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Abstract Ivermectin (IVM) is an antiparasitic drug that is used worldwide and rescues hundreds
of millions of people from onchocerciasis and lymphatic filariasis. It was discovered by Satoshi
Omura and William C. Campbell, to whom the 2015 Nobel Prize in Physiology or Medicine
was awarded. It kills parasites by activating glutamate-gated Cl~ channels, and it also targets
several ligand-gated ion channels and receptors, including Cys-loop receptors, P2X, receptors
and fernesoid X receptors. Recently, we found that IVM also activates a novel target, the
G-protein-gated inwardly rectifying K* channel, and also identified the structural determinant
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for the activation. In this review, we aim to provide an update and summary of recent progress
in the identification of IVM targets, as well as their modulation mechanisms, through molecular
structures, chimeras and site-directed mutagenesis, and molecular docking and modelling studies.
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Abstract figure legend The IVM-binding site in Cys-loop receptors and the farnesoid X receptor (FXR), and the
predicted IVM-binding site in the P2X, receptor and the G-protein-gated inwardly rectifying K (GIRK) channel.

Introduction

Ivermectin (IVM) is a well-known antiparasitic drug that
rescues humans and domestic animals from parasitic
infection such as onchocerciasis (river blindness) and
lymphatic filariasis. In the 1970s, Satoshi Omura isolated
a mixture that consists of eight components (Ala, Alb,
A2a, A2b, Bla, Blb, B2a and B2b) from Streptomyces
avermitilis. Then, he and his collaborator, William C.
Campbell, identified several 16-membered macrocyclic
lactone derivatives (known as avermectins), which possess
high anthelmintic activity that kills parasitic worms (Burg
et al. 1979; Egerton et al. 1979). IVM is one of the
avermectins and consists of a mixture of Bla and Blb
components in an 80:20 ratio (Fig. 1). In the 1980s,
IVM became a commercially available drug, since it
was found to be safer and more potent than other
avermectins (Chabala et al. 1980; Campbell et al. 1983;
Campbell & Benz, 1984). To date, IVM has contributed
to the improvement of the health of hundreds of milli-
ons of people in many developing communities and in
consequence has been included on the Model List of
Essential Medicines of the World Health Organization
(Omura, 2016).

IVM is highly hydrophobic and deeply inserts into
the subunit interfaces of transmembrane domains (TMs)
of Cys-loop receptor family members (Lynagh & Lynch,
2012). When IVM binds to the glutamate-gated CI~
channel (GluCl), a member of the Cys-loop receptor
family found in invertebrates, it potentiates the channel
activity, resulting in hyperpolarization of parasite neurons
and muscles, thereby killing the parasites (Cully et al.
1994; Arena et al. 1995). Mutations in GluCl reduce IVM
sensitivity and thereby produce IVM resistance in parasites
and insects (Kane et al. 2000; McCavera et al. 2009; Ghosh
et al. 2012). IVM also interacts with the TMs of other
Cys-loop receptors, including the histamine-gated Cl™
channel (Zheng et al. 2002), the pH-gated Cl~ channel
(Mounsey et al. 2007; Nakatani e al. 2016), the glycine
receptor (GlyR) (Shan et al. 2001), the y-aminobutyric
acid receptor (GABALR) (Adelsberger et al. 2000) and
the a7-nicotinic acetylcholine receptor (nAChR) (Krause
et al. 1998). IVM also modulates the P2X, receptor and
most likely binds to the TMs of this receptor, similarly to

the Cys-loop receptors described above (Silberberg et al.
2007).

The farnesoid X receptor (FXR), a nuclear receptor
involved in metabolic regulation, is also a novel target
of IVM (Jin et al. 2013). Also, it was reported that IVM
acts as an inhibitor of the human ether-a-go-go-related
gene (hERG) K channel with an ICs of approximately
13 um at 23°C and 24 uM at 37°C (Kauthale et al. 2015).

We recently revealed that IVM activates a novel
target, the G-protein-gated inwardly rectifying K (GIRK)
channel, especially subtype 2 (GIRK2) (Chen et al. 2017).
In remarkable contrast to the critical site for IVM binding
in Cys-loop receptors and the P2X, receptor, we found that
the interface between the TMs and intracellular domains,
rather than the TMs themselves, plays critical roles in
IVM-induced GIRK activation. Here we introduce novel
information as to how IVM modulates ion channels and
receptors, by summarizing the findings from structural
and functional points of view.

Roles of IVM and the structural determinants for the
modulation of targets

Cys-loop receptors. IVM acts as an activator or modu-
lator of Cys-loop receptors, including invertebrate GluCl
and human inhibitory anion-permeable receptors (GlyR
and GABAAR) and an excitatory cation-permeable
receptor (nAChR). Another human cation-permeable
Cys-loop receptor, the type 3 5-hydroxytryptamine
receptor (5-HT5R), is insensitive to IVM. These Cys-loop
receptors have a similar structure but are activated by
different neurotransmitters, such as glycine, glutamate,
acetylcholine and serotonin, while controlling excitatory
or inhibitory synaptic transmission in the central nervous
system.

Inrecentyears, high resolution structures of several Cys-
loop receptors have been solved by X-ray crystallography
or cryo-electron microscopy: GluCl (Hibbs & Gouaux,
2011), GABAAR (Miller & Aricescu, 2014), GlyR (Du
et al. 2015; Huang et al. 2017) and nAChR (Unwin, 2005;
Morales-Perez et al. 2016). In general, Cys-loop receptors
are pentamers of the same or different subunits, in
which each subunit contains an N-terminal extracellular

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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domain and four TMs, and the TM2 helices from each
subunit line the channel pore. The Cys-loop is one of
the domains that connect the extracellular domains and
the TMs. When a neurotransmitter binds to the pocket
in the extracellular domain, conformational changes are
transmitted to the TMs to open the channel pore. There
are only two of the Cys-loop receptor family members
whose structures have been solved in an IVM-bound
complex: Caenorhabditis elegans GluCl (Hibbs & Gouaux,
2011) and the zebrafish and human GlyRs (Du et al. 2015;
Huang et al. 2017) (Fig. 2A). The IVM-bound structures of
other IVM-targeted Cys-loop receptors remain unknown.

In the case of GluCl, IVM acts as an activator with
an EC5y of 140 nM or an allosteric modulator at a low
concentration (5 nM) that potentiates glutamate binding
(Cully et al. 1994). IVM binds to the TMs at the subunit
interface of the GluCl pentamer, near the extracellular
surface of the plasma membrane (Hibbs & Gouaux, 2011)
(Fig. 2A, left panel). By comparing the structures between
an apo (closed) state and an IVM-bound (open) state
of GluCl, the insertion of IVM is shown to enlarge the
channel pore of the TM region (Hibbs & Gouaux, 2011;
Althoff et al. 2014) (Fig. 2B and C). In the apo (closed)
state, the side chain of Leu254, located in the narrowest
position in the channel pore, acts as a closed gate. Althoff
et al (2014) described that the activation of GluCl by
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Figure 1. Chemical structure of IVM
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IVM induces a rotation and a shift of the TMs toward
the extracellular side (an upward movement of the TMs),
thereby enlarging the pore gate formed by Leu254 and also
expanding the space in the inter-subunit interface between
the TM1 and the TM3 helices (Althoff et al. 2014). Leu218
in TM1, Ser260 in TM2 and Thr285 in TM3 interact with
IVM by forming hydrogen bonds (Fig. 2D). Gly281 in
TM3 also contributes to IVM sensitivity (Lynagh & Lynch,
20104a). IVM binding stabilizes the TMs in an open state
through an interaction between Pro268 and Val45 located
atthe interface between the extracellular domainsand TMs
(Calimet et al. 2013; Althoff et al. 2014). Conformational
changes in the TMs by IVM also induce a tilt of the
extracellular domain, which may potentiate the binding
of glutamate.

In the case of GlyR, IVM acts as an activator at
high concentrations, with an ECsy between 1 and 5 uMm
toward different GlyR subunits (Lynagh & Lynch, 2010b).
IVM also acts as an allosteric modulator that potentiates
the glycine (saturating concentration, 250 pMm)-induced
current at a low concentration (30 nm) (Shan et al.
2001). The IVM-binding site in GlyR is similar to that
in GluCl (Fig. 2A, right panel). IVM also binds to the
TMs at each subunit interface of the zebrafish GlyRal
and human GlyRa3 pentamer, near the extracellular
surface of the membrane (Du et al. 2015; Huang et al.

Spiroketal

OH

Benzofuran

IVM is a 16-membered macrocyclic lactone derivative with disaccharide, benzofuran and spiroketal moieties, and
the molar mass is about 875 g mol=". It is a complex of 80% B1a and 20% B1b components. Previous studies
suggested that the benzofuran moiety plays the most critical role in its interaction with GluCl (Michael et al. 2001;

Lynagh & Lynch, 2012).

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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B D GIuCI-IVM
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Figure 2. IVM binding site and its structural determinants in GluCl and GlyR
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A, a lateral view (parallel to plasma membrane) of the structure of IVM-bound C. elegans GIuCl (left panel; PDB
ID: 3RHW) (Hibbs & Gouaux, 2011) and zebrafish GlyR (right panel; PDB ID: 3JAF) (Du et al. 2015) pentamer. The
IVM molecules are shown in sphere mode. B and C, a top view (perpendicular to plasma membrane) of TMs of
GluCl from the extracellular side in an apo (closed) state (B; PDB ID: 4TNV) (Althoff et al. 2014) and an IVM-bound
(open) state (C; PDB ID: 3RHW). Each subunit is shown in a different colour and the shut gate of the channel pore,
formed by the side chains of Leu254 in TM2 from each subunit, is shown in orange. The IVIM molecules are shown
in stick mode. The binding of IVM to GluCl enlarges the channel pore. D, IVM inserts into the subunit interface
and interacts with Leu218 in TM1, Ser260 in TM2 and Thr285 in TM3 (shown in yellow) by forming hydrogen
bonds. A key amino acid residue for IVM sensitivity in the Cys-loop receptor family (Gly281 in GluCl) is shown

in red.

2017). In human GlyRa3, Pro230 in TM1 and Ala288
in TM3 (corresponding to Gly281 in GluCl) interact
with IVM by forming hydrophobic interactions (Huang
et al. 2017). The Ala288Gly mutation in GlyR increased
IVM activity, suggesting that a smaller residue at this
position gives a higher IVM sensitivity (Lynagh & Lynch,
2010b). Any residues larger than Gly at this corresponding
position in Cys-loop receptors disturbs IVM binding,
and this may be one of the reasons why IVM activates
GlyR less potently than GluCl (IVM activates GlyR
at a micromolar concentration and activates GluCl at
a nanomolar concentration) (Lynagh & Lynch, 20104,
2012; Huang et al. 2017). Ile225 and GIn226 in TM1
and Ser267 and Arg287 in TM2 of human GlyRa3
interact with IVM by forming hydrogen bonds (Huang
et al. 2017). All of these residues contribute to IVM
binding and sensitivity. By comparing the structures of the
strychnine-bound (closed) state, glycine-bound (open)
state and glycine-IVM-bound state of zebrafish GlyR,
it was shown that there are two pore gates formed by
Leu277 and Pro266 (Du et al. 2015). The insertion of
IVM induces rotation of TMs and thus enlargement of
the pore gate formed by Leu277 but constriction of the
pore gate formed by Pro266 in TM2 (Du et al. 2015).
Unlike in GluCl, the binding of IVM to glycine-bound
GlyR induces remarkable conformational changes in TMs
but only limited changes in the extracellular domains.

In the case of GABAAR, the X-ray structure of
the human GABA,R B3 homopentamer revealed the
agonist (benzamidine)-binding pocket in the extracellular
domains (Miller & Aricescu, 2014), whereas the
IVM-bound structure still remains unsolved. GABARs
are usually composed of multiple kinds of subunits, and
the major isoform in brain is composed of «l, 82 and
y2 subunits (Sigel & Steinmann, 2012). IVM activates
the a182y2 GABAAR with an ECsy of approximately
2—7 uM (Adelsberger et al. 2000; Westergard et al. 2015)
and potentiates the native GABA-induced Cl~ current
in mouse hippocampal neurons at a low concentration
(0.1 uM) (Zemkova et al. 2014). Based on functional
studies and docking analyses, it is most likely that IVM
binds to a similar position in the TM region as in GluCl
or GlyR (Estrada-Mondragon & Lynch, 2015; Westergard
et al. 2015). According to the results of mutagenesis at
Ala291 in the a1 subunit, Met286 in the 82 subunit and

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society

Ser301 in the y2 subunit (corresponding to Gly281 in
GluCl or Ala288 in GlyR), IVM induces different effects
when it binds to different subunit interfaces: (1) the
binding of IVM to the or1-42 interface (in an anticlockwise
orientation of subunit stoichiometry in a top view from the
extracellular side) potentiates the GABA-induced current;
(2) the binding of IVM to the y2—82 interface induces
irreversible activation of the channel; (3) IVM cannot bind
to the B2—«a1 interface because of the large side chain of
Met286 in the B2 subunit (Estrada-Mondragon & Lynch,
2015). Further investigations are needed to obtain more
detailed information on the modulation mechanisms of
GABAAR by IVM.

In the case of nAChR, the IVM-bound structure also
remains to be determined. Application of IVM alone
does not activate the nAChR, but it potentiates the
ACh-induced current at a concentration of 30 uMm (Krause
et al. 1998). Based on docking analyses and functional
studies of rat nAChR a7-mouse 5-HT3A chimeras and
mutagenesis experiments (Collins & Millar, 2010), IVM
also interacts with the amino acid residues located in
the upper region of the TMs. However, the predicted
IVM-binding site in the nAChR is most likely to be
different from those of other Cys-loop receptors (Lynagh
& Lynch, 2012). IVM binds to the intra-subunit cavity
between TM1 and TM4 (in the same subunit) (Sattelle
et al. 2009; Collins & Millar, 2010), and this site is distinct
from the IVM-binding site in GluCl, GlyR and GABA4R,
which is located in the subunit interface, as described
above. Ala225Asp, GIn272Val, Thr456Tyr and Cys459Tyr
mutations reduced the IVM potency (Collins & Millar,
2010). Surprisingly, Ser222Met (in TM1), Met253Leu
(in TM2) and Ser276Val (in TM3) mutations induced a
change of the IVM effect from potentiation to inhibition.

P2X receptors. IVM acts as an allosteric positive
modulator of purinergic ATP-gated P2X receptors (seven
P2X subunits, P2X; ), especially P2X, but not P2X,
or P2X; receptors (Khakh et al. 1999). IVM alone does
not directly activate the P2X, receptor but potentiates
the amplitude of the ATP-induced current with an ECs,
of approximately 0.25 um (Priel & Silberberg, 2004;
Gao et al. 2015). IVM also potentiates the ATP-induced
current of the human P2X; receptor, but has only a
limited effect on the mouse and rat P2X; receptors
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(Norenberg et al. 2012). Recent findings suggest that
IVM mediates alcohol intake, sensorimotor gating and
dopamine-induced motor behaviour through modulation
of P2X, receptors (Bortolato et al. 2013; Franklin ef al.
2014, 2015; Khoja et al. 2016). IVM also possesses a
potential anti-cancer effect: it kills breast cancer cells
through potentiating P2X,/P2X; signalling (Draganov
etal. 2015).

The crystal structures of an apo (closed) state and an
ATP-bound (open) state of the zebrafish P2X, receptor
have been solved (Kawate et al. 2009; Hattori & Gouaux,
2012) (Fig. 3), while the IVM-bound state still remains
unknown. A previous study showed that extracellular
application of IVM modulates human P2X, receptors
better than when applied from the intracellular side,
suggesting that IVM does not interact with the intra-
cellular domains (Priel & Silberberg, 2004). The authors
also proposed that there are two separate IVM-binding
sites in the extracellular domains of the P2X, receptor: (1)
IVM binds to the high affinity site to increase ATP-induced
current by reducing channel desensitization; and (2)
IVM binds to the low affinity site to decelerate current
deactivation by inducing stabilization of the open state.
Based on their subsequent functional analyses of the rat

Lateral
fenestration

Intracellular
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P2X,—rat P2X, chimeras and mutants, it was shown that
IVM most likely interacts with the TMs of open P2X,
receptors, near the extracellular surface of the plasma
membrane (Silberberg et al. 2007). This predicted IVM
binding site, which is located in the upper region of the
TMs (Fig. 3), is similar to those of Cys-loop receptors.
By scanning mutagenesis of all amino acid residues of
TM1 and TM2 to Ala or Trp, it was observed that
mutations of Val28, Ile39, Tyr42, Val43 and Val47 in
TMI1 and Gly340, Gly342, Leu345 and Val348 in TM2
lowered IVM occupancy (Silberberg et al. 2007). Other
studies also indicated that GIn36, Leu40, Val43, Trp46,
Val47 and Trp50 in TM1 and Asn338, Gly342, Leu346,
Ala349 and Ile356 in TM2 contribute to the IVM effect
(Jelinkova et al. 2008; Popova et al. 2013). Taken together,
the residues in TMs near the extracellular surface of the
plasma membrane are critical for IVM action.

Recently, functional studies identified a novel structural
determinant of the rat P2X, receptor for IVM sensitivity,
the lateral fenestration (Kawate et al. 2009) (Fig. 3), which
acts as a linker to connect the extracellular domains and
the pore-forming TMs (Rokic et al. 2013; Gao et al. 2015).
Several aromatic residues (Tyr195, Phel98, Phe200 and
Phe330) located in the lateral fenestration contribute to

Figure 3. Critical amino acid residues for the IVM
effect and the predicted binding site in the P2X,
receptor

A lateral view of the structure of the ATP-bound (open) state
zebrafish P2X, receptor (PDB ID: 4DW1) (Hattori & Gouaux,
2012) trimer. The structure of the IVM-bound P2X4 receptor
is still unsolved. ATPs that bind to the extracellular domains
are shown in sphere mode. The amino acid residues of the
rat P2X4 receptor, which contribute to the IVM response,
located in the TMs (violet) and lateral fenestration (yellow),
are shown in their corresponding positions in the zebrafish
P2X4 structure. The violet residues (TM regions) are the
predicted IVM-binding sites, and the yellow residues (lateral
fenestration regions) also contribute to the IVM response.

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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IVM sensitivity and thus modulate current deactivation
(Gao et al. 2015). A specific negatively charged residue in
the human P2X, receptor, Glu51, located on the top of the
extracellular entrance of the channel pore, is also critical
for the IVM effect (Samways et al. 2012).

G-protein-gated inwardly rectifying K* channels. ITVM
acts as a novel activator of GIRK channels (Su et al
2016; Chen et al. 2017). GIRK channels (four GIRK sub-
units, Kir3.1-4) control various physiological functions:
Kir3.1-Kir3.2 heterotetramers in the brain regulate the
excitability of neurons and Kir3.1-Kir3.4 heterotetramers
in the heart regulate heart rate (Kubo et al. 1993;
Krapivinsky et al. 1995; Hibino et al 2010). GIRK
channels are known to be directly activated by Gg,
and also directly modulated by phosphatidylinositol
4,5-bisphosphate (PIP,) and Na™ (Logothetis et al.
1987; Reuveny et al. 1994; Huang et al. 1998; Ho &
Murrell-Lagnado, 1999). We recently observed that IVM
activates Kir3.1-Kir3.2 remarkably (ECsy of 3.5 um)
and Kir3.1-Kir3.4 weakly (ECsp of 7.5 um) in a
PIP,-dependent, Gg,-independent manner, and identified
the structural determinants for IVM-mediated activation
(Chen et al. 2017).

The crystal structures of the mouse Kir3.2 in an apo
(Arg201Ala, closed) state, a PIP,-bound (closed) state
(Fig. 4A) and a Gg,-bound (pre-open) state have been
solved (Whorton & MacKinnon, 2011, 2013), while the
full open state is still unknown, and no complexes
with IVM have been solved. Based on our observation
that IVM activates Kir3.2 more efficiently than Kir3.4
(Fig. 4B and C), we identified the structural determinants
by constructing Kir3.2-Kir3.4 chimeras and single-point
mutants (Chen et al. 2017). We found that the TMs
are not responsible for IVM-mediated GIRK activation,
in remarkable contrast to IVM activation in Cys-loop
receptors and the P2X, receptor. A single amino acid
residue in Kir3.2, I1e82, located in the slide helix at the
end of the N-terminus cytoplasmic region, is critical
for the IVM response (Fig. 4A). Mutation of Kir3.2
Ile82 (corresponding to Kir3.4 Leu77) to Leu reduced
IVM-induced current, and the reverse mutation of Kir3.4
Leu77 (corresponding to Kir3.2 Ile82) to Ile increased
the IVM effect. 1le82 is oriented with a methyl group
of the branched side chain toward the inner trans-
membrane helix (TM2), and this methyl group acts as
a switch for IVM-mediated activation. Trp91Ala and
Ile195Ala mutations also reduced GIRK current induced
by IVM, suggesting that Ile82, Trp91 and Ile195, located
in the interface between the TMs and the cytoplasmic
tail domains (CTDs), determine IVM-mediated GIRK
activation, presumably by forming an IVM-binding
pocket (Fig. 4D and E). We speculated that, when IVM
binds to the pocket, hydrophobic interactions are induced
between IVM and 11e82/Trp91/1le195, which reinforce

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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the hydrophobic core around the TM—CTD interface,
stabilizing the open state of GIRK channel. Since the
PIP,-binding site is close to the pocket formed by
11e82/Trp91/1le195, the association of PIP, may support
IVM binding by inducing stabilization of the TM—-CTD
interface (Chen et al. 2017).

Farnesoid X receptors. IVM acts as a novel ligand of FXR
(Jin et al. 2013), a receptor in the cytoplasm belonging
to the nuclear hormone receptor superfamily. One of
the physiological ligands of FXR is bile acid. It is highly
expressed in liver, small intestine, kidney and adrenals
(Wang et al. 2008). When a ligand binds to FXR, it targets
to the DNA and regulates the expression of genes that
are involved in the metabolism of bile acids, lipid and
glucose (Wang et al. 2008). Therefore, the novel FXR
ligand, IVM, has a potential to treat metabolic syndromes,
such as non-alcoholic fatty liver disease (Wang et al. 2008;
Jin et al. 2013, 2015; Zheng et al. 2017). IVM shows a
higher FXR selectivity and affinity (ECs, of approximately
0.2 uM) than the physiological FXR ligand, bile acid (ECsg
of approximately 10 uM) (Jin et al. 2013; Ding et al.
2015).

The crystal structure of the ligand-binding domain
of IVM-bound human FXR has been solved (Akwabi-
Ameyaw et al. 2009; Jin et al. 2013) (Fig. 5A). The
conformational change of the ligand-binding pocket
induced by IVM was different from that induced by a
widely used FXR ligand, GW4064. The analyses of the
transcriptional activity of FXR mutants revealed several
important residues for IVM binding (Jin et al. 2013, 2015)
(Fig. 5B). The Ala291Trp mutation reduces the size of the
ligand-binding pocket, thereby preventing the binding of
FXR ligands (IVM, IVM analogues or GW4064), as well as
the transcriptional activity induced by these ligands. The
Asn283Leu and Phe284His mutations of FXR abolished
the transcriptional activity induced by IVM by disrupting
a hydrogen bond between IVM and Asn283, and a hydro-
phobicinteraction between IVM and the hydrophobicside
chain of Phe284. Surprisingly, these mutants were still able
tobeactivated by GW4064. On the other hand, Leu287Thr,
Arg331Met and His447Phe mutations increased IVM
(or its analogues)-activated transcriptional activity, while
abolishing the GW4064 effect. It is most likely that these
amino acid residues play important roles in the ligand
selectivity of FXR.

Comparison of the effects of IVM analogues on target
proteins

There are several IVM analogues known to modulate
ion channels and receptors like IVM does. These
compounds, including abamectin (ABM), doramectin
(DOM), eprinomectin (EPM) and emamectin (EMM),
share a backbone of a 16-membered macrocyclic lactone
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Figure 4. Critical amino acid residues for the IVM effect and the predicted binding site in GIRK channels
A, a lateral view of the structure of the PIP,-bound (closed) state mouse Kir3.2 (PDB ID: 3SYA) (Whorton &
MacKinnon, 2011) tetramer. The structure of the IVM-bound GIRK channel is still unsolved. The slide helices are
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shown in blue; TM-CTD linkers are shown in yellow; 11e82, Trp91 and Ile 195 (the amino acid residues contributing
to the IVM response) are shown in red. B, currents in the absence (black trace) and presence of IVM (0.1—100 um,
coloured traces) in oocytes expressing Kir3.1—Kir3.2 (left) and Kir3.1—Kir3.4 (right) were recorded using the
protocol shown above (modified from Fig. 1A of Chen et al. 2017). C, dose—response curves for Kir3.1—Kir3.2
(filled circles) and Kir3.1—Kir3.4 (open circles) were constructed by the ratio of /gasqr and hiym, where lgasq refers
to the basal current before the application of IVM, fym refers to the maximum current in the presence of IVM
at a given concentration at —100 mV, and the basal current was subtracted (modified from Fig. 1D of Chen
et al. 2017). D, the top view of the TM—CTD interfaces and intracellular domains of Kir3.2 from the extracellular
side. E, the expanded view of 11e82, Trp91 and Ile195 located in the TM—CTD interfaces. We speculated that
11e82/Trp91/le195 contribute to IVM sensitivity by forming a binding pocket in the TM-CTD interface (Chen et al.

2017).

with different functional groups at the benzofuran,
spiroketal and disaccharide moieties (Figs 1 and 6A). Based
on the IVM-bound Cys-loop receptor complexes (Fig. 2),
the benzofuran moiety is inserted deeply toward the pore
of the channel, the spiroketal moiety interacts with TM1
and the disaccharide moiety orients toward the outside of
the channel (Hibbs & Gouaux, 2011; Du et al. 2015). In
a study that compared the binding of IVM in GluCl and
GlyR, it was shown that IVM is inserted deeper into the
subunit interfaces in GluCl than in GlyR, supporting the
notion that Gly281 in GluCl provides a larger space for
IVM binding than Ala288 in GlyR (Huang et al. 2017).
Therefore, the size of IVM analogues may also influence
their binding to target proteins, due to the limited space
of the binding pocket.

ABM shares the most similar structure to IVM among
these analogues, and their structure differs only at a
position between C22 and C23 in the spiroketal moiety
(indicated as X-Y in Fig. 6A): double bonds in ABM
reduced to a single bond in IVM (Omura, 2016).
Therefore, ABM induces modulation of most of the target
proteins with a similar efficacy to that of IVM. They
show equal effects on the activation of GlyR (Lynagh &

Lynch, 2010b) and GIRK current (Chen et al. 2017), the
potentiation of ATP-gated P2X, current (Silberberg et al.
2007) and the regulation of metabolism by modulation
of FXR signalling (Jin et al. 2015). In the case of the
invertebrate GluCl, IVM is most potent and ABM and
others are less effective (Arena et al. 1995) (Fig. 6B).

DOM contains a larger functional group in the
spiroketal moiety (indicated as R2 in Fig. 6A: cyclohexyl).
This analogue has less effect on the modulation of P2X,
receptor and GIRK than IVM (Silberberg et al. 2007; Chen
et al. 2017), while it has similar effects on that of Cys-loop
receptors and FXR (Arena et al. 1995; Lynagh & Lynch,
2010b; Jin et al. 2015) (Fig. 6B). Therefore, we speculate
that the IVM-binding space in P2X; and GIRK may be
narrower than that in Cys-loop receptors and FXR.

EPM and EMM contain a larger functional group in
the disaccharide moiety (indicated as R1 in Fig. 6A).
These two analogues have weaker effects on most of the
target proteins than IVM (see detail in Fig. 6B). For
example, EPM did not rescue the metabolic syndrome
by targeting FXR (Jin et al. 2015). These results suggest
that the structural difference in disaccharide moiety also
influences its binding.

Figure 5. IVM-binding site and structural determinants for binding in FXR

A, the structure of the IVM-bound human FXR ligand-binding domain (PDB ID: 4WVD) (Jin et al. 2013) as a dimer.
The IVM molecules are shown in sphere mode. The binding of IVM activates FXR and thus regulates the expression
of FXR-targeted genes. B, the expanded view of the IVM binding site in FXR. Mutations in Asn283, Phe284 and
Ala291 (yellow) abolish the IVM response, whereas mutations in Leu287, Arg331 and His447 (violet) increase the
IVM response.
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B Comparison of the modulation effects of IVM analogues on target proteins

Target proteins Modulation effects of IVM analogues References
GluCl IVM > other analogues Arena et al., 1995
GlyR IVM = ABM = DOM = EMM > EPM Lynagh & Lynch, 2010
P2X4 IVM = ABM >> DOM > EMM Silberberg et al., 2007
GIRK IVM = ABM > DOM = EPM Chen et al., 2017
FXR IVM = ABM = DOM >>> EPM Jin et al., 2015

Figure 6. Comparison of chemical structures and effects of IVM analogues on target proteins

A, chemical structures of ivermectin (IVM) and its analogues: abamectin (ABM), doramectin (DOM), eprinomectin
(EPM) and emamectin (EMM). B, a comparison of the effects of IVM analogues on modulation of the function of
target proteins: GluCl (Arena et al. 1995), GlyR (Lynagh & Lynch, 2010b), P2X, receptor (Silberberg et al. 2007),
GIRK (Kir3.1—=Kir3.2) channel (Chen et al. 2017) and FXR (Jin et al. 2015). IVM is the most potent among the
analogues to activate GluCl; ABM possesses a similar efficacy to IVM in the activation of GlyR, the P2X, receptor,
GIRK channels and FXR; DOM shows a lesser activation or potentiation effect on the P2X, receptor and GIRK
channels than IVM; EPM does not modulate FXR-mediated signalling.
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Summary

Since IVM is such a big and hydrophobic compound, the
size of the binding cavity between the a-helices of the TMs
or the binding domains generally governs IVM binding.
Some of the amino acid residues, whose side chains are
oriented to the binding cavity, stabilize IVM binding by
forming a hydrophobic interaction and hydrogen bond
network.

IVM modulates various ion channels and receptors
by different mechanisms: (1) IVM binds to the TMs
of Cys-loop receptors near the extracellular surface of
the plasma membrane and induces the rotation of TMs,
thereby facilitating opening of the channel pore. A small
amino acid residue located in TM3 (such as Gly281 in
GluCl and Ala288 in GlyR) plays a key role in IVM
sensitivity (Fig. 2D). (2) IVM most likely interacts with
the TMs of the P2X, receptor by binding to the sub-
unit interfaces, and this is similar to the IVM binding
site in most of the Cys-loop receptors (Fig. 3). (3) Unlike
in Cys-loop receptors and the P2X, receptor, the TMs of
GIRK channels are not critical for the IVM response. We
found that the hydrophobic side chain of Ile82 (Kir3.2) at
the slide helix, which is located in the interface between
the TMs and intracellular domains, is critical for IVM
sensitivity (Fig. 4A, D and E). (4) IVM not only embeds
into lipid bilayers and then influences the functions
of membrane proteins, but also presumably permeates
through the membrane and then interacts with the nuclear
receptor FXR (Fig. 5).

IVM shows higher affinity to GluCl, P2X, and FXR
(ECsop < 0.25 M) than to other targeted channels (ECsg
1—10 um). Therefore, the application of IVM to the
treatment of parasitic infections, cancers and metabolic
syndrome, through modulation of GluCl-, P2X,- and
FXR-mediated signalling, is considered to be saved from
side effects due to the modulation of other targets by
IVM. On the other hand, since IVM analogues possess
a relatively low efficiency compared to IVM toward a
specific receptor (Fig. 6B), it will be possible to reduce an
undesirable influence due to the activation of a specific
receptor by replacing IVM with a suitable analogue.
Further research is awaited to advance our knowledge of
this multifaceted drug, IVM, and its analogues.
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