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ABSTRACT

Ivermectin (IVM) is an FDA-approved drug that has shown antiviral activity against a wide variety of
viruses in recent years. IVM inhibits the formation of the importin-o/pf1 heterodimeric complex respon-
sible for the translocation and replication of various viral species proteins. Also, IVM hampers SARS-
CoV-2 replication in vitro; however, the molecular mechanism through which IVM inhibits SARS-CoV-2
is not well understood. Previous studies have explored the molecular mechanism through which IVM
inhibits importin-o and several potential targets associated with COVID-19 by using docking
approaches and MD simulations to corroborate the docked complexes. This study explores the ener-
getic and structural properties through which IVM inhibits importin-o. and five targets associated with
COVID-19 by using docking and MD simulations combined with the molecular mechanics generalized
Born surface area (MMGBSA) approach. Energetic and structural analysis showed that the main prote-
ase 3CLP™ reached the most favorable affinity, followed by importin-o. and Nsp9, which shared a simi-
lar relationship. Therefore, in vitro activity of IVM can be explained by acting as an inhibitor of
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importin-o, dimeric 3CLP", and Nsp9, but mainly over dimeric 3CLP"™.

Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was first discovered in Wuhan, China, in late 2019,
causing a pneumonia-like epidemic that rapidly spread
worldwide (Wu et al., 2020). In March 2020, the world health
organization (WHO) declared SARS-CoV-2 as a pandemic due
to its extreme outbreak (Brinks & lbert, 2020). SARS-CoV2
infects humans, and it is the causative agent of the current
viral pandemic COVID-19 (Brinks & Ibert, 2020; Guan et al.,
2020; Huang et al., 2020). SARS-CoV-2 belongs to the beta
coronavirus groups that are dissimilar to severe acute
respiratory syndrome coronavirus (SARS-CoV) and the Middle
East Respiratory coronavirus (MERS-CoV). These two latter
viruses produced preceding epidemics (Zhu et al., 2020). To
date, about 2.6 million lives have been taken worldwide due
to COVID-19, with about 118.0 million people still infected
(https://coronavirus.jhu.edu/map.htmlOp). In the beginning,
the virus showed to cause fever, sneezing, coughing, breath-
ing problems, pneumonia, and multiple organ failure leading
to death in severe cases (Brinks & Ibert, 2020). More recently,
studies showed the likelihood of the viral infection also caus-
ing kidney dysfunction and myocardial damage (Kwong
et al,, 2018; Li, 2020; Nguyen et al., 2016). Therefore, identify-
ing available and inexpensive drugs to treat and decrease
the toll of the epidemic caused by COVID-19 is an urgent

matter. In this sense, drug repurposing has been one of the
best strategies to identify possible therapeutic agents
(Borkotoky & Banerjee, 2020; de Oliveira et al., 2020; Khan
et al., 2020). The genome of SARS-Cov-2 is deposited into
host cells as a positive single-stranded RNA that is translated
into polyproteins with the support of the host protein
machinery. These polyproteins are then split into structural
and non-structural proteins (Nsps) by the main protease
(3CLP™) and papain-like protease. Nsps are virus-encoded
proteins that are not part of the viral particle but are
expressed in infected cells for viral replication. Therefore,
structural and Nsps can be employed as potential targets to
repurpose drug discovery. Several potential drug targets of
SARS-CoV-2 comprise both Nsps and structural proteins such
as 3CLP™, papain-like protease, RNA dependent RNA poly-
merase (RdRp), Nsp 13 helicase, Nsp14 (N-terminal exoribo-
nuclease and C-terminal guanine-N7 methyl transferase),
spike monomer, receptor-binding domain (RBD) of spike pro-
tein, spike trimer, post-fusion spike protein S2, nucleocapsid
(N) protein, and Nsp9 replicase (Gordon et al., 2020; Kong
et al,, 2020).

IVM is a Food and Drug Administration (FDA)-approved
broad-spectrum antiparasitic drug employed in humans to
treat different parasitic diseases (Luvira et al., 2014). IVM was
submitted to phase Il clinical trial in Thailand from 2014 to
2017 to treat dengue viral infection. As a result of this study,
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it was reported as safe when given as a single daily dose,
which resulted in a significant decrease of serum levels of
viral carriage (Yamasmith, 2018). It is also reported that IVM
decreases HIV-1 and dengue replication in cell cultures by
inhibiting the formation of the importin-o/f1 complex,
responsible for inhibition of nuclear accumulation of some
viral proteins, such as HIV-1 integrase and NS5 polymerase
protein (Fraser et al., 2014; Wagstaff et al., 2012). It is sug-
gested that the broad antiviral ability of IVM can be attrib-
uted to its capacity to inhibit the host importin-o/p1
complex, intended for nuclear entry of viral proteins, by
binding at the importin-o armadillo (ARM) repeat domain
(Yang et al., 2020). Recently, Caly and coworkers showed that
a single dose of IVM was able to control replication in clinical
isolates of SARS-CoV-2 within 24 to 48h, highlighting the
repurposing properties of this drug against COVID-19 (Caly
et al, 2020). However, the molecular mechanism at the
atomic level of how IVM inhibits the host importin-o/f1 com-
plex and other SARS-CoV-2 targets is yet to be elucidated.
Recently, computational studies employed docking and
molecular dynamics (MD) simulations to explore the ability
of IVM to inhibit mouse importin-oo (PDB entry 5FC8) and
several SARS-CoV-2 targets. They found that IVM binds to
importin-o. with moderate affinity and Nsp9 with the highest
affinity among several COVID-19 targets (Azam et al., 2020).
Another recent study employed docking and MD simulations
with the molecular mechanics Poisson-Boltzmann surface
area (MMGBSA) approach to explore the affinity of IVM with
importin-o. and several SARS-CoV-2 targets. They identified
IVM bound RdRp-RNA and Nsp13 helicase with a higher
affinity than importin-o. (Sen Gupta et al., 2020). Both studies
provided critical information that can be used to provide
more robust results by employing MD simulations combined
with the MMGBSA approach. In this contribution, we explore
the affinity of IVM for five SARS-Cov2 targets: dimeric 3CLP™,
Nsp9 replicase, Nsp13 helicase, RdRp without RNA, and RBD
of spike protein, as well as human importin-o, using molecu-
lar docking analysis, molecular dynamic MD simulations
coupled to the MMGBSA approach, and per-residue decom-
position analysis to predict their potential for antiviral treat-
ment of SARS-CoV-2. From the SARS-CoV-2 targets, Nsp9
replicase, Nsp13 helicase and, RdRp were selected because
they had been previously identified as potential targets
(Azam et al., 2020; Sen Gupta et al, 2020). RBD-spike was
chosen because it is crucial in recognizing the human angio-
tensin-converting enzyme-2 (ACE-2) receptor, which makes it
indispensable for viral propagation (Chen & Guo, 2020; Woo
et al., 2010). Dimeric 3CLP™ was chosen based on previous
information showing the importance of this SARS-CoV2 tar-
get and differences in its binding affinity in the monomeric
versus the dimeric state (Bello 2020; Bello et al., 2020).

Methods
Preparation of systems

IVM structure was obtained from ChemSpider (http://www.
chemspider.com/). The chemical design was optimized at the
AMT1 level using Gaussian 09 W software (Frisch et al., 2009).

The tridimensional structures were retrieved from the PDB
database of human importin-o. (PDB entry 5H43) and Nsp13
(PDB entry 5RL9), as well as Nsp9 (PDB entry 6WXD), RdRp
(PDB entry 7BV2), RBD-spike (PDB entry 6ACG), and 3CLpro
(PDB entry 6LU7) of SARS-CoV-2.

Molecular docking

IVM  was docked on the six molecular targets using
AutoDock Tools 1.5.6 and AutoDock 4.2 programs (Morris
et al., 2009). Hydrogen bonds were placed on ligand and
protein atoms, and Kollman and Gasteiger partial charges
were selected for the receptor and ligand. Ligand location
was carried out using a Lamarckian-genetic algorithm. A grid
box with a spacing of 0.375 and a size of 70 x 70 x 70 A was
constructed around the center of the binding site for all the
five SARS-CoV-2 targets. For importin-o, the grid box was of
a similar dimension to SARS-CoV-2 targets but defined at the
nuclear localization signal binding domain, the major binding
site formed by armadillo repeats 2-4 (Kobe, 1999; Tay et al.,
2016). At the end of docking calculations, the complex with
the lowest binding free energy was chosen as the starting
conformer to perform MD simulations. Validation of the
docking method was performed by reproducing the binding
mode of histone acetyltransferase KAT8 on importin-o (PDB
entry 5H43), 1-(3-fluoro-4-methylphenyl)methane sulfona-
mide on Nsp13 (PDB entry 5RL9), triphosphate form of
remdesivir on RdRp (PDB entry 7BV2) and the inhibitor N3
on 3CLpro (PDB entry 6LU7) with RMSD values lower than
1.0 A to the experimental binding mode.

Molecular dynamics (MD) simulations

The best complexes predicted from docking were further
examined for measuring their thermodynamic stability and
binding affinity using MD simulations employing AMBER16
software (Case et al., 2005) with the ff14SB force field (Duan
et al., 2003). Ligand parametrization was carried out using
AM1-BCC atomic charges and the general Amber force field
(Wang et al, 2004). The complexes were placed into a
dodecadic box of 12.0A filled with a TIP3P water model
(Jorgensen et al., 1983). Then, the complexes were neutral-
ized with Na 4 and Cl- counter ions at 0.15 M. After minimiza-
tion and equilibration, MD simulations were run for a period
of 100 to 150ns with triplicate repetitions using an NPT
ensemble at 310K. The electrostatic forces were fixed by the
PME method (Darden et al, 1993), and a 10A cutoff was
chosen for the van der Waals forces. The SHAKE algorithm
(Van Gunsteren & Berendsen, 1977) was used to set bond
lengths at their equilibrium values. The systems’ temperature
and pressure were maintained by a weak-coupling algorithm
(Berendsen et al., 1984). MD simulation results were analyzed
using AmberTools16, and the images were constructed using
Maestro Schrodinger version 10.5 (Schrodinger, 2016).
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Binding free-energy and per-residue decomposition
calculations

The MMGBSA (Gohlke & Case, 2004; Miller et al, 2012)
method was employed to evaluate the binding free energy
(AGping) for the different complexes and calculate the per-
residue decomposition free energy. To this, 200 snapshots at
time intervals of 100 ps were selected over the last 20 ns of
equilibrated simulation time. Before free-energy calculation,
all counterions and water molecules were deleted, and a salt
concentration of 0.15M was considered together with the
implicit solvation model (Onufriev et al., 2004). AGpi,q and
per-residue decomposition free energy evaluation were
determined as previously described (Bello & Garcia-
Hernandez, 2014) and correspond to triplicate experiments.

Results and discussion
Docking results

Interactions between IVM and importin-o.

Importin-a is built of two domains; an importin-f binding (IBB)
domain and an NLS-binding domain, which consists of 10
armadillo (ARM) repeats (Gorlich et al., 1996; Kobe, 1999). The
LS-binding domain represents the major binding site, covering
ARM repeats 2-4, and the minor site covers ARM repeats 6-8
(Pumroy & Cingolani, 2015). Importin-a is involved in the
molecular recognition of different substrates through binding
of the NLS-binding domain. The IVM docked complex with
importin-o. was shown to have one H-bond with Ser149. Polar
contacts were established with Ser105, Asn146, GIn109, and
Asn228. Hydrophobic interactions took place with Leu104,
Pro110, Trp142, Trp184, and Trp231 (Figure 1A, supplementary
material). Of these residues, Leu104, Arg106, Glu107, Trp142,
Asn146, Ser149, Trp184, and Trp231 were also observed stabi-
lizing the complex between importin and histone acetyltrans-
ferase KAT8 (PDB entry 5H43), which was bound at the major
binding site that covered ARM repeats 2-4.

Interactions between IVM and Nsp9, Nsp13, RdRP, spike
protein, and 3CLP™

The Nsp9 replicase is an Nsp encoded by ORF1a, which has no
vital function, but it is linked to viral RNA synthesis (Littler
et al, 2020); therefore, it can be an indispensable target for
drug discovery by inhibiting viral progression. Nsp9 replicase
is built by a single folded beta-barrel exclusive to this protein,
different from the single-domain proteins. Its crystallographic
structure highlights the importance of its dimeric state for
developing its biologic functions. Nsp9 replicase binds to the
RNA, then to active Nsp8 protein by binding on it, a process
that is crucial for its operation (Sutton et al., 2004). IVM was
docked with Nsp9 replicase through one H-bond with Asn95
and four polar contacts with Thr35, Asn33, Thr67, Asp95, and
Asn98. In comparison, hydrophobic contacts took place with
Leu4, Phe40, Val41, Trp53, lle65, Tyr66, 1le91, Leu94, Leu97,
and Met 101 (Figure 1B, supplementary material). Of these resi-
dues, Leu4, Leu97, and Met101 were observed to form
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protein-protein interactions in the dimeric state of Nsp9 replic-
ase present in the crystallographic complex (PDB entry 6WXD).

Nsp13 helicase is a multi-functional protein that is a con-
served and essential viral replication component, represent-
ing another important target for antiviral drug discovery (Jia
et al, 2019). In the case of Nsp13 helicase, IVM was docked
by 2H-bonds with Ser289 and His464. Polar contacts took
place via 14 neutral and charged residues: Glu261, Gly285,
Thr286, Gly287, Lys288, His290, Lsy320, Arg442, Arg465,
Gly538, Ser539, Glu540, Arg443, and Lys569. Hydrophobic
contacts were coordinated by only three residues: Pro284,
Ala316, and Tyr324 (Figure 1C, supplementary material).
Among these residues, Glu261, Gly285, Thr286, Gly287,
His290, and Lsy320 were observed in the co-crystallized com-
plex between 1-(3-fluoro-4-methylphenyl) methanesulfona-
mide and Nsp13 at the ADP site (PDB entry 5RL9).

RdRP plays an essential role in viral replication in host cells. The
conserved structure of the RARP core and the connected motifs
are pivotal in its viral catalytic function and represent potential tar-
gets for drug discovery (Shu & Gong, 2016). In the complex with
RdRp, IVM was docked by 1H-bond with Asp845. Polar interac-
tions were observed with polar and charged residues: Asn497,
Lys545, Arg836, Asp845, Ser861, Glu857, Arg858, and Asp865,
whereas hydrophobic interactions were coordinated by Tyr546,
Ala547, lle548, Ala840, 11e847, Valg48, and Leu862 (Figure 1D, sup-
plementary material). From these residues, Lys545 was observed
in the co-crystallized complex between the triphosphate form of
remdesivir on RdRp (PDB entry 7BV2).

The spike proteins form a peak shape on the surface of SARS-
CoV-2 and represent a fundamental research interest, as little is
known about its attachment and entry into the host cell (Walls
et al, 2020). Spike proteins are represented by two subunits (S1
and S2). The S1 has divergent sequences, whereas the S2 is highly
conserved. These spike proteins have heptad replications of hydro-
phobic domains that aid fusion into the host cell. The cell entry
process is regulated by the spike proteins, mainly through binding
to the angiotensin-converting enzyme-2 (ACE-2) receptor on the
host exterior and facilitating viral infection. This role demonstrates
the vast possibilities of targets in the search for effective com-
pounds to inhibit viral infection. The docked complex between
IVM and RBD-spike protein showed one H-bond with Asn487. Five
polar contacts had polar, charged, and neutral residues: Arg389,
Lys403, GIn479, GIn484, and Gly482, whereas hydrophobic interac-
tions took place with Leud41, Tyr439, Tyr481, Phe483, and Tyr491
(Figure 2A, supplementary material). Among these residues,
Gly482, Asn487, and Tyr491 formed interactions with ACE-2 in the
co-crystallized complex between trimeric spike protein and ACE-2
(PDB entry 6ACG).

The 3CLP™ is also known as the main protease due to its dom-
inant role in the post-translational machinery of the replicase
(Kanchan et al., 2003). The 3CLP™ of SARS-CoV-2 proteolytically sli-
ces the pp1la and pp1lab polyproteins of ORF a/b into useful pro-
teins, a critical stage during viral replication, suggesting that it
could be a significant target for decreasing the impact of COVID-
19 (Zhang et al., 2020). The complex between IVM and subunit 1
of 3CLP™ displayed 2H-bonds by a polar residue of subunit 2
(Thr304) (Figure 2B, supplementary material). This complex also
formed nine polar interactions with polar, charged, and neutral
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Figure 1. Complexes between ivermectin with importin-a, Nsp9 replicase, Nsp13 helicase, and RdRp of SARS-CoV-2 through MD simulations. Interaction of iver-

mectin with importin-o (A), Nsp9 replicase (B), and RdRp (C).

residues at subunit 1 (His41, Ser46, Asn142, His164, Glu166,
Thr169, Gly170, Asp187, Arg188, and GIn189) and two polar resi-
dues of subunit 2 (Ser1 and GIn306). Hydrophobic interactions
took place via seven hydrophobic residues of subunit 1 (Leu27,
Met49, Leu50, Cys145, Met165, Leu167, and Pro168) and two
hydrophobic interactions with residues of subunit 2 (Phe305 and
Val303). Subunit2 of the 3CLP°/IVM complex formed one H-bond
with Glu166 (Figure 2C, supplementary material). This complex
also formed ten polar interactions with His41, Asn142, Ser144,
His163, His164, His172, Arg188, Asp187, GIn189, and GIn192; 1
polar residue of subunit 1 (Ser1); and seven hydrophobic interac-
tions with residues of subunit 2 (Cys44, Met49, Tyr54, Phel140,
Leu141, Cys145, Met165, and Val186). Of these residues, His41,
Met49, Asn142, Ser144, Cys145, His163, His164, Glu166, Pro168,
His172, Asp187, GIn189, and GIn192 were also observed in the co-
crystallized complex between inhibitor N3 and 3CLpro (PDB
entry 6LU7).

MD simulations

The convergence of MD simulations
MD simulations allowed us to observe that IVM remained
bound to importin-o and four of the five SARS-Cov-2 targets,

except for Nsp13 helicase. IVM dissociated from the docked
complex with Nsp13 helicase after 50ns of MD simulation;
therefore, it was excluded from further analysis. Evaluation of
convergence for the complexes between IVM and importin-o,
Nsp9 replicase, and dimeric 3CLP™ showed that the root-
mean-square deviation (RMSD) and radius of gyration (Rg)
reached stable values for importin-o-IVM, Nsp9 replicase-IVM,
and dimeric 3CLP™-IVM between 10 and 40ns. In contrast,
RdRp-IVM and RBD-spike-protein-IVM came with stable RMSD
and Rg values between 80 and 150ns (Figure 3 and 4, sup-
plementary material). Based on this analysis, the first 80ns
were discarded from the MD simulation for additional
research in all five systems.

MD simulations of the importin-a-IVM complex

The most populated conformation of the importin-o-IVM
complex showed that two H-bonds stabilized the ligand with
Trp184 and Asn188. Polar contacts were maintained with
Ser105, Thr145, Arg227, and Asn228. Hydrophobic interac-
tions took place with Trp184, Cys223, Tyr225, and Trp231
(Figure 1A). Among these residues, Ser105, Trp184, Asn188,
and Trp231 were present to stabilize the complex between
importin-o. and histone acetyltransferase KAT8 at the major
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Figure 2. MD simulation complexes between ivermectin and RBD of spike protein and 3CLP™ of SARS-CoV-2. Interaction of ivermectin with RBD-spike protein (A).

Interaction of ivermectin with subunit 1 of 3CLP™ (B) and subunit 2 of 3CLP™ (C).

binding site covering ARM repeats 2-4. This interaction map
appeared more optimized based on the distribution of inter-
actions than predicted by docking procedures (Figure 1A,
supplementary material). Some of the residues stabilizing
IVM and mouse importin-oe (Trp184, Asn228, and Trp231)
were also observed in a previous theoretical study combin-
ing docking and MD simulation to monitor the prevalence of
the docked complex (Sen Gupta et al., 2020).

MD simulations between IVM and Nsp9, RdRP, spike pro-
tein, and 3CLP™

IVM was coupled in the Nsp9 replicase-IVM complex through
one H-bond with Arg99 and five polar contacts with polar,
charged, and neutral residues: Ser5, Asn96, Asn98, Gly100,
and Gly104. Hydrophobic contacts were established with
Leu4, Pro6, Leu97, Met101, Leu103, and Ala107 (Figure 1B
and Figure 5A, supplementary material). Of these residues,
Leu4, Ser5, Pro6, Leu97, Gly100, Met101, Leu103, Gly104, and
Ala107 also interacted at the protein-protein interface of the
dimeric state of Nsp9 (PDB entry 6WXD). Interestingly, these
interactions were more optimized than those previously
observed through docking calculations (Figure 1B, supple-
mentary material). This stable conformation of IVM at the
protein-protein interface suggests that the inhibitory activity
of IVM could occur by inhibiting the dimerization of Nsp9

replicase since dimer formation has been related to the
enhancement of nucleic acid binding and viral replication
(Qiu & Xu, 2020). Some of the interactions present in the
docked Nsp9-IVM complex (Pro6 and Gly100) were also iden-
tified in a previous theoretical study (Azam et al., 2020).

In the RdRp-IVM complex, the ligand was stabilized by
one H-bond with Gly590. Polar interactions took place with
polar and charged residues: Asp543, Gly590, Thr591, Ser592,
Ser682, Gly683, Asp684, and Arg858. Hydrophobic interac-
tions were established by Ala547, Val557, Val588, 1le589,
Ala685, and Ala688 (Figure 1C). Of these interactions, Val557,
Ser682, and Ala688 were present in the co-crystallized com-
plex with the triphosphate form of remdesivir (PDB entry
7BV2). Comparing the complex predicted by docking (Figure
1D, supplementary material) with the MD simulation result
indicated that the simulation optimized interactions, allowing
the identification of more interactions present experimentally
through x-ray experiments.

The complex between IVM and RBD-spike protein demon-
strated that one H-bond stabilized the ligand with Ser480.
Asn436, GIn479, and Gly482 stabilized polar contacts. Tyr435,
Tyr437, Leu438, Tyr439, and Leu478 stabilized hydrophobic
interactions (Figure 1A). These interactions were dissimilar to
those predicted by docking studies (Figure 2A, supplemen-
tary material), sharing only interactions with Tyr439, GIn479,
Tyr481, and Gly482. Of the residues observed stabilizing the
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Table 1. Binding free energies of complexes between IVM and importin-o. and four SARS-CoV-2 targets (in units of kcal/mol).

SyStem AEvdw AEele AGpol, sol Aanol, sol AGmmgbsa

Importin-a-IVM —40.54 (5.3) —22.49 (5.88) 36.77 (6.34) —4.81 (0.70) —31.09 (5.0)
Nsp9-IVM —41.03 (4.2) —7.49 (6.27) 20.64 (4.7) —4.79 (0.50) —32.68 (4.2)
RdRp-IVM —37.89 (4.9) —12.11 (7.6) 37.13 (7.6) —4.39 (0.70) —17.26 (5.0)
RBD-spike-IVM —36.59 (3.4) —11.40 (5.3) 29.55 (4.7) —4.45 (0.32) —22.90 (2.8)
3CLP"°-sub1-IVM —57.74 (7.6) —11.21 (4.3) 38.47 (8.2) —7.54 (1.0) —38.03 (7.7)
3CLP-sub2-IVM —50.75 (3.6) —13.38 (4.0) 3237 (4.0) —5.80 (0.40) —37.57 (4.0)

Table 2. Per-residue free energy decomposition for complexes between IVM and importin-o. and four SARS-CoV-2 targets (values kcal/mol).

Residue  IMP-IVM  Residue  Nsp9-IVM  Residue  RdRp-IYM  Residue  Spike-IVM Residue 3CLpro-sub1-IVM  Residue  3CLpro-sub1-IVM
Ser105 —0.287 Leu4 —1.455 Asn543 —0.247 His41 —1.024 His41 —0.769
Thr145 —0.387 Ser5 —0.646 Tyr546 —0.235 Tyr435 —2.686 Met49 —1.691 Cys44 —0.195
Trp184 —4.02 Pro6 —1.293 Ala547 —0.397 Asn436 —0.285 Leu50 —1.997 Met49 —1.776
Asn188 —1.386 Asn96 —0.374 Val557 —0.561 Tyr437 —0.148 His164 0.267 Phe140 —0.569
Cys223 —0.222 Leu97 —2.158 Val588 —0.271 Leu438 —2.051 Met165 —0.885 Leu141 —1.327
Gly224 —0.720 Asn98 —0.149 1le589 —1.749 Tyr439 —-0.179 Leu167 —0.218 Asn142 —1.252
Tyr225 —0.157 Arg99 —2.093 Gly590 —0.847 Leud78 —0.901 Pro168 —0.907 Ser144 —0.662
Arg227 —1.81 Gly100 —1.684 Thr591 —0.568 GIn479 —1.486 Arg188 —0.216 Cys145 —0.502
Asn228 —-0.70 Met101 —1.026 Ser592 —0.305 Ser480 —2.576 GIn189 —1.525 His163 —0.191
Trp231 =27 Leu103 —2.532 Ser682 —0.136 Tyr481 —0.459 Val303(B) —0.987 His164 —0.365
Gly104 —1.192 Gly683 —0.167 Gly482 —0.33 Thr304(B) —1.671 Met165 —3.634
Ala107 —0.502 Asp684 —0.212 Phe305(B) —2.712 Glu166 —2.262
Ala685 —0.551 GIn306(B) —0.479 His172 —0.346
Ala688 —0.317 Val186 —0.173
Arg858 —0.292 Asp187 —0.443
Arg188 —0.228
GIn189 —0.843

RBD-spike-IVM complex during simulations, Tyr436, GIn479,
and Gly482 were present in the experimental complex
between the spike protein and ACE-2 (PDB entry 6ACG).

2 H-bonds stabilized the complex of IVM at subunit 1 of
3CLP™ (3CLP™-sub1-IVM) by Thr304 of chain B. Polar interac-
tions took place with polar, charged, and neutral residues
(His41, His164, and GIn189) and one polar residue from chain
B (GIn306). Hydrophobic interactions were stabilized by five
hydrophobic residues (Met49, Leu50, Met165, Leu167, and
Pro168) and two hydrophobic interactions of chain B with
Phe305 and Val303 (Figures 2B and 5B, supplementary
material). In the case of subunit 2, IVM formed one H-bond
with Glu166. Polar interactions occurred with polar and
charged residues: His41, Asn142, Ser144, His163, His164,
His172, Asp187, Arg188, and GIn189. Hydrophobic interac-
tions were formed with Cys44, Met49, Phe140, Leul41,
Cys145, Met165, and Val186 (Figures 2B and 5C, supplemen-
tary material). Some key residues in IVM stabilization, His41,
Met49, Asni142, Ser144, Cys145, His163, His164, Glu166,
Pro168, His172, Asp187, and GIn189, were also present in the
experimental complex with the inhibitor N3 (PDB
entry 6LU7).

Binding free-energy calculations

Changes in the binding free energy (AGping) Were deter-
mined for the different systems using the MMGBSA
approach. Table 1 shows that all the complexes were
thermodynamically favorable and guided mainly through van
der Waals energy (AE,4,). Although all systems showed good
electrostatic contributions (AE..), the importin-o-IVM com-
plex was the most favorable electrostatic contribution.
However, the higher polar solvation energy (AGpo;, 5o

compared with the electrostatic contribution contributes to
eliminating the electrostatic contribution from the AGp;,g.

Table 1 also shows that the coupling of IVM on both sub-
units of dimeric 3CLP™ reached the most favorable AGging,
followed by the importin-o-IVM and Nsp9-IVM complexes,
which showed a similar affinity for ligands. In contrast, the
RdRp-IVM and RBD-spike-IVM complexes showed less favor-
able AGy;ng values. This result contrasts with those previously
reported by docking and MD simulations with the MMPBSA
approach exhibiting the highest affinity of RdRp to IVM con-
cerning importin-o. and monomeric 3CLP™ (Sen Gupta et al.,
2020), which may be because they employed the RdRp with
RNA and monomeric 3CLP™. In contrast, we used RdRp with-
out RNA and dimeric 3CLP™. Overall, our result indicates that
the inhibitory activity of IVM can be by targeting importin-o
and two targets of SARS-CoV2 (3CLP™ and Nsp9).

Per-residue free-energy decomposition

Analysis of the residues that contributed the most to the
AGping (Table 2) for all the systems showed that Trp184,
Asn188, Arg227, and Trp231 were the primary sources of
AGping Of the importin-a-IVM complex. Among these resi-
dues, Asn188 and Trp184 participated in forming H-bonds,
and Arg227 and Trp231 formed polar and non-polar interac-
tions (Figure 1A). In the Nsp9-IVM complex, Leu4, Pro6,
Leu97, Arg99, Gly100, Met101, Leu103, and Gly104 were the
main contributors to the affinity. Arg99 formed one H-bond
of these residues, and the other residues formed polar and
non-polar interactions (Figure 1B). The RdRp-IVM complex
observed that only [1e589 and Gly590 contributed appre-
ciably to the global affinity. In fact, for the stabilization of
this system, it was observed that although a high number of
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residues stabilized it, most of them contributed energies
lower than —0.5 kcal/mol.

In the RBD-spike-IVM complex, Tyr435, Leu438, GIn479,
and Ser480 were the major contributors to the affinity, from
which Ser480 formed one H-bond, and the rest of the resi-
dues formed polar and non-polar interactions (Figure 2A). In
the case of 3CLP™-sub1-IVM, His41, Met49, Leu50, GIn189,
Thr304, and Phe305 contributed the most to the AGy;.g4. Of
these residues, Thr304 formed one H-bond, and the remain-
ing amino acids established polar and non-polar interactions.
For the 3CLP™-sub2-IVM system, Met49, Leu141, Asn142,
Met165, and Glu166 were the primary sources of the AGping
values. Only Glu166 formed one H-bond with IVM of these
residues, and the remaining residues formed polar and
hydrophobic interactions.

Conclusion

Previous experimental studies demonstrated that IVM could
inhibit SARS-CoV-2 replication in vitro; however, IVM's
molecular mechanism inhibits binding to importin-o, and
other SARS-CoV-2 receptors have not yet been elucidated.
Recently, docking studies suggested the possible molecular
mechanism through which IVM could inhibit mouse impor-
tin-o and some key SARS-CoV-2 targets (Nsp9 replicase,
RdRp, and Nsp13 helicase), paving the way to the develop-
ment of more robust studies. In this research, we explored
the ability of IVM to inhibit human importin-a and five SARS-
CoV-2 targets: dimeric 3CLP"™, Nsp9 replicase, Nsp13 helicase,
RdRp, and RBD-spike protein, using docking analysis, MD
simulations coupled to the MMGBSA approach, and per-resi-
due decomposition analysis. Hydrophobic and hydrophilic
interactions guided interactions between IVM and importin-
o, dimeric 3CLpro, and Nsp9, hydrophilic interactions being
more critical for IVM binding at the central binding groove
of importin-a. Per-residue free energy analysis let us identify
hot-spot residues for importin-o-IVM (Trp184, Asn188,
Arg227, and Trp231), 3CLP-IVM (His41, Met49, Leu50,
Leu141, Asn142, Met165, Glu166, and GIn189), and Nsp9-IVM
(Leud4, Pro6, Leu97, Arg99, Gly100, Met101, Leu103, and
Gly104), which contribute significantly to the affinity.
MMGBSA results revealed that dimeric 3CLP™ has the highest
relationship among the different COVID-19 targets, followed
by importin-o. and Nsp9, which showed similar IVM affinity.
This result indicates that the inhibitory activity of IVM maybe
by targeting IMP and two essential targets of SARS-CoV2
(dimeric 3CLP™ and Nsp9).
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