted to the 3D coordinates using Open Babel (O'Boyle et al.,
2011), and next geometry optimization using Gaussian 16 at
the level DFT/B3LYP/6-31 + G (d, p).

It is well established from earlier (Atkinson et al., 2018;
Shechter et al.,, 2017; Wagstaff et al., 2011; 2012) as well as
recent (King et al,, 2020; Yang et al., 2020) experimental stud-
ies that Ivermectin binds to Importin-o. and not to Importin-
B1; inhibition of Importin-oa leads to the inhibition of
Importin-o/B1 interaction. Thus, in this study, we have used

the crystal structure of human Importin-o. with the highest
resolution and not that of Importin-o/f1 to know the inhib-
ition capability of Ivermectin as the binding site of
Ivermectin is present in Importin-o. and not in Importin-1
(Wagstaff et al., 2012; Yang et al., 2020). The interacting resi-
dues in the NLS (TAF8)-binding site of Importin-o (PDB id:
4WV6) was visualized and used for the binding of Ivermectin.
In 4WV6, the residue number of Importin-o starts from 72
which was, in our study, renumbered from 1. Ivermectin pre-
fers the same site in which chain B (NLS) binds to Importin-a
as shown in the superimposed picture of the corresponding
protein complexes in Figure S1 (supplementary material).
The comparative 2D plots of Importin-ivermectin interacting
residues in the NLS binding site (chain B site) in Figure S2A
and S2B (supporting information) clearly indicate no change
in the binding-site residues due to renumbering.

2.2. Molecular docking

Utilizing the COVID-19 docking server which implements
AutoDock Vina as a docking engine (Kong et al., 2020), the ini-
tial docking of Ivermectin with twelve targets of SARS-CoV-2
was performed, the docking energies and poses of which were
later verified manually by AutoDock Vina (Trott & Olson, 2010).
The docking of Importin-o with Ivermectin was performed
solely using AutoDock Vina. As presented in Table 1, there is
an excellent agreement between the docking scores obtained
from the COVID-19 docking server and manual docking utiliz-
ing AutoDock Vina. The protein targets were prepared by
removing water, adding missing hydrogens and Kollman
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charges to atoms. The addition of hydrogen and assignment
of Gasteiger charges and rotatable bonds were performed to
Ivermectin. For sequential docking, the Autogrid size was set
to particular binding regions of each target with the default
grid spacing. Lamarckian Genetic Algorithm (GA 4.2) was used
for the docking, which gives the top 10 estimated free ener-
gies of binding. The best docking score and pose of complexes
were taken, analyzed, and rendered through the Discovery
Studio visualizer. The best docked complexes were taken for
further molecular dynamics study.

2.3. MD Simulation and MM/PBSA binding free energy

MD simulations were carried out for the RdRp with RNA-
Ivermectin, Helicase-lvermectin, and Importin-o-lvermectin
complexes for a period of 100ns using GROMACS
(Groningen Machine for Chemical Simulations) v5.1 molecular
dynamics package (Pronk et al., 2013). The unit cell defined
as a cubical box, with a minimal distance of 10A from the
protein surface to the edges of the box, was solvated using
the Simple Point Charge (SPC) water model; the topology of
these selected targets and Ivermectin was created by the
GROMOS96 53a6 force field (Oostenbrink et al, 2004).
Counter-ions were added to make every system electrically
neutral at a salt concentration of 0.15mol/L. Before the MD
run, each system was subjected to energy minimization by
employing the steepest descent integrator for 5000 steps
with force convergence of <1000kcal mol™'nm™".

Thereafter, each protein-ligand complex was equilibrated
for 5ns using canonical (NVT) and isothermal-isobaric (NPT)
ensembles. During equilibration, each system was coupled
with the Berendsen temperature and Parrinello-Rahman pres-
sure controllers, respectively, to maintain temperature 300K
and pressure 1 bar. The Particle Mesh Ewald (PME) algorithm
(Essmann et al, 1995) was employed to deal with the long-
range Coulomb interactions with a Fourier grid spacing of
0.12nm. The short-range van der Waals interactions were
given by the Lennard-Jones potential with a cut-off distance
of Tnm. All bond lengths were constrained by the linear
constraint solver (LINCS) method (Hess et al., 1997).

Subsequently, 100ns production run was performed. In
principle, the same protocol was applied to all of the sys-
tems. A time step of 2 fs was used and the coordinates were
saved at every 10ps during the production run. For the
structural analyses of every system, the resultant MD trajec-
tories were analyzed using the built-in modules of GROMACS
and visual molecular dynamics (VMD 1.9.1) (Humpbhrey et al.,
1996). The 2D plots depicting the intrinsic dynamical stabil-
ities captured by the root-mean-square deviation (RMSD),
root-mean-square fluctuation (RMSF), radius of gyration (Rg),
and principal component analysis (PCA) of the complexes
were generated by the Grace 5.1.23 program.

For binding free energy (AGp,q) from MD trajectory,
widely used molecular mechanics/Poisson-Boltzmann surface
area (MM/PBSA) was adapted (Kumari et al., 2014; Sen Gupta
et al,, 2020; Singh et al., 2020). AGp;,g in a solvent medium
was calculated as follows:

AGbind = Gcomple)( - (Gprorein + Gligand): where G Comprises
the potential energy (Eyn) in vacuum and solvation free
energy (Gso) for each. Eyy consists of bonded and non-
bonded interactions, whereas G, is the sum of electrostatic
and non-polar solvation free energies. The AGy;,y of three
complexes was calculated over 10000 frames taken at an
equal interval during 100 ns production run.

3. Results and discussion
3.1. Molecular docking and binding mode analysis

Based on docking scores, the interaction of lvermectin with the
twelve targets (as mentioned above; Figure 1) and Importin-o
(Figure 2(e)) is ranked as: RNA dependent RNA polymerase
(RdRp) with RNA (AG = —10.40) > Helicase NCB site (AG =
—9.60) > Importin-o (AG = —9.00) > Nsp14(N7-MTase) (AG =
—8.90) > RdRp without RNA (AG = —8.70) > Papain-like prote-
ase (AG = —8.50) > Nsp14(ExoN) (AG = —8.40) > N protein
NCB site (AG = —8.30) > E protein (ion channel) (AG = —8.20)
> Nsp16(2’-O-MTase) (AG = —8.00) > Main Protease (AG =
—7.80) > Helicase ADP site (AG = —7.60) > Nsp15(endori
bonuclease) (AG = —6.90) (Table 1), all AGs are in kcal/mol.

Among all targets, RdRp with its cofactors Nsp7_Nsp8 and
RNA has the best docking score with lvermectin, —10.40 kcal/
mol, followed by Helicase in NCB site (-9.60kcal/mol) and
Importin-o (AG = —9.00 kcal/mol) (Table 1). AG below or equal
to —9.0 kcal/mol demonstrates a significant interaction based
on which three targets, namely RdRp with RNA, Importin-o,
and Helicase in NCB site are shortlisted for further investiga-
tion. The amino acid residues of these targets interacting with
Ivermectin are provided in Table S1 (supplementary material).
The residues of the best scoring targets revealed in Table S2
(supplementary material), involve in hydrogen bond (h-bond)
formation and = interactions. In the case of RdRp, ARG553,
ARG555, and CYS622 participate in h-bond formation, whereas
HIS439 and ALA550 take part in w interactions.

Besides, according to Figure 2a,b for the RdRp-lvermectin
complex, RNA molecule interacts with lvermectin via the for-
mation of a ternary complex, providing more stability.

The energy contribution of RNA to the RdRp-lvermectin
complex is —1.70kcal/mol. In Figure 2b, the residues pre-
dominantly interacting via van der Walls interaction are
LYS545, THR556, SER549, LYS551, ASP618, ASP623, SER682,
THR680, TYR619, ASN691, ASP760, THR687, and ARG836. On
the other hand, residues involved in h-bond formation in the
Helicase-lvermectin complex are LYS139, GLU142, ARG178,
and ARG339 (Figure 2c¢,d; Table S1, supplementary material).
IT-interacting residues are LEU138, VAL181, HIS230, and
MET233. Similar to the RdRp-lvermectin complex, residues
majorly involved in van der Waals interaction in the Helicase-
Ivermectin complex are TYR180, THR231, ASN179, ASN361,
THR410, TYR382, LYS146, HIS311, SER310, CYS309, PRO408,
ALA407, THR380, and ARG409. In the case of the third com-
plex, Importin-a-lvermectin (Figure 2(e, f)), there is only one
h-bond forming residue which is SER78. Il-interacting resi-
dues are PHE67, TRP113, TRP71, and TRP160. Similar to other
complexes, the van der Waals interaction is majorly contribu-
ting to the Importin-o-lvermectin complex; the residues
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Figure 2. The 3D and 2 D diagrams depicting, respectively, the target-inhibitor complexes and residues contributed majorly to the interaction between Ivermectin
and (a, b) RNA dependent RNA polymerase (RdRp), (c, d) Helicase in the NCB site, and (e, f) Importin-o.

involved are SER34, ARG35, GLU36, PRO39, ASN75, HIS106,
GLU109, GLN110 and ASN157. Thus, from the interaction
point of view, it is found to have four, three, and one h-
bond in the Helicase-lvermectin, RdRp-lvermectin, and
Importin-a-lvermectin complexes, respectively. In addition to
a greater number of h-bonds, the lower binding energy or
more stability of RdRp-lvermectin compared to Helicase-
Ivermectin  and Importin-o-lvermectin  stems from a

cooperative interaction of —1.70kcal/mol due to the ternary
complex formation of RNA with RdRp-Ivermectin.

3.2. MD Trajectory analysis

Molecular Dynamics (MD) simulations have great significance
to analyze the internal motions, conformational changes,
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Figure 3. Plots of RMSD as a function of time for the (a) Helicase NCB site-lvermectin, (b) RdRp-RNA-Ivermectin, and (c) Importin-o-lvermectin complexes.

stability, etc., of protein-ligand complexes ( Sen Gupta et al,,
2020; Singh et al., 2020 ). Utilizing the MD trajectories gener-
ated, RMSD, RMSF, and Ry were computed and the results
are discussed below.

Apart from allowing to assess the equilibration, quality of
the run and convergence of MD trajectories, RMSD is useful
to investigate the stability of a protein in complex ( Sen
Gupta et al,, 2020; Singh et al., 2020 ). A larger RMSD value
is indicative of the lower stability of a protein complex. Here,
the RMSD of the Helicase-lvermectin, RdRp-lvermectin, and
Importin-o-lvermectin  complexes with respect to the Ca
atom was calculated against the MD simulation time and is
shown in Figures 3a, b, and ¢, respectively. In the case of the
Helicase-lvermectin complex, the average value of RMSD is
around 0.43 nm, with fluctuations at around 10-15ns, 33 ns,
and 70-75ns, suggesting a loss of stability in these regions
(Figure 3(a)). In the case of the RdRp-lvermectin complex, the
average value of RMSD is around 0.45nm and almost no
major fluctuation has been seen during 100ns simulation
period, suggesting greater stability of the complex through-
out the whole dynamics (Figure 3(b)). In the case of
Importin-o-lvermectin, the average value of RMSD is around
0.47 nm, with larger oscillations (Figure 3(c)) while compared
to the other two complexes, suggesting its least stability
among the three complexes.

RMSF is a dynamical parameter that measures the average
main chain flexibility at each residue position. RMSF meas-
ured with respect to backbone atoms of each amino acid
residue for all of the three complexes is presented in Figure
4a—c. In the case of the Helicase-lvermectin complex, the
average value of RMSF is around 2.7 nm and higher spikes
are noticed at the residues 50 to 90, 190, and 490 (Figure
4(a)). But, in the case of the RdRp-lvermectin complex,
smaller spikes rather can be seen (Figure 4(b)), which corrob-
orates with the RMSD analysis, indicating the more stability
of the complex. On the other hand, similar to Helicase-
Ivermectin, more frequent fluctuations can be seen in the
case of the Importin-o-lvermectin  complex indicating
less stability.

The radius of gyration (Rg) describes the level of compac-
tion of protein. It is defined as the mass-weighted root-
mean-square distance for a collection of atoms from their
common center of mass. Hence, the trajectory analysis for Ry
provides the overall dimension of protein. In the case of the
Helicase-lvermectin complex, the average value of Ry is
2.65nm and there is a large fall at around 4.9ns (Figure
5(a)). In the case of the RdRp-lvermectin complex, the aver-
age value of Ry is around 2.8nm and a small downward
jump can be seen at around 19ns before getting stabilized
(Figure 5(b)).

The larger average value of Ry for the RdRp-lvermectin
complex may be attributed to its bigger size consisting of a
greater number of residues than the Helicase-lvermectin
complex. Despite having a greater number of residues, the
fluctuation is lesser than that of the Helicase-lvermectin
complex. In accordant with RMSD and RMSF, the larger
average value of Ry of 2.87nm and fluctuations of the
Importin-a-lvermectin complex (Figure 5(c)) imply its least
stability among all the complexes. Altogether, the analysis
of RMSD, RMSF, and Ry suggests better stability of the
RdRp-lvermectin than Helicase-lvermectin or Importin-
a-lvermectin complexes, validating the preliminary docking
results. Thus, RdRp with RNA is the most plausible target
for Ivermectin.

The binding free energy (AGpi,s) has been computed
with MM/PBSA (Kumari et al.,, 2014), which is considered as
a very efficient and reliable approach to study crucial
molecular recognition processes (Kumari et al., 2014; Open
Source Drug Discovery Consortium, 2014;Sen Gupta et al.,
2020; Singh et al., 2020). Figure 6 and Table S2 (supple-
mentary material) reveal that the RdRp-lvermectin complex
has AGping (-187.3k) mol™") twice as high as the Helicase-
Ivermectin complex (-94.6 kJ mol™"), even better than the
Importin-o-lvermectin complex (-156.7 kJ mol™"). This strik-
ing difference in AGp;,q reflects a keen affinity of Ivermectin
to RARp-RNA than Helicase in NCB site or Importin-a. In the
decomposition of AGy,q into different interactions pre-
sented in Figure 6 and Table S2 (supplementary material), it
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is evident that the polar solvation energy is positive in all
of the three complexes, thereby opposing the binding and
increasing the total binding free energy of the complexes.

Among other interactions, the van der Waals (AE,qw) and
solvent-accessible surface area (SASA) energies are the most
and the least favourable contributions to the negative bind-
ing free energy of all of the complexes (Figure 6). As obvi-
ous, a smaller penalty of polar solvation energy and more
negative electrostatic energy give rise to the most negative
binding free energy for the RdRp-Ivermectin complex among
all, confirming its more stability over the other
two complexes.

The trajectories of MD simulations were used for principal
component analysis (PCA) to identify the conformational
motions relevant to protein functions. Eigenvalues were
mostly used to calculate the conformational changes due to
the movement of atoms (Khan et al., 2016), and were gener-
ated by diagonalizing the covariance matrix of the Ca atomic
fluctuations against the equivalent eigenvectors’ (EVs) indi-
ces. The first 20 modes were taken into consideration in the
analysis of the essential subspace as they cover >95% vari-
ance of the protein where an exponentially decaying curve
of eigenvalues is obtained against the EVs (Figures 7(a)—(c)).
In this study, PC1 and PC2 that dominate the protein
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conformational fluctuations were also used for the analysis
of the Helicase-lvermectin (Figure 7(a, d)), RdRp-lvermectin
(Figure 7(b, e)), and Importin-o-lvermectin (Figure 7(c,
f)) complexes.

Taken the first two PCs into consideration, simulation
results revealed the subspace dimension of the complexes in
which RdRp-Ivermectin is the thermodynamically most stable
one because of the lowest subspace dimension (Figure
7(d)-(f)). This is also reflected in their 2D projection plots of
trajectories (Figure 7(a)-(c)), based on the trace values of
their covariance matrixes.

The overall analysis manifests that the RdRp-lvermectin
and Helicase-Ilvermectin complexes have retained their stabil-
ity as reflected from their least conformational changes due
to decreasing collective motions.

Despite identifying suitable targets such as Helicase, RNA
dependent RNA polymerase (RdRp), and Importin-o, the
reported key residues and RNA involved in the interaction
with lvermectin here could be used for further development
and improvement of drugs for the mentioned targets.
Previously, for other RNA viruses, lvermectin acted on targets
such as Importin-a-mediated nuclear import of viral proteins
(Yang et al, 2020) and Helicase (Mastrangelo et al., 2012).
Inhibition of the Importin-0/Bf1 nuclear import pathway by

targeting Importin-o. has been reported to be the mode of
action of Ivermectin (Atkinson et al., 2018; King et al., 2020;
Shechter et al., 2017; Wagstaff et al., 2011; 2012; Yang et al,,
2020). In this study, the identification of RdRp as a potential
target for Ivermectin for SARS-COV-2 would certainly bring
more opportunities to resist this virus. Further improvement
of antiviral drugs could be possible by functional group
modification according to the hydrophobicity and hydrophil-
icity in the active site region containing the interacting resi-
dues, ligand, and RNA as shown in Figure S3 (supporting
information). The modification of hydrophilic groups of the
ligand in the hydrophobic region and vice-versa would
enhance interactions, thus the inhibitory power of the drug.
Besides, the computational protocol applied here and the
outcome would trigger target-driven drug discovery for
SARS-COV-2 which seems to be the need of the hour and
should promote studies for other pathogens.

4, Conclusion

Ivermectin, an FDA-approved drug, has shown in vitro anti-
viral activity against SARS-COV-2. But the exact mechanism
and the specific target which Ivermectin inhibits were not



known. In this study, analyses of molecular docking revealed
that out of twelve molecular targets of SARS-COV-2 and
Importin-o, three targets (RdRp with RNA, Helicase in NCP
site, and Importin-a) have better binding energies with
Ivermectin, lesser than or equal to —9.0 kcal/mol. Comparing
among the three complexes of Ivermectin with the short-
listed targets, the RMSD, RMSF, Ry, and the binding free
energy from MD demonstrate a greater stability of the RdRp-
Ivermectin complex than that of Helicase or Importin-a. The
presence of RNA augments the interaction between RdRp
and lvermectin. Thus, RdRp is identified as the most probable
target for the in-vitro effective FDA approved drug
Ivermectin, which can guide the experiment as well as prolif-
erate the design of more potential therapeutics against
SARS-CoV-2.
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