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The novel SARS-CoV-2 coronavirus is causing a devastating pandemic in 2020, threatening public health in
many countries. An unprecedented rapid and global response has been set in motion to identify efficient
antiviral agents against SARS-CoV-2, mostly relying on the repurposing of drugs presenting or not previously
known antiviral activity. Ivermectin is an approved drug used as antiparasitic in humans and animals with well
documented broad-spectrum antiviral properties that emerge from host-directed effects. Recent results
reported by Wagstaff and coworkers (Antiviral Research 2020, 178, 104787) show a potent inhibition of
SARS-CoV-2 replication in vitro by ivermectin, and clinical trials with human volunteers have already started.
However, the mode of action of ivermectin is still largely unknown, especially at the molecular level. Here, we
employ advanced molecular dynamics simulations to assess the influence of ivermectin on several key viral
protein targets, with the aim to reveal the molecular bases of antiviral mechanisms against SARS-CoV-2.
Interestingly, we show that ivermectin could be regarded as a multitarget agent, inhibiting different viral
functions. These include blocking the recognition by the SARS-CoV-2 Receptor Binding Domain (RBD) of the
Angiotensin-Converting Enzyme 2 (ACE2), the interactions with the two viral proteases 3CLpro and PLpro, and
the SARS Unique Domain (SUD) non-structural protein. Hence, the wide spectrum of actions involving i) the
interference with cell infection, ii) the inhibition of viral replication, and iii) elusion of the host immune system,
could point to an unprecedented synergy between host- and virus-directed effects explaining the high
anti-SARS-CoV-2 activity observed for this compound.
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that have required the implementation of severe social distancing
measures and movement restrictions, including full lock-down,
causing significant social and economic damage.
In this context of emergency, the international scientific
community is reacting with rapid responses to enhance the
knowledge of the virus’s fundamental processes and hence
facilitate the control of the pandemic. This includes a very rapid
sequencing of SARS-CoV-2 genome, solving the structures of
key viral proteins, modeling of the pandemic spread to assist
public decision, and developing better detection tests,[4]
vaccines,[5] and effective treatments.[6] Due to the urgency
posed by the pandemic, an efficient and relatively fast strategy to
obtain suitable therapeutic agents consists in exploring the antiSARS-CoV-2 activity of drugs already approved for human use,[7]
in a drug repurposing framework. Since the safety profiles of the
candidates are well known, only the antiviral efficacy remains to
be assessed, thus strongly reducing the time required for clinical
tests and approval.
A drug that has shown promising results is the broad-spectrum
antiparasitic ivermectin (Figure 1), which has been shown to
inhibit SARS-CoV-2 replication in cell cultures with an IC50 of ~2
μM.[8] In particular, the action of ivermectin results in 99.8%
reduction of cell associated viral RNA in 24 hours, while a ~5000fold decrease of the viral RNA content is observed after 48 hours
with a maintaining of the effect at 72 hours. Recently, Yang et al[9]
have shown that ivermectin is a host-directed agent, i.e. the main
targets of the drug are not in the pathogen but in the host cell.
This is coherent with the broad antiviral activity observed against
HIV, influenza, dengue virus, Zika, and other flaviviruses.[10]
Ivermectin inhibits the transport of viral proteins into cellular nuclei
mediated by importin α/β1 carriers, an import process related to
the suppression of the host immune response by impairing mRNA
function.[9] This pathogen-independent mechanism suggests that
only very low concentrations of ivermectin could be sufficient to
control SARS-CoV-2 infection.[11] A recent report have
questioned that the plasma concentrations of 5 µM necessary to
inhibit the virus can be reached in clinical conditions, suggesting
alternative approaches such as inhaled formulations with high
local concentrations or the synergy with other antiviral agents.[12]
Overall, there is general consensus concerning a great potential
of ivermectin in COVID-19 therapeutics, although further medical
and pharmaceutical evidences are required to validate its use at
a large scale.[13,14]

Abstract: The novel SARS-CoV-2 coronavirus is causing a
devastating pandemic in 2020, threatening public health in many
countries. An unprecedented rapid and global response has been set
in motion to identify efficient antiviral agents against SARS-CoV-2,
mostly relying on the repurposing of drugs presenting or not
previously known antiviral activity. Ivermectin is an approved drug
used as antiparasitic in humans and animals with well documented
broad-spectrum antiviral properties that emerge from host-directed
effects. Recent results reported by Wagstaff and coworkers (Antiviral
Research 2020, 178, 104787) show a potent inhibition of SARS-CoV2 replication in vitro by ivermectin, and clinical trials with human
volunteers have already started. However, the mode of action of
ivermectin is still largely unknown, especially at the molecular level.
Here, we employ advanced molecular dynamics simulations to assess
the influence of ivermectin on several key viral protein targets, with
the aim to reveal the molecular bases of antiviral mechanisms against
SARS-CoV-2. Interestingly, we show that ivermectin could be
regarded as a multitarget agent, inhibiting different viral functions.
These include blocking the recognition by the SARS-CoV-2 Receptor
Binding Domain (RBD) of the Angiotensin-Converting Enzyme 2
(ACE2), the interactions with the two viral proteases 3CLpro and PLpro,
and the SARS Unique Domain (SUD) non-structural protein. Hence,
the wide spectrum of actions involving i) the interference with cell
infection, ii) the inhibition of viral replication, and iii) elusion of the host
immune system, could point to an unprecedented synergy between
host- and virus-directed effects explaining the high anti-SARS-CoV-2
activity observed for this compound.

Introduction
The outbreak of the respiratory coronavirus disease (COVID-19),
caused by the novel SARS-CoV-2 coronavirus, has largely
spread worldwide in 2020 constituting a major public health
threath.[1–3] Despite the fact that the mortality rate of COVID-19
is estimated at 1%, and that the majority of the infections evolves
rather benignly, the possibility of severe respiratory syndromes,
especially in aging patients or in subjects presenting
comorbidities, requiring intensive care assistance, is at the base
of the pressure imposed by SARS-CoV-2 infections on the public
health systems. This is also aggravated by the high infectivity of
SARS-CoV-2, that may result in uncontrolled bursts of infections
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The mechanistic picture provided only by the host-directed effects
might be, however, incomplete. Other possible pathogen-specific
antiviral mechanisms remain unexplored and could be crucial for
the potent antiviral activity of ivermectin against SARS-CoV-2.
Some recent studies[15–17] have found interactions between
SARS-CoV-2 proteins and ivermectin, even though the results are
mostly based on docking methods while extensive molecular
dynamics simulations, indispensable to fully characterize the
interactions, are still lacking.

As shall be discussed below in detail, our results show that
ivermectin could be indeed regarded as a multitarget antiviral
agent, potentially inhibiting all the above-mentioned targets to a
certain extent. As a consequence, it may diminish cell infection by
blockage of the ACE2/RBD complex as well as viral replication
and maturation by interfering with viral proteases and SUD. These
effects may complement the inhibition of nuclei carriers already
observed in experiments.[9]

Results and Discussion
Interaction with the ACE2/RBD virus gate
ACE2 is a glycoprotein with high affinity for sugar moieties,[31]
therefore, glycosylated and polar small molecules such as
ivermectin could compete with RBD in forming the typical
hydrogen bonding network that mediates the protein-protein
interaction. Our preliminary docking studies reveal that ivermectin
forms stable aggregates with ACE2 (see Figure 2a). Diverse
interaction hot spots are identified spanning different regions of
the RBD recognition site, in particular, the interfaces a and b.
Importantly, no specific interactions with the ACE2 natural
catalytic active site, composed of the amino acid triad Arg708,
Ser709, and Arg710,[32] are observed, ensuring the normal
physiological function of ACE2 and thus avoiding extra side
effects.

Figure 1. Chemical structure of ivermectin and schematic representation of the
viral targets studied in this work.

Figure 2. Binding energies resulting from molecular docking studies for each
potential interacting site with ivermectin as inhibitory drug, including a) ACE2,
b) 3CLpro and c) PLpro.

In this work, we employ a combination of docking and state-ofthe-art all-atom molecular dynamics to explore the ability of
ivermectin to interfere with SARS-CoV-2 viral structures (see
Figure 1), and to quantify the dynamics of such interactions. In
particular, we have focused to the following structures: i) the
Angiotensin-Converting Enzyme 2 (ACE2)/Receptor Binding
Domain (RBD) complex,[18–22] used by the virus to penetrate
into the human cell; ii) the SARS Unique Domain (SUD)
protein,[23–26] associated to the recognition of guanine
quadruplexes sequences in mRNA to weaken the host immune
response; iii) the main 3-chymotrypsin-like protease 3CLpro (or
Mpro),[27] used to catalyze the cleavage of specific peptide bonds
in viral polyprotein precursors;[28,29] and iv) papain-like protease
(PLpro),[30] that cleaves the viral polyprotein at different sites than
Mpro and that may contribute to the immune system evasion by
interfering with the cellular signaling pathways via its ubiquination
sites.

The ability of ivermectin to disrupt the ACE2/RBD recognition has
been subsequently quantified by means of all-atom MD
simulations. It shall be noted that, for all initial pre-selected poses,
the drug/ACE2 complex persists during all the simulation time
(200 ns), indicating a high affinity between ivermectin and six
ACE2 hot spots (four at interface-a and two at interface-b, as
shown in Figure 3a). The binding is mainly mediated by hydrogen
bonding and polar interactions allowed by the large number of
available oxygen atoms in ivermectin (as alcohol, ether, and ester
groups), in combination with its largely flexible molecular
backbone, that allows an effective “covering” or “insertion” into the
grooves formed by the ACE2 a-helixes and b-sheets at the
ACE2/RBD interface area.
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shorter distances between ACE2 and RBD centers of mass are
not due to a more compact ACE2/RBD complex. Instead, the
decrease in distance is mostly produced by the bending of the
RBD protein and subsequent “lateral” or “side” interaction with
ACE2, a type of interaction that most probably is not likely to
promote viral infection (see Figure 3d). Indeed, such lateral
interaction is not observed in the native system (reference, black
bars in Figure 3a) since the RBD is not allowed to turn due to the
strong ACE2/RBD interaction, that fixes the protein and its
orientation. Finally, the presence of the drug also significantly
broadens the distribution of the distances, further confirming the
perturbation of the ACE2/RBD binding.
Inhibition of viral proteases 3CLpro and PLpro
In addition to ACE2/RBD binding, we have evaluated the role of
ivermectin on the inhibition of two proteases which are crucial for
virus replication, namely the 3CLpro and the PLpro proteases. It is
known that the active form of 3CLpro is a dimer,[33] presenting one
catalytic site in each monomer. For this reason, we have used the
dimer form as our model (see Computational Details section).
Virtual docking results show that ivermectin interacts mainly with
two sites of 3CLpro: the inhibitory site, close to the catalytic site,
and a competitive site (red and grey spots in Figure 2b,
respectively), with similar binding energies (6.2-8.8 kcal/mol). It
should be noted that such binding energies are slightly higher with
respect to ACE2-ivermectin values at interfaces-α and -β (5.2-6.6
kcal/mol).
Among them, the highest binding energies have been found for
ivermectin interacting with its macrocyclic sixteen-membered
lactone lying on the 3CLpro surface, with the disaccharide moiety
protruding within the pocket until reaching non-covalent contact
with the catalytic dyad His41-Cys145 (Figure 4a). Alternatively,
ivermectin can interact with the same macrocyclic lactone when
the disaccharide moiety rotates, not reaching the catalytic dyad
(Figure S1). Amongst the most promising docking poses including
the above-mentioned features, four were selected to model the
inhibition of two 3CLpro dimers, considering the interaction of an
ivermectin molecule in each binding site.
MD simulations of these two complexed dimeric systems have
been performed to check the stability of the chosen poses and to
analyze the ivermectin-3CLpro interaction along the simulation
time. The simulations demonstrate that, in some cases,
ivermectin does not bind stably. One simulation shows that
ivermectin leaves the binding pocket after 78 ns, later interacting
with the external surface of 3CLpro, although the starting geometry
had the disaccharide moiety in contact with the dyad (Figure S2a).
Later, when the disaccharide moiety of ivermectin is away from
the dyad, the simulation reveals that ivermectin rotates on the
binding surface until reaching a different stable conformation with
the disaccharide moiety now pointing inside the binding pocket
(Figure S3). These findings suggest that the stability of ivermectin
inside the 3CLpro binding pocket is independent from the starting
pose, while 3CLpro fluctuations could drive different conformations
leading to efficient inhibitions.
In two other cases, the interaction of ivermectin is stable along the
simulation time, keeping the disaccharide moiety deep inside the
binding pocket. A detailed analysis of the interactions, in terms of
hydrogen-bonds and hydrophobic interactions, reveals that the
disaccharide moiety interacts synergistically through direct and
water-mediated hydrogen bonding, involving Thr26, His41,

Figure 3. a) Distances between the ACE2 interface domain and the viral RBD
in presence of ivermectin, measured with respect to the corresponding centers
of mass (see text). b) Snapshot of the reference trajectory without ivermectin.
c) Ivermectin interacting at the interface-b-2 site. d) Bending of the RBD that
leads to the “lateral” interaction with ACE2, with ivermectin complexed at the
interface-a-4 site, leading to shorter ACE2/RBD distances. Dashed black bars
illustrate the distances represented in panel a).

Ivermectin inhibition effects have been quantified by measuring
the distance between the centers of mass of the viral RBD and
the host ACE2 structures, as described elsewhere.[22] From
Figure 3a, it can be readily seen that five out of six poses shift the
equilibrium distance of the complexes to significantly larger
values, encompassing several Ångströms. This fact clearly
indicates a strong destabilization of the ACE2/RBD recognition.
The poses with the highest distance increase are those placed at
the interface-b, i.e. the regions at the core of the ACE2/RBD
interface (see Figures 3b and 3c). Only the interface-a-4 pose
appears to actually decrease the protein/protein distances, being
possibly interpreted as an improvement of the recognition.
Nevertheless, the analysis of this trajectory reveals that the
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Asn142, His164, Glu166, Asp187, and Gln189 (Figure 4b), but
also through hydrophobic interactions (Figure 4c).

the main subsites described for the enzyme binding pocket: S1
(conserved in all coronaviruses and comprising amino acids 140145 and 163-166), S2 (composed by amino acids 186-189 and
side chains of His41, Met49 and Met165) and S4 (comprising
amino acids 165, 167, 189, 190 and 192).[34–40] Moreover, the
size and structure of ivermectin (macrocycle lactone and
disaccharide) allows the interaction with the whole binding pocket,
as compared to other proposed drugs whose interaction with
some pocket subsites is missing or weaker.[36,37,40]
Nevertheless, the large fluctuations observed for this protease,
coupled to the inherently high flexibility of ivermectin, are
expected to affect the inhibition efficiency, since a multiconformational complex equilibrium between bounded and
unbounded ivermectin may also take place.
PLpro has also been identified as crucial for virus replication. For
this reason, we have evaluated the inhibition capacity of
ivermectin against this enzyme. Differently from 3CLpro, the
monomeric form is the biologically active form for this enzyme.[41]
Docking results revealed three main interaction sites with
comparable binding energies: the inhibitory site and two ubiquitinlike (Ub) binding subsites, SUb1 and SUb2 (Figure 2c). Two MD
simulations have been performed starting from two different
ivermectin poses in the inhibitory site. One of these simulations is
stable, showing a strong interaction of ivermectin inside the
inhibitory site. In the other one, ivermectin moves out after ca. 100
ns (Figure S6). By analyzing in more detail the two simulations,
we observe that the departure of ivermectin from the PLpro surface
is due to the opening of the flexible BL2 loop (also known as
G267-G272 loop,[30,41] see Figure S6b). Indeed, when this loop
keeps closed, the ivermectin binding mode is stable. In this latter
case, ivermectin interacts through hydrogen-bonds and
hydrophobic interactions with the inhibitory site. In particular,
ivermectin interacts through direct and/or water-mediated
hydrogen bonds (Asp165, Asn168 and Gln270) and through
hydrophobic interactions (Cys112, Leu163, Pro248, Pro249,
Tyr265 and Tyr269), similarly to 3CLpro (Figure 5A). These types
of interaction are in agreement with previously reported PLpro
inhibitors.[30,41–43]
Regarding the interaction of ivermectin with the SUb1 and SUb2
sites, one MD simulation for each case has been performed to
ascertain the stability of the interaction. For SUb1, a stable
interaction mode is found, with the disaccharide moiety lying
mainly on top of the side chain of Arg167, while the macrocycle
lactone is exposed to the solvent. This stable interaction arises
from hydrogen bond interactions of the disaccharide moiety with
Arg167 and Ser171 and hydrophobic interactions with Met209
and Pro248 (Figure 5b). By comparing these interactions with the
ones reported for Ub inhibitors interacting in the Sub1 site, we can
conclude that, although ivermectin is stable in this site, its position
is slightly shifted towards the inhibitory site leading to a lower
interaction, mainly driven by hydrogen-bond.[43,44] Analyzing the
ivermectin-SUb2 simulation, ivermectin is shown to be unstable
moving along the PLpro surface between SUb1 and SUb2 until
reaching a stable conformation at ca. 300 ns close to the SUb2
site (Figure S7b). In this case, the macrocyclic lactone is the
moiety interacting with the PLpro surface, whereas the
disaccharide is exposed to the solvent (Figure 5c). In particular,
ivermectin interacts through hydrogen bond interactions with
His74, Thr75, Asp77, Tyr155, and Tyr172 and leads to
hydrophobic interactions with Thr76, Pro130, Asn157, Tyr172,

Figure 4. a) Most efficient binding interaction between ivermectin and 3CLpro,
detailing its b) hydrogen-bonds and c) hydrophobic interactions.

Also, the macrocyclic lactone is stabilized through hydrogen
bonding with Ser46, Glu47 and Gln189, and via hydrophobic
interactions with Met49 and Ala191 (Figure S4). Hence, the
interaction of ivermectin with the 3CLpro binding site appears
favorable to lead to catalytic inhibition as the drug interacts with
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and His176. Comparing these bindings with the ones already
reported for ubiquitin and ISG15 in the SUb2 domain, ivermectin
interacts in the same region but with slightly different amino acids,
probably due to its smaller size.[43,44] Hence, we can conclude
that the interaction of ivermectin with the SUb domains of PLpro is
energetically favorable although in the case of SUb2 it is not
persistent. All in all, these results suggest that ivermectin can both
inhibit PLpro and hamper the recognition of ubiquitin, helping the
immune system to recover.

the sequestration of human RNA. Another mode of action, more
“indirect”, could be the formation of stable aggregates between
G4 RNA and the drug, thereby also precluding the formation of
the SUD/RNA complex.
As reported in the SI, the most stable complex between ivermectin
and G4 RNA involves an interaction with the peripheral tetrads of
the G4, while no stable groove binding mode has been identified.
Since the main interaction between SUD and G4 involves
electrostatic binding of the nucleic acid with the positive, lysinerich region of the protein, it is unlikely that the interaction with the
G4 is sufficient to significantly perturb the nucleic acid binding to
SUD. However, the fact that ivermectin binds to the peripheral
tetrads of G4 RNA, could perturb the monomeric binding mode
between RNA and SUD.[26] Even if the monomeric binding mode
is not sufficient to maintain the compact and closed structure of
SUD, as shown by Hognon et al.,[26] this mode can be used for
the initial recruiting of nucleic acids, hence its perturbation should
not be totally innocent.

4 ns

44 ns

404 ns

164 ns

484 ns

Figure 5. Hydrogen-bonds (left) and hydrophobic interactions (right) driving the
binding modes between ivermectin and PLpro at a) the inhibitory site, b) the SUb1
and c) the Sub2 sites.

Interaction with viral SUD and human G4 RNA
The SUD subunit of the SARS non-structural proteins have been
deemed important for their capacity to highjack the host RNA,
mainly via extensive electrostatic interactions with positive lysine
residues. This in turn leads to an alteration of the protein
transcription that helps SARS viruses to resist to the cellular
immune response. MD simulations have recently revealed the
atomistic details of the interaction.[26] It has been shown that
SUD binds to human RNA in G-quadruplex (G4) arrangement and
that the interaction between SUD and the G4 RNA helps
maintaining the dimeric form of the viral protein, a prerequisite for
its capacity to interfere with the immune response. In this respect,
the possibility to directly interfere with the RNA recognition site of
SUD may be regarded as a potential therapeutic strategy to
diminish coronavirus resistance and its capacity of infection.
Indeed, the inhibition of SUD activity could be achieved by small
drugs aimed at occupy the G4 RNA interaction site, precluding

Figure 6. Representative snapshots extracted along the MD trajectory and
depicting the SUD/ivermectin complex.

Conversely, a persistent occupation of the RNA recognition site
of SUD by ivermectin is observed all along the MD trajectory, as
pictorially represented in Figure 6. Although the ivermectin/SUD
complex appears as stable, and the drug is consistently
occupying the lysine rich region used to bind RNA, no specific and
highly persistent interaction is evidenced at the molecular level.
Instead, some labile hydrogen-bonds with the polar groups of
ivermectin take place, although never persisting for more than
some nanoseconds. As a consequence, the SUD/ivermectin
complex seems to be mostly driven by hydrophobic and rather
non-specific interactions. This fact also justifies the observation
that, although the complex is persistent, ivermectin is
characterized by a relatively high mobility resulting in rather
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18JG), have been prepared coherently with the procedure recently used
by us.[26]

complex sliding and rotation motions of the drug across the large
interaction area, and by SUD conformational rearrangements
between open and folded conformations. However, as previously
pointed out, this high mobility does not break the drug/protein
complex.
Hence, the results of the MD simulations indicate the possible
occurrence of moderate interactions of ivermectin with SUD, in
turn capable of perturbing the recognition and the association of
the former protein with human G4 RNA, hence counteracting its
capacity to favor the evasion from the host immune system.
However, it shall be noted that, in light of the present results, SUD
should be considered as a possible secondary target of ivermectin,
complementing the more intense interactions with the RBD/ACE2
complex and the proteases, illustrating the multitarget character
of ivermectin.

Docking
Flexible drug docking studies have been performed using the Autodock
Vina software[46] to determine meaningful binding poses of ivermectin.
Prior to virtual screening, the 3D geometry of ivermectin was built with the
Discovery Studio 2.1 program.
For the ACE2/RBD system, the grid center coordinates were x = 154.410,
y=131.537, z= 213.591 and the size coordinates were x=100, y =100,
z=100 with grid points separated by 1 Å. For 3CLpro the grid center
coordinates were x = 53.065, y = 161.664, z = 26.000 and the size
coordinates were x = 24, y = 34, z = 38 with grid points separated by 1 Å.
For PLpro the grid center coordinates were x = -55.400, y = 10.700, z =
24.020 and the size coordinates were x = 84, y = 82, z = 86 with grid points
separated by 1 Å.

Conclusion

Molecular dynamics simulations

By using extensive MD simulations we have unraveled, at a
molecular and atomic resolution, some possible mechanisms of
action of ivermectin to counteract SARS-CoV-2 infection through
competitive inhibition of several viral targets. In particular, we
have shown that ivermectin can be characterized as a multitarget
agent capable of interfering with different key steps of SARS-CoV2 multiplication cycle. These mechanisms could add to the known
capabilities of ivermectin to block the transport of viral proteins
into cellular nuclei mediated by importin α/β1 carriers.[9]
Indeed, the impressive destabilization of the RBD/ACE2 complex
in presence of ivermectin supports a direct inhibition of the SARSCoV-2 entry into the host cell. On the other hand, the inhibition of
the active site of both 3CLpro and PLpro viral proteases could also
contribute to inhibit the virus maturation after the infection. Finally,
ivermectin might also impede the ubiquination of PLpro and the
interaction between the viral SUD and human RNA, that are
recognized as mechanisms used by coronaviruses to weaken the
host immune defenses and hence assure the virus survival.
The present results are important in the development of rational
drug design or drug-repurposing strategies in the fight against
COVID-19. Indeed, ivermectin represents an ideal case study,
highlighting the different viral or host protein sites that should be
targeted to inhibit clear viral functions. Thus, this work provides
evidence of an unprecedented synergy between host- and viraldirected mechanisms of action for ivermectin, a first step in the
exploration of this dual mechanism. Nevertheless, further
experimental and theoretical studies are encouraged to confirm
this novel concept.

High-level equilibrium molecular dynamics (MD) have been employed on
the pre-selected configurations to quantify the biological activity of
ivermectin towards a given viral structure, using the NAMD program[47] in
combination with the Amber99SB force field,[48–50] including the bsc1
corrections,[51] to describe proteins and RNA, and TIP3P[52] parameters
to treat water molecules. Meanwhile, the force field of ivermectin was
parameterized through the GAFF procedure.[53]
The initial structures were minimized applying 8000 steps of the NAMD
conjugate gradient and line search algorithm keeping the protein backbone
frozen. The constraints were gradually relaxed during 36 ps, reaching a
final temperature of 300 K at the NPT ensemble. MD production runs were
simulated at 300 K and 1 atm, with total simulation times of 0.2
(RBD/ACE2) and 0.5 µs (proteases, SUD/RNA system). The hydrogen
mass repartition (HMR) method[54] has been applied in all systems,
allowing a timestep of 4 fs. The pressure was set to 1 atm and maintained
constant using the Nosé-Hoover Langevin piston pressure control, while
temperature conservation was ensured through Langevin dynamics. All
MD simulations were conducted using periodic boundary conditions and
the particle mesh-Ewald (PME) method with a cutoff of 9.0 Å. Results have
been analyzed through VMD.[55] In the case of RBD/ACE2 simulations,
the RBD was initially separated 5 Ångstrom from the ACE2 in order to
include ivermectin at the interaction sites revealed by the docking studies,
also in the reference run without ivermectin.
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Computational Details
Preparation of the systems
Discovery Studio 2.1 program was used to add hydrogen atoms and
assign bond orders, hybridization and charges to ACE2, extracted from
PDB ID 6M17.[21] Three-dimensional coordinates of the 3CLpro were
retrieved from the PDB ID 6LU7 (dimer form). The PLpro protein model
(monomer form) has been extracted the PDB ID 6W9C. We have selected
chain C as it is the most complete one. For the Zn finger (cysteine residues
interacting with the Zn atom), we have used a non-bonded strategy to build
the parameters, as recently documented in the literature.[45] In the case
of SUD the system, i.e. the protein (PDB ID 2W2G) and the RNA (PDB ID
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2 Departament

Figure S1. Representative poses of two ivermectin conformations inside 3CLpro binding pocket with A)
the disaccharide moiety out and B) deep inside the pocket.

Figure S2. A) Starting and final snapshots of the MD simulation in which ivermectin starts with the
disaccharide moiety inside the binding pocket but later moves outside, interacting with the 3CLpro
surface. B) Ivermectin RMSD plot showing that around 100 ns the RMSD of ivermectin interacting with
chain A (IVM_A) significantly increases, matching with the time when it moves outside the pocket.

Figure S3. Upper view of 3CLpro binding pocket, showing that when starting with the disaccharide moiety
of ivermectin pointing outwards the pocket, ivermectin rotates on the surface along the MD simulation,
as shown with the snapshot taken at 500 ns.

Figure S4. Scheme showing the amino acids leading to hydrogen-bond (in blue) or hydrophobic (in
purple) interactions with the macrocyclic lactone moiety of ivermectin.

Figure S5. RMSD plots computed along the simulation time of the two independent MD simulations of
the 3CLpro dimer complexed with two ivermectin molecules.

Figure S6. A) PLpro RMSD plot for two independent MD simulations. B) Plot of the distance between one
amino acid of the BL2 loop and one amino acid of the protease (depicted by two red balls and dotted
line). Short distances indicate that the BL2 is closed while larger distances indicate its opening.

Figure S7. A) PLpro RMSD plot for the simulations performed with ivermectin in the SUb1 and SUb2
domains. B) Ivermectin RMSD plot along the MD simulation with ivermectin in the SUb2 domain,
showing that around 300 ns a stable conformation of ivermectin is reached.
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Figure S8. A) Representative snapshots of ivermectin interacting with the G4 RNA extracted from the
MD simulation and showing the persistence of the aggregate with the tetrad. Total (B) and ivermectin
(C) RMSD all along the MD simulation.
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Figure S9. Total (A) and partial RMSD for SUD (B) and ivermectin (C) all along the MD simulation.
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Figure S10. A) Representative snapshots of ivermectin interacting with the G4 RNA in the groove
arrangement extracted from the MD simulation and showing the instability of this interaction mode that
is destroyed after 32 ns.
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