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1. Introductory summary

Acetylcholine (ACh) is a signaling molecule that is conserved throughout evolution. It is present
in bacteria, archaea, eukaryotic unicellular organisms, fungi, plants, invertebrates and verte-
brates. In invertebrates and vertebrates, it activates muscarinic G protein-coupled metabotropic
receptors (MAChRSs) and ionotropic ligand-gated nicotinic receptors (nAChRs) and is inactivated
by the ACh degrading esterase (AChE). nAChRs represent a diverse family of ion channels with
complex subunit composition that mediates excitatory neurotransmission. Their dysregulation is
linked to conditions such as nicotine addiction, Parkinson’s Disease, Alzheimer’s Disease, Schiz-
ophrenia, and Myasthenia gravis, to only name a few. Their essential roles in the central and
peripheral (somatic and autonomic) nervous systems become also apparent through the large
variety of natural compounds that target this receptor as defense or prey strategies. This work
focuses on muscle-type and neuronal nAChR subtypes, with distinct homomeric and heteromeric
assemblies, and natural and synthetic molecules that target these receptors.

1.1 Nicotinic acetylcholine receptors (hnAChR)

nAChRs are non-selective cation channels that belong to the cys-loop superfamily of pentameric
ligand-gated ion channels (pLGIC) together with the GABAA, glycine, 5-HT3 and zinc-activated
(ZAC) receptors, as well as homologues prokaryotic ion channels (GLIC, ELIC). The cys-loop is
a common motive in the extracellular domain with two cysteine residues, that lie 13 residues apart
in the case of the mammalian nNAChR subunits. There are 16 mammalian nAChR subunits known:
al — a7, a9, a10, B1 - B4, 5, y and &. The a-subunits are characterized by a pair of adjacent
cysteine residues in loop C that is required for agonist binding (Albuquerque et al., 2009; Karlin
et al., 1986). These subunits form functional pentamers in different assemblies. The nAChR sub-
type found post-synaptically in efferent neurons of skeletal muscles is referred to as muscle-type
nNAChR and consists of two a1 subunits with the 1, 6 and y subunit. In mammals, the y subunit
is replaced by ¢ during adolescence. The a7 and the a9 are able to form homomeric pentamers
and the a9 forms additionally functional receptors with the a10 subunit (Elgoyhen et al., 2001).
All other nAChRs require at least one principle o-subunit (a2, a3, a4, a6, a7) and one comple-
mentary B-subunit (B2 or p4) to form functional receptors. However, more complex assemblies
containing several a- or B-subunits are described and also an assembly of the a7 with the p2
subunit was found (J. Wu et al., 2016; Zoli et al., 2015). These o or a/f subunit combinations are
historically classified as neuronal subtypes and expressed in post-and presynaptic nerve termi-
nals, although expression of some of these receptors in non-neuronal cells (e.g. in immune cells)
has also been described (Gahring & Rogers, 2005; Kawashima & Fujii, 2003; Morley et al., 2018;
Zoli et al., 2018). The ACh binding site is formed by the (+) face of an a-subunit and the (-) face
of the adjacent subunit, resulting in five potential a/a-interfaces in homomers and the 09010 re-
ceptor and two or three a/p-interfaces (depending on the subunit stoichiometry) in the other neu-
ronal nAChRs. In case of the muscle-type, the binding sites are at the a/6 or a/y(g)-interfaces
which show distinct affinities for ligands. a5 and 33 subunits do not contribute to the formation of
these orthosteric binding sites and seem to function as structural subunits (similar to the g1 and
a10 subunits (Elgoyhen & Katz, 2012), mainly to regulate the function and localization of the
receptor (Broadbent et al., 2006; Groot-Kormelink et al., 2001).

While biochemical and electrophysiological studies provided already a principle idea about the
basic structure of nAChRs (and consequently that of the other pLGIC family members) the suc-
cessful crystallization of the acetylcholine binding protein (AChBP) from Lymnaea stagnalis re-
vealed the first molecular structure at atomic resolution (Brejc et al., 2001). This pentameric sol-
uble protein has a high homology with the extracellular domain of pLGICs and especially with
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nNAChRs and was used as a surrogate for early SAR (structure activity relationship) studies of
ligand binding. Cryo-electron microscopy (cryo-EM) studies of the Torpedo electric ray nAChR in
its skin, resulted in the first three-dimensional structure of the transmembrane domain from eu-
karyotic pLGIC (Miyazawa et al., 2003) and led to the modelling of a full-length structure with a 4
A resolution (Unwin, 2005). Each subunit consists of a large extracellular, p-sandwich N-terminus
(ECD), followed by four a-helical transmembrane domains (M1-4) that are connected by loops
and a short extracellular C-terminus. The intracellular domain connects M3 and M4 and is longer
than the other loops, highly flexible, and shows the least sequence homology and the highest
variability in residue number among the subunits (Stokes et al., 2015). Five subunits form the
functional receptor with their M2 helices lining the channel pore, surrounded by M1, M3, and M4.
M4 is the most peripheral helix and has extensive interactions with the membrane (Hénault et al.,
2019).

Principle subunit Complementary
subunit

Figure 1: The molecular structure of different nAChR subtypes. The cryo-EM structure of the a7 nAChR in resting state is
shown as an example. a-subunits are in blue (different shades for better separation of subunits). In the heteromeric
nAChR the p-subunits are in yellow, y in magenta and & in light orange. PDB IDs: a7 resting state (7KOO aligned with
7RPM), AChBP (PDB: 119B), o432 (PDB: 5KXI), o34 (PDB: 6PV8), Torpedo muscle-type (6UWZ)

The first full length X-ray structure of the pLGIC in high resolution (2-3 A) were obtained using the
prokaryotic homologues Erwinia ligand-gated ion channel, ELIC (Hilf & Dutzler, 2008) and Gloe-
obacter ligand-gated ion channel, GLIC (Bocquet et al., 2008). These structures were the first
models to computationally investigate ion permeation and gating. Further advances in the field of
cryo-EM provided later the first high-resolution, full length structures of the human a4p2 (Morales-
Perez et al., 2016), human a3p4 nAChRs (Gharpure et al., 2019) and Torpedo muscle-type (Rah-
man et al., 2020). These experimental structures eventually confirmed the conserved structure of
nNAChRs and experimental studies for their function. Additionally, these structures provided the
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. Topsite basis for improved homology modelling and better
Orthosteric site  t00lSs for SAR-studies regarding subtype selectiv-
Orthosteric ity. By using appropriate stabilizing ligands, dis-
sub-pocket tinct functional states of the a7 (Noviello et al.,
2021; Y. Zhao et al., 2021) and the torpedo mus-
channel cle-type nAChR (Zarkadas et al., 2022) were most

Transmembra j o —nannelpore . . T
site ———— recently obtained, opening new possibilities for
' structure-function studies. The distinct states al-
low a more precise computational modelling of the
25 ion flux through the pore and the structural mo-
CE tions that are necessary for channel activation.
' The agonist-mediated motion between resting and
Figure 2: Described binding sites for modulators of the open confirmation links the binding of the extracel-
a7 nAChR. The stronger the color the higher evidence lular ligand to a movement within the transmem-
for the described site so far. The orthosteric site is only brane domain, that finally opens the channel.
red circled. Comparison of the different states confirmed a
general twisting and flattening (“blooming”) of the
transmembrane domain, mediated by the closing of the loop C upon agonist binding, resulting in
the opening of the resting gate in the transmembrane domain (Gay & Yakel, 2007). This is fol-
lowed by a reversed twisting and stretching that leads to a closing of the receptor, release of the
agonist and return of the receptor to the apo state. However, the exact atomic changes seem to
be unique among the different nAChRs, probably explaining their distinct desensitization charac-

teristics (Noviello et al., 2021; Zarkadas et al., 2022).

Vestibule site

The ACh binding site is called orthosteric ligand binding site. It consists of aromatic residues,
which form an “aromatic box” that chelates the charged ammonium-group of ACh and stabilizes
it via cation-nt interactions. The aromatic residues are provided by loop A, B and C from the prin-
ciple subunit and additional residues from the complementary subunit (Cecchini & Changeux,
2015; Zhong et al., 1998). Competitive antagonists compete with agonists for this binding site.
Apart from the orthosteric site, many allosteric binding sites have been described. Allosteric bind-
ing sites describe all other ligand binding sites that result in the functional modulation of the re-
ceptor, usually via conformational changes. A physiological allosteric modulator for some neu-
ronal nAChRs is calcium, which binds to a pocket beneath the orthosteric binding site and seems
to act as endogenous potentiator (Galzi et al., 1996; Mulle et al., 1992). A homologue binding site
was also found in the prokaryotic GLIC (Zimmermann & Dutzler, 2011). Several other allosteric
binding sites are described for the extracellular domain, such as the agonist sub-site, the top-site
and the vestibule site (Spurny et al., 2015). The last one has recently led to the discovery of
allosteric agonists of the a7 nAChR (Quadri et al., 2018). Additional allosteric binding sites have
been found within the transmembrane domain for many members of the pLGIC family that mod-
ulate receptor function (as positive or negative allosterc modulators) of different members in a
different extent. Ethanol binds close to the pore in the upper transmembrane part (Sauguet et al.,
2013) and general anesthetics bind in the upper transmembrane part orientated towards the
membrane (Nury et al., 2011) close to the ivermectin binding site (Krause et al., 1998). The bind-
ing site for synthetic modulators like PNU-120596 and TQS is wedged in the transmembrane
helices M1 and M3 (Young et al., 2008) and seems to be exclusive for the a7 nAChR. Some of
these allosteric binding sites seem to be conserved among the structurally tightly related pLGICs
(Changeux, 2018), while others seem to be specific for certain members and have great prospects
for the discovery of new therapeutic approaches (Haskell-Luevano & Meanwell, 2018; Papke &
Horenstein, 2021; Wenthur et al., 2014). Another binding site is the channel pore itself, which is
formed by stacked rings of lipophilic residues. Antagonists that act here are referred to as channel
blockers and, depending on the characteristic of the compound, can bind throughout the entire
pore (Cecchini & Changeux, 2015).
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1.2 Physiological and therapeutic relevance

The muscle-type nAChR is expressed in the postsynaptic membrane of the neuromuscular-junc-
tion and is crucial for controlled skeletal muscle movement. It is the target of many animal toxins,
for example from snakes and snhails. Antibodies against this receptor cause the autoimmune dis-
ease myasthenia gravis. Curare alkaloids, like d-Tubocurarine are derived from plants and act as
competitive antagonists of the muscle-type nAChR. They are non-depolarizing muscle relaxants
and represent essential drugs in general anesthesia and surgery (Bowman, 2006; Rossman,
2011). Another clinically widely used muscle relaxant is the depolarizing succinylcholine, the
mode of action of which is not fully understood but it seems to interact on the muscle-type nAChR
as well (Jonsson et al., 2006). The depolarizing succinylcholine displays more post-operative
complications than the non-depolarizing muscle relaxants (X. Zhang et al., 2019). The muscle-
type nAChR exists in two distinct assemblies, the fetal (a1)218y and the adult (a.1)216¢ form.
The y/e switch occurs in the first post-natal weeks, but the y subunit persists partly in the multiply
innervated slow fibers of extraocular muscle until adulthood (Kalamida et al., 2007). Both sub-
types are differently affected by muscle relaxants, a feature with clinical importance. Amyotrophic
lateral sclerosis (ALS) is a devastating disease characterized by neuron degeneration, leading to
progressive paralysis. Recent evidence strengthens the evidence that pathogenic events in the
progress of the disease target the neuromuscular junction and Riluzole, the only approved drug
against ALS, seems to affect the muscle-type nAChR (Palma et al., 2016).

Neuronal nAChRs are primarily expressed in the nervous system, with a7 and a4B2 being the
most abundant subtypes in the brain (Taly et al., 2009). The exact subtype contribution is less
understood for neuronal nAChRs. They have been identified in the pre-, peri- and post-synaptic
areas (Lena et al., 1993; Wonnacott, 1997) where they probably co-regulate neurotransmission
via agonist-induced cation-influx that results in membrane depolarization, or in the case of a7, in
calcium dependent signaling cascades, and subsequent activation of voltage-gated calcium chan-
nels (VGCCs) (Kulak et al., 2001; Sharma & Vijayaraghavan, 2003; Soliakov & Wonnacott, 1996).
They are linked with essential functions in the autonomic nervous system in sympathetic and
parasympathetic neurons, in the regulation of respiration (Shao & Feldman, 2009), in innervation
of smooth muscle cells (endothelium and gut) and the fast-excitatory transmission in peripheral
ganglia. In the central nervous system, they are believed to modulate the release of major neuro-
transmitters such as dopamine, y-aminobutyric acid, glutamate, serotonin, norepinephrine and
ACh itself, and to participate in complex behaviors such as learning, memory, emotions and re-
ward feeling (Brunzell et al., 2015; Picciotto et al., 2012). The dysfunction of nAChRs has been
linked to the development of several diseases and they therefore represent promising drug tar-
gets. Below are some examples of associated diseases and involved nAChRs.

Among other neurological symptoms, Parkinson’s Disease is characterized by severe motoric
dysfunction as a consequence of the degeneration of dopaminergic neurons. There is evidence
for an interplay between the cholinergic and dopaminergic systems involving the a7, a4p2, a6p2
and more complex assemblies with a5 and B3 nAChR subunits. These subunits are found in
dopaminergic terminals as well as in afferent neurons. Interestingly, nicotine has been shown to
have neuroprotective effects, in accordance with an epidemiologic link between smoking and a
lower incidence of Parkinson’s disease. (Quik & Wonnacott, 2011)

Alzheimer’s disease is characterized by cognitive dysfunctions and progressive loss of memory.
The involvement of neuronal NnAChRs in cognition and memory has been demonstrated (Paterson
& Nordberg, 2000) and a reduction of a7 and a4p2 nAChRs in the hippocampus and cerebral
cortex of Alzheimer patients is reported. A complex interaction of these subtypes together with
the a7p2 nAChR with the Amyloid beta (AB) is described in the literature (Arora et al., 2013;
Dineley et al., 2002; Liu et al., 2012; Olivero et al., 2014). A recent study found that specific
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fragments of the amyloid precursor protein (APP) modulate a7 nAChR as positive allosteric mod-
ulator (Richter et al., 2018). Weak choline esterase inhibitors, such as Donepezil, Rivastigmine
and Galantamine have shown to be beneficial in treatment of cognition and behavioral symptoms
in Alzheimer’s Disease and are widely used (Goh et al., 2011; Wilcock et al., 2003). Galantamine
was reported to act additionally as positive allosteric modulator on the o7 and a4p2 nAChRs, but
these findings were recently disproved (Kowal et al., 2018).

Addiction is a complex field of research, that is associated with learning and reward feeling by the
abusive compound, resulting in molecular changes in synaptic structures and altered neurotrans-
mitter release, referred to as synaptic plasticity. This process involves several distinct regions of
the brain and is associated with alterations in dopamine-release, but seems to be partly distinct
depending on the abusive compound. As already described with Parkinson’s Disease, nAChRs
seem to regulate dopamine function and several neuronal nAChRs involving a3, o4, a6, a7 and
B2, but also complex assemblies with a5 and 33, are described to be involved in addiction (Feduc-
cia et al., 2012). One of these addictive compounds is nicotine which directly targets some nA-
ChRs as agonists, with high evidence for the a4p2 and o7 subtypes. Exposure to nicotine causes
an increase of these two subtypes in several brain regions, which is believed to be a compensa-
tion for the fast desensitization it causes (Govind et al., 2009). Specific polymorphism in a3*, a5*
and *B4 (*indicates varying complementary subunits) are linked with a higher risk for nicotine
dependence, with strong experimental evidence for the a5* (Morel et al., 2014; Wojas-Krawczyk
et al., 2012). Varenicline is a common drug to treat nicotine addiction that acts as a partial agonist
of the 04p2 nAChR (Tonstad et al., 2020).

The nervous system is not the only place of expression for neuronal NnAChRs. Many neuronal
nNACHhR subunits have been found in mRNA level or in immunolocalization in skin (Grando, 2014),
immune cells, muscle fibers (Wessler & Kirkpatrick, 2008), various parts of the lung (Diabasana
et al., 2020), oligodendrocytes, astrocytes (Hosli et al., 1988; Picciotto & Kenny, 2013) and endo-
thelial cells (Abbruscato et al., 2002). The absence of VGCC in non-excitable cells highlights the
intrinsic potential of some nAChRs such as the a7 and a9* subtypes to increase intracellular
calcium (Fucile et al., 2006; Zia et al., 2000), as well as their capabilities of metabotropic regula-
tion of second messenger signaling (Bondarenko et al., 2022; King et al., 2015; Stokes et al.,
2015). In lung cancer, the a5 and more recently the a7 subunits are used as a major genetic
biomarker and described to be involved in tumorigenic processes including proliferation, angio-
genesis and metastasis and are considered as potential treatment targets (S. Wang & Hu, 2018).
The metabotropic signaling of a9* subtypes are connected with proliferation, progression and
metastatic processes in various cancer types such as lung cancer, breast cancer, melanoma and
gliomas, rendering the a9* nAChRs promising candidates as biomarkers, screening tools or even
potential drug targets (Pucci et al., 2022).

Opioids are the primarily described drugs against chronic pain, induced by various underling con-
ditions such as nerve-injuries, chemotherapy, cancer and diabetes. Their usage comes with major
side effects (Jitpakdee & Mandee, 2014) and high risk for addiction (Darcq & Kieffer, 2018). An-
tagonism of the 09010 has been shown to display antinociceptive and antihyperalgesic actions
(Vincler et al., 2006) and to be involved in the modulation of pain sensation (Hone et al., 2018),
presenting a promising alternative in the treatment of neuropathic pain (X. Li et al., 2021; Pacini
et al., 2016; Romero et al., 2017; H. Wang et al., 2019).

Other nAChR-associated diseases are Schizophrenia (Freedman, 2014), attention-deficit/hyper-
activity disorder (Wilens & Decker, 2007) and front lob epilepsy (Becchetti et al., 2015).
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1.3 Substances that modulate nAChRs function

Many of the aspects presented under 1.1 and 1.2 already highlight the need for compounds that
can differentiate between the diverse nAChR subtypes and can be used as pharmacological tools
and/or modulate their action and can be developed into drugs. In the following, | will describe the
ligands that were the focus of my research and their usage.

1.3.1 Neurotoxins

The first toxin family of great interest for NAChR research, are a-neurotoxins. They are compo-
nents of the toxin cocktail in snakes of the family of Elapidae, like cobras and sea snakes. They
share a so called “three-finger’ motive and target nAChRs. However, other snake venom proteins
sharing this characteristic folding, can also target other proteins such as multiple ion channels, G
protein-coupled receptors or transporter proteins (Tsetlin, 2015). Interestingly, the Ly-6/uPAR pro-
tein superfamily, endogenous regulators of nAChRs conserved from insects to mammals, adopts
the same folding and might have served as blueprint for these toxins (Anderson et al., 2020;
Loughner et al., 2016). In principle, a-neurotoxins are divided into two classes: The short-chain
a-neurotoxins are usually selective competitive antagonists for the muscle-type nAChR, while the
long-chain a-neurotoxins target additionally the a.7 and, more recently discovered, a9* containing
nNAChRs (Tsetlin, 2015). a-neurotoxins played essential roles in the study of nAChRs. The most
prominent members of this family are a-bungarotoxin (a-Btx) and a-cobratoxin (a-Ctx). The first
one was isolated by Chang and Lee in 1963 (Chang & Lee, 1963) and proven to efficiently block
the impulse transmission on neuromuscular-junctions. Later, it was also shown to effectively block
a receptor in the brain (later identified as the o7 nAChR) and for decades nAChRs were differen-
tiated into a-Btx-sensitive and insensitive. The high affinity and virtually irreversible binding (sim-
ilar to antibodies) enabled the first isolation of a NAChR (muscle-type nAChR-like) from the elec-
tric organ of Torpedo marmorata skin (Karlsson et al., 1972), using affinity chromatography col-
umns with a-Ctx. Their clear selectivity for a7 and muscle-type nAChRs, two subtypes without
overlapping expression, made them invaluable tools for structure-function analysis (Levandoski
et al., 1999; Zouridakis et al., 2014), as labeled derivates for diagnostic purposes (Pestronk et al.,
1985), as standard pharmacological tools for binding studies in cell and tissue (Clarke et al., 1985;
Guan et al., 2002) and even for detection in western-blots and imaging (Kryukova et al., 2013;
Quik et al., 2007). Until today, these toxins are established and essential tools in NnAChR research
(Brun et al., 2022; Kem et al., 2022; Noviello et al., 2021; Sun et al., 2022). However, a-neuro-
toxins are not selective for specific neuronal NAChR subtypes and some a-neurotoxins have been
shown to cross-react with GABA receptors (McCann et al., 2006; L. Zhang et al., 2012) and the
muscarinic M4 receptor (Mordvintsev et al., 2009; L. Zhang et al., 2012). The identification of new
a-neurotoxins and identification of their critical molecular determinants for ion channel binding
can help to guide the de-novo design for new subtype specific ligands.

1.3.2 Conotoxins

In terms of neuronal NAChRs subtype specificity, a-conotoxins are the superior pharmacological
tools. Conotoxins or conopeptides are small disulfide-rich peptides in the venomous cocktail of
Cone-snails, marine carnivores that use these peptides in different hunting or defense strategies
(Olivera et al., 2015). Each cone-snail species is estimated to produce more than thousand con-
opeptides with as little as 5% of overlap between different species (Davis et al., 2009; Mclntosh
et al., 1999) and with an estimated total amount of 1 million distinct bioactive conotoxins, of which
only around 1% have been identified so far (Jin et al., 2019). These peptides target mainly the
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fast ligand- and voltage-gated ion channels involved in the excitatory and neuromuscular trans-
mission, but also G protein-coupled receptors and transport proteins, typically resulting in a fast
immobilization of prey or aggressor. Conopeptides are classified according to three different fea-
tures: a) the signal sequence of the precursor peptide defining the gene superfamily (A-Y), b) the
complex cysteine framework in the mature peptide (I - XXXIII) and c) the pharmacological target
(differentiated by Greek letters) (Kaas et al., 2010, 2012), (https://www.conoserver.org). In each
cone-snail species, at least one conotoxin has been identified that targets NnAChRs. Most of the
nAChR-targeting conotoxins belong to the a-conotoxin family (some also to the distinct oA, aO
and vy groups) which are competitive nAChR antagonists and generally belong to the A super-
family (Kasheverov et al., 2022; Mclintosh et al., 1999). The a-conotoxins usually have the cyste-
ine framework | (CC-C-C, lines indicate different numbers of amino acids other than cysteine) and
rarely IV (CC-C-C-C-C). However, non-classical a-conotoxins targeting nAChRs have also been
identified and belong to the superfamilies B, D, J, L, M, O1, S, T with at least 7 more cysteine
frameworks (Dutertre et al., 2017; Kasheverov et al., 2022). The nomenclature for a-conotoxins
starts with one to two letters for the conus species, followed by the Roman number | for the cys-
teine framework type | and a Latin letter in descending order indicating the order of discovery,
e.g. CIB was the second type | a-conotoxin isolated from from C. catus (MclIntosh et al., 1999).
a-Conotoxins with framework | form disulfide bridges between Cys1-Cys3 and Cys2-Cys5, thus
creating two loops. This disulfide bond pattern is defined as “globular® folding and is considered
to be the native folding. When chemically synthesized, two different folding patterns can form,
ribbon (Cys1-Cys4, Cys2-Cys3) and bead (Cys1-Cys2, Cys3-Cys4). For a long time, these folding
were considered unusable (Y. Wu et al., 2014), but recent literature proposes activity for these
alternative foldings as well (Ho et al., 2021a; X. Wu et al., 2021). Based on the number of amino-
acids within the loops formed by the disulfide-bridges, a-conotoxins can be further sub-grouped.
Interestingly, the number of amino acids in the loops in most cases already determines the sub-
type selectivity: 3/5 a-conotoxins for muscle-type nAChR, 4/3 a-conotoxins for a7 or a9* nAChRs
and 4/4, 4/6, and 4/7 o-conotoxins for neuronal nAChRs (Dutertre et al., 2017).

Globular Ribbon Bead

~ N — N
Cc/‘\c/'\c Cc/‘\c/'\c CC/\C/\C
SN N N

Globular
N-Tail Loop1 Loop2 BulA

CIA NGRCCHPA-CGKHFS--C
RglA SDPR Globular Globular
BulA ) GID LvIA
AulB S
CIC SNPACQVQHSDLC
GID IRDYCCSNPACRVNNOHVC
LvliA GCCSHPACNVDHPEIC
MiI SNPV
Ve1.1

Figure 3: Principle structure of a-conotoxins with cysteine framework type | and possible cysteine bridge patterns. Se-
lected examples of amino acid sequences (one letter code) and molecular structures. Note the highly conserved backbone
structure. Selectivity is supposed to be mainly determined by the side chains. globular GID (PDB: 1MTQ), globular BulA
(PDB: 2128), globular LvIA (PDB: 2MDQ)

a-Conotoxins are generally competitive antagonists but few examples of different modes of ac-
tions are described as well (Gulsevin et al., 2021; Ho et al., 2021b). Alanine scanning mutagene-
sis of a-conotoxins, in combination with computational modelling based on three-dimensional
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structures (Everhart et al., 2004; Huynh et al., 2020; Leffler et al., 2017), provided detailed infor-
mation regarding the structure-function relationship and molecular details about the diverse
modes of ligand binding on nAChRs (Ho et al., 2020). The identification of critical residues in-
volved in ligand binding allowed the design of mutated, non-natural a-conotoxins as improved
tools to study the involvement and function of distinct nAChR subtypes in many of the physiolog-
ical and pathophysiological processes introduced under 1.2. Examples of such a-conotoxins are
the ob6*-selective [HOA,L15AIMIl, the o9a10 specific RglA4, and the «o7-selective
[V11L,V16D]ArIB (Dutertre et al., 2017). In particular for investigation of a9* and a6* receptors,
a~conotoxins are the only and best selective ligands available so far and provide essential insights
into the biological roles of these subtypes (Dutertre et al., 2017; X. Li et al., 2021). Next to their
crucial role as pharmacological tools, few a-conotoxins are also developed for diagnostic pur-
poses, pesticides or even therapeutics. However, the common issue of bioavailability and in-vivo
stability limit their therapeutic or diagnostic use (Durek & Craik, 2015). To address these issues,
many research groups applied chemical modifications, including the optimization of the disulfide
bridge against oxidation and breakdown by proteases (Chen et al., 2014; van Lierop et al., 2013;
R. Zhao et al., 2020), the backbone cyclization to increase stability and membrane permeability
(Clark et al., 2010; Giribaldi et al., 2020; Khatri et al., 2019; X. Li et al., 2020; Zheng et al., 2020)
and the coupling to polyethylene glycol or lipophilic groups like the lipoamino acid 2-amino-D,L-
dodecanoic acid to increase bioavailability (Blanchfield et al., 2003; Wan et al., 2015). Another
modification of high interest is the coupling of conotoxins to fluorophores in order to advance the
read-out possibilities in in-vitro and in-vivo experiments. This modification enables the study of
the neuroanatomic contribution of NnAChRs, allows sophisticated structure-function studies (e.g.
FRET-based) and potentially contributes to the generation of new diagnostic imagining tools (Mut-
tenthaler et al., 2020; Vishwanath & Mcintosh, 2006). Despite the previously mentioned limita-
tions, a synthetic derivate of the w-conotoxin MVIIA (Ziconitide or SNX-111) targeting N-type cal-
cium channels is an available alternative to opioids for the treatment of chronic pain. However, it
requires intrathecal application and a thorough dose adjustment due to the small therapeutic win-
dow (Pope & Deer, 2013). The first a-conotoxin, a derivate of RglA4 (KCP-506) was patented by
Kineta in cooperation with Genetech (Roche) as a promising additional option to treat chronic
neuropathic pain (Bordon et al., 2020; Kineta, 2021) and a phase | clinical trial (NL9581 in the
Netherlands) was finished in November 2021 but without any details on the outcome so far (NTR,
2021).

1.3.3 Pesticides

Pesticides are chemicals used to fight unwanted species (pests) mostly in agriculture and human
health protection (e.g. malaria, dengue fever, bilharzia). They are also widely used in urban green-
areas, sport-fields, buildings, wide areas or even in pet shampoos to prevent the presence of
these unwanted species (Nicolopoulou-Stamati et al., 2016). Insecticides are all the chemicals
that specifically target insects within these applications. The essential functions of nAChRs
throughout evolutions are highlighted by their importance as insecticide targets. Currently, there
are 34 classes of insecticides, grouped by their mode of action, of which four classes either di-
rectly (competitive antagonists, channel blocker, allosteric modulators) or indirectly (AChE-inhib-
itors) target NAChRs. These classes include some of the largest and most widely used groups of
insecticides worldwide, such as neonicotinoids (Costas-Ferreira & Faro, 2021; Ihara & Matsuda,
2018) and organophosphates (Rezende-Teixeira et al., 2022). The latter are a compound class
of high concern, introduced in more detail under 1.3.4. Neonicotinoids are synthetic derivates of
the pyridine alkaloid nicotine, a natural secondary metabolite used by the Tabaco plant as defense
mechanism against insects and was used as the first commercial insecticide (Schmeltz, 1971;
Steppuhn et al., 2004). Nicotine and derivates are specific agonists of NAChRs.
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All insecticides share some common concerns regarding their environmental impacts (Aktar et
al., 2009) and impact on not targeted insect species (Grinewald & Siefert, 2019; Hahn et al.,
2015; Mulé et al., 2017). Optimization or de-novo synthesis of new insecticides is necessary
(Casida, 2018) but efforts are tampered mainly because of their poor expression in heterologous
expression systems and mostly unclear native nAChR subunit assembly (ffrench-Constant et al.,
2016; Millar, 2009). Additionally, safety concerns for humans by occupational and dietary expo-
sure to insecticides are raised (Faro et al., 2019; Loser, Hinojosa, et al., 2021) and so far, the
effects of metabolites of the active substances are understudied (Loser, Grillberger, et al., 2021).

1.3.4 Organophosphates

Organophosphates (OP) are a chemical group of phosphate esters used in two applications, as
insecticides and as chemical warfare agents. They were developed as insecticides in the 1930s
and were employed as nerve agents already during world war Il. They were used again during
the Gulf War and most recently, despite the attempt by the United Nations to prohibit their usage
(Chemical Weapons Convention | OPCW) in the war in Syria (John et al., 2018) and in individual
assaults and terroristic actions (Franca et al., 2019; Haslam et al., 2021). They are divided in
three groups, the G series (sarin, soman tabun) developed by the Germans, the V series (VE,
VM, VX, etc.) developed by the British and the novichok series developed in the former Soviet
Union. Some of the most important OP insecticides used until today are Parathion, Chlorpyrifos
and Malathion (Lerro et al., 2015). Even though banned from the European market, OP-insecti-
cides are still widely used in South-America, Africa and Asia and pose a threat via occupational
and dietary exposure. Sadly, they are also often used in these countries for suicidal attempts due
to their low cost and easy accessibility (Eddleston et al., 2008; Hung et al., 2015).

These compounds inhibit choline esterases (Aldridge & Reiner, 1969) by occupying the active
site and forming a covalent link with the catalytically important serine residue. The resulting tri-
ester is chemically instable and the enzyme-phosphoester complex can spontaneously hydrolyze
to a stable diester, resulting in an irreversibly blocked enzyme, a process referred to as “aging”
(Fukuto, 1990). Especially warfare OPs age fast, with half-life times of the triester of a few minutes
(H. Li et al., 2007). The most sensitive esterases towards OPs are the acetylcholine esterase and
serum choline esterases (butyrylcholinesterase and acylpeptide hydrolase). The latter ones rep-
resent important biomarkers to detect potential OP poisoning (OPP) (Marsillach et al., 2011). The
inhibition of the AChE results in the accumulation of the neurotransmitter ACh and the subsequent
overstimulation of the cholinergic system. The mAChRs mediate effects such as bradycardia,
hypersalivation, nausea and blurred vision, while nAChRs mediate effects such as muscle hyper-
tension, fasciculations, cramping and paralysis. The first-line antidotes are atropine, a competitive
mMAChR antagonist and oximes as AChE-reactivator of enzymes that have not yet undergone
aging. However, the use of oximes is limited and efficiency depends on the time past exposure
and the OP in question (Worek et al., 2020). There is no current treatment targeting the desensi-
tization of NAChRs and the induced paralysis and respiratory failure, which represents the most
common cause of death in OPP. An adequate oxygenation is clinically important and ventilation
is often required for weeks (EPA, 2014; Thiermann et al., 2013).

1.3.5 Channel blockers

The third group of nAChR-modulating compounds are channel blockers. After the original identi-
fication and isolation of NAChRs, these compounds were used to characterize nAChRs and in
particular, to investigate the gating process, the essential functional process of ion channels.
Channel blockers are non-competitive antagonists which physically occlude the channel pore and
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thereby prevent ion flux. They are characterized by their use- and voltage-dependent block which
is believed to result from the binding within the electric field of the membrane, hence within the
channel pore (Woodhull, 1973). These characteristics were already early noticed for common
drugs targeting ion channels besides nAChRs, such as lidocaine-derivates (QX-222, QX-314),
thiopentone, amylobarbitone, and methohexitone barbiturates (Adams, 1976). This made them
(especially QX-222) useful tools for the early studies of structure of the nAChR pore (Imoto et al.,
1988; Leonard et al., 1988) as well as of the gating mechanism (Heidmann & Changeux, 1986;
Purohit & Grosman, 2006) before atomic structures of pLGIC were obtained. Most of the identified
channel blockers show a general inhibition of all N AChRs with some selectivity for specific sub-
types, addressing specific differences in the gating and residues within the pore. The dual-gating
mechanism, meaning the existence of two distinct gates regulating the activation and desensiti-
zation, was postulated via open channel blockers (Auerbach & Akk, 1998) and later confirmed
and extended as a general gating mechanism in pLGIC (Gielen & Corringer, 2018; Noviello et al.,
2021). Open channel blockers of various ion channels are still widely used as anesthetic, anti-
arrhythmic and antiepileptic drugs (Agren et al., 2019; S. Zhang et al., 1999). Interestingly, some
of these drugs that target other receptors/channels have shown off-target effects as open channel
blocker on nAChRs. Such drugs are: Lamotrigine (Lamictal) that is prescribed to treat epilepsy
and stabilize mood in bipolar disorders (Vallés et al., 2007), Amphetamine as a central nervous
simulant (Spitzmaul et al., 1999), Chlorpromazine, which is used to treat distinct psychotic disor-
ders (Xu et al., 2006), Fluoxetine as a typical antidepressant (Garcia-Colunga et al., 1997) and
Memantine, used to treat moderate symptoms in Alzheimer’s Disease (Buisson & Bertrand, 1998;
Maskell et al., 2003). Channel blockers have been proposed as potential treatment for OPP (Tat-
tersall, 1993).

1.3.6 Allosteric modulators

Allosteric modulators have already been introduced under 1.1. The principle of functional modu-
lation via allosteric sites has been described for many members of the pLGICs (Hansen et al.,
2018; Olsen, 2018; Yevenes & Zeilhofer, 2011) including nAChRs. The maijority of specific allo-
steric modulators for nAChRs are found for the o7 subtype, with some of the most striking obser-
vations for positive allosteric modulators (PAMs) for this receptor (Papke & Horenstein, 2021).
The a7 nAChR displays a low opening probability and a characteristic very fast desensitization
(Papke & Porter Papke, 2002; Williams et al., 2011). Two basic types of PAMs for the a7 nAChR
are described in the literature. PAM type | (PAM |) synergize with orthosteric ligands to increase
channel activation resulting in larger currents observed in electrophysiological recordings, without
changing the desensitization significantly (Timmermann et al., 2007). PAM type Il (PAM II) not
only increase the activation of o7, but additionally overcome the desensitization (Hurst et al.,
2005) and are able to reactivate desensitized channels (Papke et al., 2009). Their ability to en-
hance nAChRs function only in presence of endogenous agonist without changing physiological
activation pattern makes them interesting drug candidates (Papke & Horenstein, 2021; v.
Uteshev, 2016). These modulators are already experimentally tested, together with the recently
identified agonistic PAMs, so called ago-PAMs that can activate a7 without orthosteric ligands
(Papke et al., 2014), in models of neuroinflammation (Mizrachi et al., 2021), Schizophrenia (X.
Wang et al., 2021) and cognitive deficits (Verma et al., 2021). There are only few other PAMs
described for the a4B2 (Deba et al., 2020; Dineley et al., 2015) but so far none for other members
of the nAChRs including the muscle-type. PAM Il would provide a potential treatment to overcome
desensitization overserved in OPP.
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1.4

Aim of this work

nNAChRs are essential ion channels in excitatory neuromuscular and neuronal transmission and
non-neuronal processes. Their crucial physiological role is evident by the number of natural com-
pounds targeting this ion channel family and different subtypes have been associated with neu-
rological deficits and tumour establishment and progression. However, the involvement of specific
subtypes and their composition is incompletely understood. With my contributions to the studies
presented in this work | aim to:

1.

improve the stability and bioavailability of peptide ligands for a better application in in-vivo
assays and as a crucial step towards their potential application as diagnostic tools or drug
leads (Chapter 2.1)

contribute to the identification and characterization of new peptide and protein ligands as
pharmacological tools for NAChR subtype differentiation and thereby help to understand
nNAChR subtype involvement in neurotransmission and immune cell function (Chapter 2.2,
2.3,2.7,2.6)

evaluate the effects of metabolites of insecticides on nAChR subtypes to improve the risk
assessment for insecticides for humans (Chapter 2.4)

determine the potency and the mode of action of a series of bispyridinium analogues on
nAChRs to further evaluate their potential as treatment against organophosphate poison-
ing (Chapter 2.5)
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2. Publications: Short summary and personal
contribution

2.1 Publication I: Backbone Cyclization Turns a Venom
Peptide into a Stable and Equipotent Ligand at Both
Muscle and Neuronal Nicotinic Receptors

Julien Giribaldi*, Yves Haufe*, Edward R.J. Evans, Muriel Amar, Anna Durner, Casey Schmidft,
Adéle Faucherre, Hamid Moha Ou Maati, Christine Enjalbal, Jordi Molgé, Denis Servent, David
T. Wilson, Norelle L. Daly, Annette Nicke, Sébastien Dutertre

Journal of Medicinal Chemistry, 2020, 63(21): 12682-12692
*indicates equal contribution, shared first authorship

One important issue with bioactive peptides as potential tools for in-vivo studies or even drug
leads is their limited stability and bioavailability. This also applies to a-conotoxins, which are prone
to degradation and proteolytic breakdown, despite their two disulfide bonds, mainly from the ter-
mini. Their strong polarity and molecular weight additionally decrease membrane permeation.
Head-to-tail cyclization has been shown to not only improve the stability but also the membrane
permeability of peptides (C. K. Wang & Craik, 2018), however changed structural features might
affect biological activity. In this study, we aimed to investigate whether the properties of a-CIA, a
recently characterized 3/5 a-conotoxin with selectivity for the muscle-type nAChR (Giribaldi et al.,
2018), change upon head-to-tail cyclisation. Three cyclic derivates were synthesized, using two
(AG), three (AAG) or four (GAAG) amino acids as linker sequence. All three cyclic analogs main-
tained their high potency for the fetal muscle-type (ICso values 3-9 nM), but displayed slower
dissociation from the receptor, with the cyclic analogue with the three amino acids linker (cCIA-
3), needing 45 min to fully dissociate. Comparison of the adult and the fetal muscle-type with
cCIA-3 revealed a 20-fold higher, sub-nanomolar potency and long-lasting inhibition (only 30 %
recovery of the receptor within 45 min) of the adult-muscle-type. Surprisingly and atypical for a
3/5 a-conotoxins, the cyclic analogs displayed an up to 52-fold (cCIA-3) increase in potency at
the neuronal o332 nAChR (IC50 for CIA and cCIA-3 were 68.2 nM and 1.30 nM, respectively),
but with a remarkably fast off-rate. We employed a competition assay on the o332 nAChR with
the a-conotoxin MIl and confirmed a competitive mode of action. cCIA-3 showed a 7-fold lower
potency towards the closely related a6/a332B3 receptor, that often shows cross-reactivity (Mcln-
tosh et al., 2004). All three cyclic analogues showed higher proteolysis-resistance in blood serum
and experiments with zebrafish confirmed a highly paralytic action upon injection and improved
bioavailability when applied into the water. These analogs represent the first stable, highly-equi-
potent inhibitors for a neuronal and muscle-type nAChR and offer a unique tool for specific phar-
macological studies like the Train-of-Four fading, which is commonly observed in clinics with non-
depolarizing muscle relaxants. In addition, they provide a useful basis for further structure function
analysis with the aim to understand determinants of subtype selectivity and design of improved
peptides.

For this study, | constructed the previously described a6/a.3 Chimera (Kuryatov et al., 2000) using
Gibson assembly (Gibson et al., 2009). | employed the two-electrode voltage-clamp (TEVC) tech-
nique using Xenopus laevis oocytes as expression system and determined the potency and off-
rate of four a-conotoxins on the a3f32 and fetal muscle-type nAChRs, resulting in figure 1 of the
manuscript and supplementary figures S2, S3 and S4. | characterized cCIA-3 additionally on the
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o6/a3p2B3 and adult muscle-type nAChRs, shown in supplementary figures S6 and S7. The by
me performed competition assay for cCIA-3 with MIl is shown in supplementary figures S5. |
screened cCIA-3 on seven additional nAChRs shown in supplementary table S1. | analyzed and
visualized all above-mentioned data for the publication and wrote parts of the manuscript con-
cerning my work. | also participated in proof-reading and editing of the manuscript.

The project was initiated and led by a cooperation partner of our group, who designed and syn-
thesized the a-conotoxins investigated in this study. Because of the essential and substantial
contribution of the electrophysiological data for the feasibility and interpretation of the whole study,
all authors agreed commonly on a shared first authorship.
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2.2 Publication lI: Synthesis, Structural and Pharmacological
Characterizations of CIC, a Novel a-Conotoxin with an
Extended N-Terminal Tail

Julien Giribaldi, Yves Haufe, Edward R.J. Evans, David T. Wilson, Norelle L. Daly, Christine
Enjalbal, Annette Nicke, Sébastien Dutertre

Marine Drugs, 2021, 19(3):141

In this study, the synthesis, structure and functional characterization of the novel a-conotoxin CIC
is described. CIC was previously identified in a MS-based proteotranscriptome study of the toxin
cocktail of Conus catus (Himaya et al., 2015) and belongs to the group of 4/7 a-conotoxin that
display usually a high selectivity for neuronal a7 and a3-containing nAChRs. a-CIC contains a
unusual extended N-terminal amino acid sequence. Only one other typical 4/7 a-conotoxin, o-
GID has a similarly extended N-terminus and here, the N-terminus was shown to confer potency
to the a4p2 nAChR, a subtype that is not targeted by other conotoxins (Nicke et al., 2003; X. Wu
et al., 2021). Another a-conotoxin with an extended N-terminal, PI168 has an atypical 4/8 frame-
work and did not show inhibition of either nAChR, calcium or sodium channels (Wilson et al.,
2020). We therefore tested if the N-terminal sequence of CIC is important for its subtype selec-
tivity. However, CIC only inhibited a.332 nAChR with low potency (ICs0 3.51 uM) in the micro-molar
range but the a6/a3p2B3 receptors with a 3-fold higher potency (ICs0 1.03 uM). CIC showed a
fast dissociation from both receptors. Interestingly, as shown for GID at the o332 nAChR subtype
(Nicke et al., 2003), the removal of the N-terminal tail did not alter the potency at the o332 or
a6/0.3p2B3 receptors. This observation indicates that the tail is not important for binding to these
subtypes. It is possible that CIC is selective for nAChRs in cone snail prey, which are structurally
distinct from mammalian receptors. In addition, there is the possibility that some of the N-terminal
extended a-conotoxins are selective for a different mammalian receptor family or serve specific
physiological functions in the cone snail.

For this study, | screened two a-conotoxins (CIC and truncated CIC) on ten different nAChRs
subtypes using TEVC and Xenopus laevis oocytes as expression system to define their subtype
selectivity (Table 1 in the manuscript). | further determined the potency of CIC on a3p2 and
a6/03p2 combinations. The dose response analysis is shown together with representative re-
cordings in Figure 2. A part of this experimental work was done by Fiona Mandausch, a student
assistant, under my supervision. | analyzed and visualized all above-mentioned data for the pub-
lication and wrote parts of the manuscript concerning my work. | also participated in proof-reading
and editing of the manuscript.
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2.3 Publication llI: Interaction of a9a10 Nicotinic Receptors
With Peptides and Proteins From Animal Venoms
(additional contribution Supplementary A)

Victor Tsetlin, Yves Haufe, Valentina Safronova, Dmitriy Serov, PranavKumar Shadamarshan,
Lina Son, Irina Shelukhina, Denis Kudryavtsev, Elena Kryukova, Igor Kasheverov, Annette
Nicke, Yuri Utkin

Frontiers in Cellular Neuroscience, 2021, 15:765541

a9-containing («9*) nAChRs are found to show a limited RNA-level in the peripheral cochlea, the
pars tuberalis of the pituitary (Elgoyhen et al., 1994), the vestibular inner hair cells (Simmons &
Morley, 2011) but no RNA expression was detected in the brain (Morley et al., 2018). Interestingly,
this nAChR subtype was also found in the bone marrow (L. Luo et al., 1998), cancer cells (Pucci
et al., 2022) and various immune cells (Galvis et al., 2006; Peng et al., 2004; Safronova et al.,
2021). a9-containing nAChRs have been shown to be involved in pain modulation (Hone et al.,
2018) and inflammatory processes (Grau et al., 2019) and their presence inimmune cells is linked
with these findings. a9-selective a-conotoxins, such as PelA (Mclntosh et al., 2005), a-O-cono-
toxin GeXIVA (S. Luo et al., 2015), Vc1.1 (Clark et al., 2006) and RglA4 (Romero et al., 2017)
have been proven essential functional and biochemical tools in these studies and displayed an-
algesic and anti-inflammatory activity. Another prominent tool in nAChR research are snake
venom-derived o-neurotoxins. There are reports, that some members of the long-chain a-neuro-
toxins target the a9a10 nAChR (Barber et al., 2013) besides their high potency for the muscle-
type and a7 nAChR. In this study we aimed to contribute to the knowledge about the functional
role of a9* nAChRs in immune cells and to further characterize long-chain a-neurotoxins regard-
ing their selectivity for a9* NAChRs. To this aim, we isolated granulocytes from murine bone mar-
row and challenged these with LPS and several a9-selective a-conotoxins. Interestingly, all tested
a9-selective a-conotoxins induced IL-10 release, an interleukin associated with analgesic and
anti-inflammatory actions (da Silva et al., 2015). We further investigated the potency of eight dif-
ferent snake toxins on the human 09010 nAChRs using TEVC. We found that the all five long-
chain a-neurotoxin inhibited the a9a10 nAChR with low nanomolar potency (ICso 30-166 nM), but
only Tx-NM2 (Son et al., 2021) displayed a remarkable slow off-rate. To our knowledge this is the
first reported o-neurotoxin with slow dissociation from a9* nAChRs. Identification of the causal
structural determinants could provide essential leads for the optimization of selective ligands for
the a9* nAChRs.

For this study, | established a measuring protocol for the human a9a10 nAChR using TEVC and
Xenopus laevis oocytes as expression system. | determined the potency and off-rate of eight a-
neurotoxins on this subtype, resulting in Figure 2 of the publication. | further determined the nA-
ChR subtype selectivity of all toxins on five additional nAChR subtypes, resulting in Table 1 of the
publication. Additionally, | confirmed that the chosen incubation time gives a reliable estimation
of the real potency of the toxins (supplementary figure 1). Parts of the experimental work were
done by PranavKumar Shadamarshan, a student assistant, under my supervision. | analyzed and
visualized the results for the publication and wrote parts of the manuscript. | also participated in
proof-reading and editing of the manuscript.
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2.4 Publication IV: Acute effects of the imidacloprid
metabolite desnitro-imidacloprid on human nACh
receptors relevant for neuronal signaling (additional
contribution, Supplementary B)

Dominik Loser, Karin Grillberger, Maria G. Hinojosa, Jonathan Blum, Yves Haufe, Timm
Danker, Ylva Johansson, Clemens Méller, Annette Nicke, Susanne H. Bennekou, lain Gardner,
Caroline Bauch, Paul Walker, Anna Forsby, Gerhard F. Ecker, Udo Kraushaar, Marcel Leist

Archives of Toxicology, 2021, 95(12):3695-3716

Many plants are known to produce compounds that specifically target NAChRs and are believed
to have evolved as protection mechanism against insects and herbivores (Millar & Denholm,
2007). Many natural and synthetic agonists and antagonists of NnAChRs have been developed
and are used by humans as pest control. The highly conserved nature of the cholinergic system
has consequently led to challenges because of cross-activity on vertebrate nAChRs. One of the
biggest groups of nAChR-targeting insecticides are synthetic nitromethylene compounds, similar
to nicotine, referred to as neonicotinoids (Soloway et al., 1978). Imidacloprid was the first world-
wide distributed neonicotinoid and is still an important insecticide (Elbert et al., 1998). Even
though neonicotinoids are developed to be selective for insect nAChRs, which is primarily at-
tributed to their nitro-group that prevents crossing of the blood-brain barrier (Tomizawa & Casida,
2000), there is raising evidence that they adversely affect mammals in a concentration that can
be reached by dietary exposure (Loser, Hinojosa, et al., 2021). Furthermore, they are prone to
metabolization, forming a set of understudied metabolites, some of which have been reported to
be persistent in crops. In this study, we aimed to investigate the effects of two imidacloprid (IMI)
metabolites, desnitro-imidacloprid (DN-IMI) and imidacloprid-olefin (IMI-olefin), on human nAChR
function. To this aim, we employed the human neuronal precursor (LUHMES) and SH-SY5Y cell
lines, both commonly used models to study neurotoxicity for humans, in a calcium-imaging assay
and investigated the human a7, a3p4, and a42 nAChR subtypes expressed in X. laevisin TEVC.
Only DN-IMI effectively induced calcium signals in both cell lines in a concentration-dependent
manner (ECso ~1uM). IMl-olefin induced only small calcium signals similar to the parent com-
pound IMI. DN-IMI-induced calcium signals could be inhibited with the non-selective competitive
nAChR antagonists (+)-tubocurarine and the non-selective non-competitive antagonist mecamyl-
amine (MEC), supporting that nAChRs induce the calcium flux. The potentiation of the calcium
signal by the a7-selective PAM Il, PNU-120596, and the inhibition by the a7-selective competitive
antagonist methyllycaconitine (MLA) clearly identified that at least a part of the observed effects
is mediated by the a7 nAChR. The investigation of a7, a3p4, and a4p2 nAChR subtypes ex-
pressed in X. laevis oocytes confirmed that DN-IMI acts as agonist on the a7 and a3p4 nAChRs
with a slightly higher potency than the well-studied neurotoxicant nicotine. Interestingly, it acted
as partial antagonist at the a4p2 nAChR. The binding of DN-IMI to the orthosteric binding site
was supported by molecular docking. The present study describes the hazardous potential of
desnitro- metabolites from neonicotinoids and highlights the need to extend toxicological evalua-
tions on metabolites.

For this study, | designed a cloning strategy and subcloned the human a3, a4, B2 and 4 subunits
into the oocyte expression vector pNKS2. | synthesized cRNA of all subunits and validated the
formation of functional a7, a3p4, and a4p2 receptors by TEVC and then provided the plasmids
to Dominik Loser. Additionally, | provided advice for recordings and analysis. | also participated
in proof-reading of the manuscript.
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2.5 Unpublished manuscript: Symmetrical bispyridinium
compounds act as open channel blockers of cation-
selective ion channels (additional contribution,
Supplementary C)

Organophosphates are a class of phosphate esters that are used as warfare agents and pesti-
cides and still represent a major threat for human health. Upon OOP, nAChRs are over-activated
and desensitized, leading subsequently to a depolarization block and life-threatening conditions.
There is currently no treatment for nAChR-mediated effects such as muscle fasciculation, cramps,
paralysis, dyspnea, tachycardia, hypertension and disturbances in consciousness and only palli-
ative treatment of the nAChR-mediated symptoms with e.g. benzodiazepam or ventilation is avail-
able (Thiermann et al., 2010). Advances in the development of therapeutic approaches have been
limited over the last decades (Worek et al., 2020). Non-oxime bispyridinium compounds (BPC)
have shown beneficial effects in animal experiments (Kassa et al., 2020; Turner et al., 2011) and
induced recovery of muscle contraction in mammalian muscle preparations (Seeger et al., 2012;
Tattersall, 1993). The mode of action of these structurally very similar compounds is ambiguous
and several mechanisms are currently discussed. Action as open channel blockers was found on
native muscle-type nAChR (Tattersall, 1993), action as positive allosteric modulators of a7 nA-
ChR stably expressed in CHO cells (Scheffel et al., 2018) and competitive interactions based on
radioligand-competition assay on membrane preparations of Torpedo electric ray (Niessen et al.,
2018) and molecular dynamic simulations on a homology model of the human muscle-type nA-
ChR (Epstein et al., 2021). In this study, we aim to clarify the pharmacological effects of several
BPCs on oocyte-expressed muscle and a7 nAChR. We show a general inhibition of nAChRs,
with ICso-values in the low nanomolar range for the most potent derivate PTM0022. Further anal-
ysis revealed a non-competitive, voltage-dependent inhibition that agrees with a channel block as
mode of action. Using the o7 nAChR as model receptor, we employ a combination of molecular
docking, generation of chimeric receptors and site-directed mutagenesis to exclude the ECD as
binding area. We identify critical residues for BPC binding in the transition zone from ECD to TMD
within the channel as well as a critical involvement of the negatively charged ring formed by E258
(E20’) close to the ECD. Interestingly, the same region seems to be involved in the channel-
blocking effect of ACh in high concentrations. Investigation of other cation-selective channels
suggest a rather unspecific inhibition of pentameric cation channels by BPCs with a selectivity for
o7 and muscle-type nAChRs. The potential usage in the treatment of OPP requires further inves-
tigation.

For this study, | established an optimized TEVC setup with fast and reproducible perfusion, low
volume of perfused solution and Teflon tubing to reduce unspecific binding of ligands. | further
established recording protocols for allosteric modulators on nAChRs, to identify channel blockers
on nAChRs, and for fast-gating, voltage-activated sodium channels. In the course of this study, |
investigated the potency of nine BPCs on the a7 and muscle-type nAChR and characterized two
of them in detail regarding their orthosteric competitivity, voltage-dependency and interaction with
a positive allosteric modulator PNU-120596. | further created eight receptor chimeras and ten
mutants, performed molecular docking to study the binding site on the o7 nAChR, and performed
a complex ACh-induced desensitization protocol to test for potential recovery by BPCs. | analyzed
and visualized all of the results, which | summarized in nine figures and five tables in the main
manuscript and additional five figures and five tables in the supplementary material. | conceived
and designed major parts of the study and wrote the first draft of the manuscript together with
Prof. Annette Nicke. Small parts of the molecular cloning were done by Veronika Iskra, a student
assistant, under my supervision.
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2.6 Unpublished work: Validation of FEP-based predictions
on selectivity of a-conotoxins with LvIA mutants
(additional contribution)

Computational studies
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a-Conotoxins are competitive antagonists of NAChRSs, that display a natural selectivity for specific
subtypes (see 1.3.2). To identify selectivity-enhancing point mutations is a desired goal in order
to optimize a-conotoxins as pharmacological tools and potential drug leads. Alanine-scanning
mutagenesis (Grishin et al., 2013; Kompella et al., 2015; Ning et al., 2018) is a common approach
to identify crucial residue positions for the potency of a-conotoxins. Identified residues could the-
oretically be exchanged by all 20 amino acids (not Cys) in order to investigate their influence on
the potency and to identify more selective mutants. The synthesis, tampered by the challenge of
achieving correct folding of a-conotoxins (Banerjee et al., 2013) and biological evaluation of the
necessary number of peptides is labor, cost and time extensive. Computational docking studies
would greatly decrease the number of peptides that would need to be synthesized and tested, but
due to the low number of three-dimensional structures of nAChR/a-conotoxins complexes and
weak predictive power, their use is still limited (Leffler et al., 2017). In this project we aim to vali-
date the accuracy of the free-energy perturbation (FEP) method for the prediction of potency and
selectivity of a-conotoxins mutants. FEP is a molecular dynamic based approach that mutates
the residue of interest under consideration of receptor/ligand interaction and water molecules
(Ross et al., 2020). A trained FEP-model (Katz et al., 2021) was recently established to exchange
every non-cysteine residue in LvIA (a-conotoxins with a natural 10-fold selectivity for a3p2 over
a3p4 nAChR) with every other possible amino acid, except for cysteine and to predict the selec-
tivity for a3p2 over 34 nAChR. LvIA WT and three already described alanine mutants (Zhu et
al., 2020) were chosen as control for the electrophysiological measurements and additional six
new predicted mutants to evaluate the accuracy of the FEP-prediction. The peptides were syn-
thesized employing a recently discovered new synthesis strategy with regioselective and ultrafast
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disulfide formation (Laps et al., 2021), using disulfiram activation of cysteine side chains and UV-
light/Platinum catalyzed chemoselective disulfide formation. The mutants were successfully syn-
thesized with correct folding in high yield and purity within a few weeks. All 10 LvIA mutants are
currently studied regarding their potency and binding kinetics on the rat o332 and o34 nAChRs
employing TEVC to evaluate the prediction accuracy of the FEP-model.

For this project, | participated in conceiving the main hypothesis and | supervised and participated
in the electrophysiological measurements (dose-response analysis and kinetics) of the ten LvIA
mutants on the two nAChR subtypes, assisted by Gonxhe Lokaj and PranavKumar Shada-
marshan, colleagues in my group.
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2.7 Unpublished work: Investigation of the molecular
determinants for the toxin-resistance of the a432 nAChR
(additional contribution)
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The 04Pp2 nAChR is one of the most abundant nAChR in the brain and linked with physiological
processes like cognition, mood, reward-feeling and nociception (Picciotto et al., 2001; Rueter et
al., 2006; Taly et al., 2009) and has also been found in the lung (Diabasana et al., 2020). This
NAChR exists in two stoichiometries, 2(a4)3(B2) only forms o/p-interfaces but 3(a4)2(32) forms
an additional a/a-interface that displays a distinct pharmacology (Indurthi et al., 2016; Mazzaferro
et al., 2017). Despite the variety of already identified nAChR-targeting a-conotoxins, there has
not been an a-conotoxin discovered that selectively targets either of the two interfaces of this
NAChR (Dutertre et al., 2017). GID is the only described conotoxin that actually targets the o432
subtype with good potency in the higher nanomolar range, but displays even higher potency on
the a7 and a3B2 subtypes (Millard et al., 2009; Nicke et al., 2003). This creates a lack of selective
tools to study and potentially drug the a4p2 nAChR. In a previous work (Beissner et al., 2012),
our group identified two essential residues in the a4 subunit (R185 and P195), that prevent effi-
cient binding of a-conotoxins to this receptor. In this ongoing project, we aim to understand the
molecular reason for this apparent toxin-resistance and to provide insights to guide the optimiza-
tion of ligands to selectively target the a4p2 nAChR. We employed computational docking, mo-
lecular dynamics and site-directed mutagenesis to study the possible involvement of ionic inter-
actions in the accessibility of a-conotoxins to the binding site. Therefore, we created more than
15 a4p2 nAChR mutants, in which we removed and introduced several charged residues within
and around loop C. We characterized the affinity toward ACh for these mutants and investigated
the binding of [A10L]TxIA and MIl employing the TEVC and X. laevis as expression system.

The majority of the a4p2 mutants were constructed by my colleague Anna Durner and other
members of my group. | determined for 15 o432 mutants the affinity for ACh and characterized
the potency of [A10L]TxIA using TEVC. Part of these measurements were done by Lukas Sas-
senbach, a student assistant, under my supervision. Currently | am preparing the first draft of the
manuscript for this project.
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ABSTRACT: Venom peptides are promising drug leads, but their
therapeutic use is often limited by stability and bioavailability
issues. In this study, we designed cyclic analogues of a-conotoxin
CIA, a potent muscle nicotinic acetylcholine receptor (nAChR)
blocker with a significantly lower affinity at the neuronal a3f2
subtype. Remarkably, all analogues retained the low nanomolar
activity of native CIA toward muscle-type nAChRs but showed
greatly improved resistance to degradation in human serum and,
surprisingly, displayed up to 52-fold higher potency for the a3/2
neuronal nAChR subtype (ICg, 1.3 nM). Comparison of nuclear
magnetic resonance-derived structures revealed some differences
that might explain the gain of potency at @32 nAChRs. All

Cyclization

i:

e ( -u ji- | | M

Pt remaing %]

[

Improved activity

peptides were highly paralytic when injected into adult zebrafish and bath-applied to zebrafish larvae, suggesting barrier-crossing
capabilities and efficient uptake. Finally, these cyclic CIA analogues were shown to be unique pharmacological tools to investigate
the contribution of the presynaptic @32 nAChR subtype to the train-of-four fade.

B INTRODUCTION

Natural extracts from animals, plants, and bacteria provide one
of the richest sources of bioactive peptides, some of which have
entered clinical development for the treatment of human
diseases such as diabetes, HIV, hepatitis, and cancer. Animal
venom peptides are of particular interest, as they have been
finely tuned by millions of years of prey-predator coevolution
to potently and selectively target receptors involved in key
physiological functions and, consequently, they are widely
employed as potent pharmacological probes." Cone snails are
predatory marine mollusks that have evolved and radiated into
more than 800 different species and nowhere is peptide
diversity more apparent than within their venom.” They have
developed extremely potent and fast acting neurotoxic venoms
mainly composed of small peptides (10—40 residues) called
conotoxins. These conotoxins are generally highly constrained
by disulfide bridges (2—4 bridges), and target a wide range of
receptors with key physiological functions for rapid prey
immobilization and defense.”* Disulfide bridges provide
conotoxins with rigid conformations, enabling a tight and
specific interaction with their molecular targets, which are
mainly ion channels, but also transporters and G protein-
coupled receptors.”®

Members of the a-conotoxin subfamily specifically block the
nicotinic acetylcholine receptors (nAChRs).”” nAChRs are
ligand-gated ion channels of primary importance in the

© XXXX American Chemical Society

7 ACS Publications A

peripheral and central nervous systems, where they intervene
in a wide range of physiological and pathophysiological
processes, including muscle contraction, pain sensation,
nicotine addiction, and neurological disorders such as
Parkinson’s and Alzheimer’s diseases.” These receptors exist
as homopentamers or heteropentamers composed of a large
variety of homologous subunits. Subunits a2—a10 and f2—/4
assemble into the diverse group of neuronal nicotinic
receptors, while the muscle-type nicotinic receptor exists
only as adult (al),fleS and fetal (al),flyS subunit
combinations.” a-Conotoxins are classified according to the
number of residues within the loops formed by two conserved
disulfide bridges. Interestingly, in most cases, the size of the
loops seems to determine their specificity for different nAChR
subtypes. Thus, 3/4 a-conotoxins target homomeric neuronal
nAChRs, 3/5 a-conotoxins target muscle-type nAChRs, and 4/
4, 4/6 and 4/7 a-conotoxins target different heteromeric and/
or homomeric neuronal nAChRs.’
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Figure 1. Sequences and chemical synthesis strategy for a-conotoxin CIA cyclic analogues (cCIAs). (A) NMR structure (backbone representation)
of CIA. CIA exhibits a classical a-conotoxin fold with Cys I—Cys III and Cys II—Cys IV disulfide connectivity (represented in yellow). (B) Based
on the intertermini spacing, amino acid linkers with a length between 10 and 19 A were designed. Symbol # indicates an amidated C-terminal
residue. (C) Strategy for the synthesis of three cyclic a-CIA peptides and the respective RP-HPLC/ESI-MS analysis to confirm purity >95%. The
orange round circle represents a PS-chloro-(2'-chloro) trityl resin and P represents common side chain-protecting groups used in Fmoc-SPPS. RP-
HPLC—-UV (ACN gradient from 0 to 30% in 30 min) coupled to ESI-MS analyses revealed the presence of dominant peaks of the expected masses.
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Figure 2. CIA cyclic analogues retain potency at the muscle-type nAChR and show increased affinity at @342 nAChRs. Dose—response curves of
CIA and the three cyclic analogues (cCIA-2, cCIA-3, and cCIA-4) on (A) rat muscle-type and (B) neuronal a3$2 nAChRs. X. laevis oocytes
expressing the indicated receptors were analyzed by two-electrode voltage-clamp at —70 mV holding potential. Responses to 2 s pulses of 100 yM
ACh were recorded after 3 min preincubation with the respective toxin. (C) Recovery of muscle-type nAChRs from toxin block measured in 4 min
intervals. Each point represents the mean of measurements from at least three different oocytes. Error bars represent SD. (D) Summary of

inhibition and dissociation constants of the toxins. Numbers in brackets

are 95% confidence intervals. N.D. = not determined.

Despite great advances in peptide synthesis and drug
development, the direct utilization of conotoxins as ther-
apeutics is limited because of their poor bioavailability, mostly
because of amide bond breakdown by digestive enzymes, as
well as their high polarity and molecular weight, which restrict
their intestinal absorption. Thus, alternative routes of
application, such as intrathecal administration, have been
developed.” However, head-to-tail cyclization, N-acetylation,
and C-amidation are widely employed strategies to improve
peptide stability through prevention of degradation by
aminopeptidases and carboxypeptidases.'® Although N-acety-

lation and C-amidation are relatively easy to implement via
chemical techniques, the more challenging head-to-tail
cyclization is often preferred because it results in an increased
permeability through biological barriers.'""*

Whereas cyclization was previously shown to improve the
stability of several a-conotoxins with specificity for neuronal
nAChRs,"*™"” backbone cyclization of a paralytic, muscle-type
3/5 a-conotoxin has not been reported before. Here, we
describe the synthesis, pharmacological characterization, and
structure determination of three cyclic analogues of the
muscle-type a-conotoxin @-CIA and demonstrate their
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Figure 3. NMR-derived structures of the cyclic CIA analogues. (A) The 15 lowest energy structures are superimposed over the backbone atoms for
residues 6—17 (cCIA-2; orange, left), 4—18 (cCIA-3, blue, middle) and S—19 (cCIA-4, mauve, right), and the disulfide bonds are shown in yellow
ball and stick representation. (B) cCIA-2 (left), cCIA-3 (middle), and cCIA-4 (right) superimposed over a-CIA backbone atoms (black) for

residues 3—17 (cCIA-2), 4—18 (cCIA-3), and 5—19 (cCIA-4).

increased stability and altered subtype selectivity. In addition,
we show how their unique selectivity profile can be used to
study the weakening of the muscle during repetitive nerve
stimulation (fading of muscle twitches during the “train-of-
four” (TOF) repetitive stimulation pattern).

B RESULTS

The previously described a-conotoxin CIA'® from the
predation-evoked venom of Conus catus is a highly potent
blocker of muscle-type nicotinic receptors. It has a typical 3/5
a-conotoxin disulfide framework (Cysl—Cys3; Cys2—Cys4)
and displays high sequence homology with other known
muscle-type conotoxins. However, contrary to other 3/5 a-
conotoxins, it also shows activity at the @32 neuronal subtype.
Interestingly, the nuclear magnetic resonance (NMR) structure
of a-CIA revealed a relatively short intertermini distance of
about 10 A that favors head-to-tail cyclization (Figure 1A).
Therefore, we investigated the effect of backbone cyclization of
this peptide with amino acid linkers of different lengths (Figure
1B). The objective of this modification was to produce the first
proteolysis-resistant and highly potent blocker of both
neuronal and muscle-type nicotinic receptors, representing a
unique pharmacological tool.

Chemical Synthesis of Cyclic a-Conotoxin CIA
Analogues. After anchoring of the C-terminal residue on a
chloro-(2’-chloro) trityl resin, elongation of the peptide chain
was performed manually using fluorenylmethoxycarbonyl
(Fmoc)-based solid-phase peptide synthesis (SPPS)."”*°
Mild cleavage conditions were used to allow the separation
of the peptide from the resin without affecting the side-chain-
protecting groups. The crude protected peptide was cyclized
under coupling conditions.”’ Side-chain deprotection and
subsequent purification produced the cyclic peptide. Next, a
regioselective folding strategy using acetamidomethyl (Acm)-

protecting groups (Cys I—Cys III) was employed to produce
the disulfide bond connectivity of the native peptide.'® After
final purification, the homogeneity of folded cCIA peptides was
assessed by analytical reversed-phase high performance liquid
chromatography (RP-HPLC)—ultra-violet (UV) coupled to
electrospray ionization mass spectrometry (ESI-MS) (Figures
1C and S1).

Electrophysiology and Binding Assays. The inhibitory
potencies of the cCIA peptides were investigated using the
two-electrode voltage-clamp method on rat a@3f2 neuronal
nAChRs subtypes and fetal rat muscle-type nAChR
((a1),py8) expressed in Xenopus laevis oocytes. All three
cyclic analogues retained the low nanomolar (IC5, 4—9 nM)
potency of the native toxin (ICsy 6.6 nM) at the fetal muscle-
type nAChR (Figure 2A). Surprisingly, cyclization significantly
improved the potency of CIA (ICg, 68.2 nM)“ at the a3/32
subtype with up to 52-fold increase in potency for the most
active analogue cCIA-3 (ICy, 1.3 nM, Figure 2B). Thus, a-
cCIA-3 is the first highly potent blocker that displays low
nanomolar IC, values for both the neuronal @3/2 subtype and
the muscle-type nAChRs.

As the potency increase at the a3f2 receptor was
accompanied by a slower recovery of the receptor from the
block, we next measured the dissociation of the toxin from
both muscle-type and a3f2 nAChR subtypes. Despite the
similar potency of CIA and cCIA analogues on the muscle-type
nAChR, the cyclic analogues displayed significantly slower off-
rates with cCIA-3 having the smallest dissociation constant
(K.) and a wash-out time of ~30 min to reach 80% recovery
of ACh-induced current responses (Figures 2C and S2) at the
muscle-type nAChRs. In contrast, complete dissociation from
neuronal a3f2 subtypes occurred within seconds and could
not be determined with the established protocol. Therefore,
the real-time receptor reactivation during a 10 s agonist
application (Figures S3 and S4) was analyzed and compared to
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Figure 4. Serum stability of CIA and cCIA analogues and the paralytic effect of the cCIA analogues on zebrafish (D. rerio). (A) Stability of CIA and
cCIA analogues in human serum. Positive control: linear peptide, negative control: incubation in water. Points represent the mean of one
measurement performed in triplicate. Error bars represent the SD. (B) Dose—response analysis of paralysis induced by intramuscular injection of
conotoxins CIA and cCIA analogues in adult zebrafish. Experiment was performed in triplicate with a negative control (water injection). Points
represent the mean of the triplicate. Error bars represent the SD. (C) Large movement count over 1 h of D. rerio larvae movement tracking after
addition of the toxins into the water at a concentration of 100 #M. Each point represents the mean of measurements from six different larvae. Error
bars represent the SD. (D) Summary of results, 95% confidence intervals are in brackets. Symbol + indicates the SD.

provide an estimate of the dissociation of the cCIA analogues
from this receptor. Again, this revealed that cCIA-3 has the
slowest dissociation rate. As many a3f2-selective a-conotoxins
show a rather high affinity at the @3f2-binding site and
alternative a-conotoxin-binding sites have been suggested, we
wondered whether cCIA-3 may bind to an allosteric binding
site at the a3f2 receptor. However, functional competition
binding experiments with a@-conotoxin MII, a potent
competitive antagonist at the @32 subtype, showed that
preincubation with 100 nM cCIA-3 inhibited binding of MII, a
result consistent with a competitive binding of cCIA-3 to the
orthosteric a3/2-binding site (Figure SS). The potency of a-
cCIA-3 was further evaluated on several nAChR subtypes.
Responses in the presence of 10 M of cCIA-3 were 80% or
higher for rat a2f2, a2f4, a3p4, a4f2, a4p4, and human
a9a10 neuronal nAChRs, demonstrating no significant
inhibitory activity (Table S1). Only weak activity was detected
at the human a7 subtype at 10 uM (65% of response).
Remarkably, however, cCIA-3 readily blocked the a6/a3$2/33
subtype and the adult muscle nAChR with ICyy, of 8.64 nM
and 184 pM, respectively (Figure S6A,B). The recovery of
block from cCIA appears more than twice as slow for the
human adult nAChR (K,g 0.013 vs 0.03 min™') compared to
the fetal nAChR (Figure S7).

NMR Spectroscopy. High-resolution NMR spectroscopy
allowed the determination of three-dimensional structures of
the CIA cyclic analogues (Figure 3A). Two-dimensional
TOCSY, NOESY, COSY, and HSQC spectra were collected
for all three CIA cyclic analogues and the assignments were
made using standard approaches™ (Table S2). Structures were
determined based on the NOE data, and angle restraints were
predicted from TALOS.*® Additional peaks are present in the
cCIA-2 and cCIA-4 spectra, most likely representing
alternative conformations, whereas cCIA-3 has primarily one
set of peaks corresponding to a single conformation. Therefore,

the linker length appears to impact the structural stability. The
dominant conformations were assigned for the peptides and a
superposition of the structures with native a-CIA is shown in
Figure 3B, highlighting the similarity between the cyclic
analogues and the native peptide. The most striking structural
deviation is within residues 10—14 of CIA, where the root
mean square deviation (rmsd) values of the backbone atoms
with their corresponding atoms in the cyclic analogues equate
to 1.67, 4.28, and 4.10 A for cCIA-2, cCIA-3, and cCIA-4,
respectively.

Serum Stability Assay. The stability of CIA and its cyclic
analogues toward enzymatic degradation was determined by
incubation with human serum AB. Peptides were incubated for
8 h at 37 °C and the amount of intact peptide remaining was
determined by liquid chromatography/MS analysis of aliquots
taken at 0, 1, 2, 4, and 8 h postincubation. As shown in Figure
4A, the degradation kinetics of the cyclic analogues were much
slower than that of CIA, especially during the first 3 h. cCIA-4
showed the highest resistance to serum degradation, with up to
70% intact peptide remaining after 8 h of incubation. In
comparison, cCIA-2 and cCIA-3 have half-life values of 440
and 320 min, respectively. Finally, degradation of native a-CIA
was the fastest, with a half-life of 80 min. Thus, CIA cyclization
greatly improved (>4—6-fold) the resistance against enzymatic
degradation, consistent with previously published data on
conotoxin cyclization,"*~"”

Zebrafish In vivo Assays. Prior to investigating a potential
oral/transcutaneous uptake of CIA and its three cyclic
analogues, we first performed in vivo intramuscular injections
into adult zebrafish (Danio rerio) to evaluate the potency in
this species. Intramuscular injection of a-conotoxin CIA and
its three cyclic analogues produced a rapid flaccid paralysis of
skeletal muscle, as evidenced by a loss of an upright posture of
the fish, and ultimately complete immobilization. Paralysis
induced by CIA and cCIA analogues exhibited a dose-
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Figure S. In vitro mouse hemidiaphragm muscle recordings and the TOF fade ratio of CIA and the cyclic analogues. (A) Typical twitch responses
upon nerve stimulation (0.1 Hz) under control conditions and during the action of cCIA-3 (16 nM). (B) Concentration—response curves for CIA
(ICs, = 8.98 nM), cCIA-2 (ICs, = 13.48 nM), cCIA-3 (IC, = 8.70 nM), and cCIA-4 (ICy, = 16.47 nM). Data points represent the mean + SD of
twitch responses from 1—9 nerve-muscle preparations, after 20—25 min toxin exposure, relative to the respective controls. (C) Isometric twitch
tension recordings evoked by nerve stimulation (0.1 Hz) on the same phrenic-nerve hemidiaphragm preparation under control conditions,
following 30 min incubation with 16 nM cCIA-3, and after 27 min of 10 #M 3,4-DAP action. Note the different time course of twitch recordings
between the control and after 3,4-DAP-treatment. (D) Data obtained in the same preparation and expressed as means + SD (n = 14). (E)
Isometric tension developed during TOF nerve stimulation (2 Hz) under control conditions, and in the presence of cCIA-3 and aC-PrXA. Note
the TOF fade in the presence of aC-PrXA. Signal amplitude is relative to the maximum response of each compound (F) TOF fade ratio (T4/T1)
in the presence of a-CIA, cCIA analogues, and aC-PrXA. Note that a significant fade is only seen for PrXA. Control experiments are represented in
white.

dependent effect, with ICy, values for CIA, cCIA-2, cCIA-3, In order to confirm that cCIA-3 acts as a competitive
and cCIA-4 of 6.88, 12.1, 57.87, and 76.22 uM, respectively antagonist at the muscle-type nAChR, we determined if an
(Figure 4B). This evaluation of paralysis caused by muscle increase of evoked ACh release from nerve terminals could
nAChR blockade led to investigation of the oral/trans- displace cCIA-3 from its nAChR-binding site. Therefore, we
cutaneous toxin uptake by tracking the movement of zebrafish used 3,4-diaminopyridine (3,4-DAP), which greatly increases
larvae in 100 yM toxin for 1 h using the ZebraBox tracking quantal ACh release by reversibly blocking voltage-gated K*
system (Figure 4C). Consistent with the intramuscular channels in motor nerve terminals,”* >’ which is used to treat

injection data, native CIA and cCIA-2 induced a strong certain forms of muscle weakness.
paralysis, suggesting efficient uptake of these toxins, whereas As shown in Figure SC, cCIA-3 (16 nM) blocked the peak
cCIA-3 and cCIA-4 were less potent (Figure 4D). amplitude of nerve-evoked contraction by approximately 85%,
Mouse Muscle Contraction Assays. a-CIA and Ana- and this effect was 80% reversed upon addition of 3,4-DAP (10
logues Block Nerve-Evoked Muscle Contraction. When uM) to the medium (Figure SCD). Interestingly, when
applied at nanomolar concentrations to isolated phrenic- computing twitch tension-time integrals instead of peak
nerve hemidiaphragm muscle preparation, CIA and cCIA amplitudes, the reversal was in the range of 96—98%. This
analogues produced a concentration- and time-dependent difference in values is explained by the fact that nerve-evoked
reduction of the isometric twitch force evoked by nerve contractions exhibit a prolonged time course in the presence of
stimulation at 0.1 Hz (Figure SA,B). 3,4-DAP (shown in a comparison of the control and 3,4-DAP
For the most active peptide (cCIA-3), the time required to traces in Figure SC). In conclusion, these data can be explained
block 50% of nerve-evoked muscle contraction was 19.0 + 6.2 by a mechanism in which 3,4-DAP increases acetylcholine
min (n = 4), and a 40% recovery was obtained in 32.6 + 1.8 release from nerve terminals and the increased ACh displaces
min (n = 3) (data not shown), in agreement with muscle-type the cCIA-3 analogue from the muscle endplate nAChR, and
nAChR blockade. The effect of all peptides was reversible upon thus strongly supports our assumption that the peptide acts in
washing the preparations with an extracellular medium free of a competitive manner on the muscle-type nAChR, in
a-conotoxins. These results indicate that CIA and analogues agreement with the described mode of action of a-conotoxins.
are effective neuromuscular blockers, and are 2—3 fold more Train-of-Four Fade in the Presence of Conotoxins with
potent than the previously studied aC-PrXA, a highly specific Muscle and Dual Muscle/a3[32 Selectivity. TOF stimulation
and potent inhibitor of muscle-type nAChR.** is commonly used to monitor neuromuscular transmission
E https://dx.doi.org/10.1021/acs.jmedchem.0c00957
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when muscle relaxants are applied. A fade in muscle twitches
(reduction of the twitch amplitude after repetitive nerve
stimulation) is observed with nondepolarizing but not with
depolarizing muscle relaxants.”* > Curare-like agents (com-
petitive inhibitors of the muscle-type nAChR) that produce a
nondepolarizing neuromuscular block at the neuromuscular
junction are known to display a typical TOF fade, both in vitro
and in vivo.”' > The TOF fade corresponds to the T4/T1
ratio, where T4 and T1 are the fourth and first twitch tensions
in the same TOF stimulations. The inhibition of the
presynaptic facilitatory a3$2 nAChR autoreceptor at motor
nerve terminals and the resulting inhibition of autofacilitatory
ACh release have been suggested as an explanation for the
TOF fade seen during a nondepolarizing neuromuscular
block.”**” However, this hypothesis was recently challenged
by using ligands with different selectivities for pre- and
postsynaptic receptors.”* Therefore, because of their original
dual muscular/a3$2 nAChRs antagonist property, it was of
interest to determine whether a-CIA and the cCIA analogues
were able to produce TOF fade.

Under control conditions (in the absence of peptides), no
TOF fade is observed as shown by the typical recordings
(Figure SE). Remarkably, when nerve-evoked contraction was
inhibited about 76% by cCIA-3, no significant TOF fade was
observed either. In contrast, a marked TOF fade was observed
with the highly muscle-selective aC-PrXA peptide (no
inhibitory activity at a3f2), already at approximately 45%
neuromuscular block (Figure SE). As shown in Figure SF,
TOF fadings were determined at different conotoxin
concentrations. If a 50% decrease of TOF fade was measured
with aC-PrXA (23 nM), no significant effect was observed at
any concentrations of the a-CIA and cCIA analogues studied.
Therefore, these data strongly argue against the common
explanation of TOF fade, that is, the blockade of a3f2
autoreceptors at the neuromuscular junction.

B DISCUSSION AND CONCLUSIONS

Backbone cyclization has previously been reported to enhance
stability and in some cases to improve the permeability of the
cyclic analogue through biological membranes."*~"” Consid-
ering the unusual dual activity of the 3/5 a-conotoxin CIA on
muscle and neuronal nAChR a3/2 subtypes, we investigated
the effect of backbone cyclization on its pharmacology and
stability. During the cyclization process, a linker minimizing
perturbations of the three-dimensional structure of a bioactive
native toxin is highly desirable. Indeed, Clark et al. showed that
an inappropriate linker can distort the structure by introducin§
strain to the peptide leading to a loss of bioactivity."”'

Therefore, based on the intertermini spacing (9.8 A), amino
acid linkers with a length between 10 and 19 A were chosen.

Overall conservation of the structure between CIA and its
cyclic analogues was confirmed by NMR spectroscopy.
Nevertheless, the linker length appeared to have a significant
impact locally, particularly for residues 10—14 of CIA (Table
S1). cCIA-3 displays the lowest rmsd value and, therefore, has
the most well-defined structure, and shows only one
predominant conformation in the NMR spectra in contrast
to the other two cyclic analogues.

Consistent with the NMR data, structural conservation of
the cCIA analogues compared to the native CIA led to the
conservation of the bioactivity toward muscle-type nAChRs at
low nanomolar concentrations. However, the significant
decrease in K,y values suggests stronger interaction of the

cyclic analogues within one, or both, of the two orthosteric
muscle nAChR-binding sites. Considering the high sequence
homology of a-CIA with a-MI and a-GI, a-CIA is most likely
binding at the a—§ interface.”>*® It has been demonstrated
that the ACh-binding pocket is mostly composed of hydro-
phobic residues that interact with residues of the two
conotoxin loops formed by the disulfide bridges. Although,
the linker is outside of these cysteine loops, the lower K g
values of cCIA-3 and cCIA-4 might be because of stronger
hydrophobic interactions arising from the additional alanine
residues in the linker compared to cCIA-2. Interestingly, and in
contrast to our observations at the muscle nAChRs,
dissociation rates from the neuronal a3f2 subtype were so
fast that dissociation constants could not be determined with
established protocols despite a strong potency increase at these
subtypes. This raised the question of how exactly the native a-
CIA and the cyclic analogues bind to the a3$2 subtype.
Indeed, allosteric modulators usually display very fast
dissociation rates, however, functional competition binding
experiments suggested a competitive binding of cCIA-3 to the
orthosteric a3/2-binding site and we can reasonably extend
this hypothesis to cCIA-2, -4 and native a-CIA toxin.
Surprisingly, all of the cyclic analogues also displayed a
significantly increased potency at the a3p2 subtypes, with
cCIA-3 being the most potent with a 52-fold decreased ICs,
value compared to native a-CIA. The high rmsd value (4.28 A)
in the region of residues 13—17 of cCIA-3 (compared to the
equivalent residues in CIA) might allow favorable structural
changes further enhanced by the well-defined structures of
cCIA-3 (0.29 A over backbone atoms) compared to native a-
CIA (0.95 A over backbone atoms) possibly facilitating toxin
binding to the receptor and explaining the higher potency of
cCIA-3 at the a32 nAChR subtype.

Cyclization of a-CIA leads to an improved stability toward
enzymatic degradation, in agreement with the previously
published data on a-conotoxin cyclization."’”"” cCIA-4 was
the most resistant to degradation in serum, exhibiting a serum
half-life of more than 8 h (70% remaining peptide), followed
by cCIA-2, cCIA-3, and native CIA, which is degraded at least
four times faster. Nevertheless, CIA and the cCIA analogues
appear to be more readily degraded in serum than cVcl.1 and
cMII, as shown in the study by Clark et al.">'* Unlike Vcl.1
and MII conotoxins, CIA contains one arginine residue before
the first cysteine residue, and one lysine residue in the second
loop that can be cleaved by endopeptidases.

A visible paralyzing effect, resulting from the block of
muscle-type nAChR, was observed when CIA or the cCIA
analogues were injected intramuscularly into zebrafish.
Paralysis activity of the conotoxins could also be monitored
by movement tracking of zebrafish (D. rerio) larvae, after
incubation with the toxins in the tank water. Based on the
inhibition values obtained by intramuscular injection, we
performed the assay at a concentration of 100 uM (higher
doses would require large amounts of peptides). CIA and
cCIAs showed a paralyzing effect when added into the
swimming water of D. rerio larvae in comparison to the
control, with CIA and cCIA-2 being the most potent. cCIA-3
and cCIA-4 exhibited a weaker activity, which is consistent
with the intramuscular injection data. Zebrafish (D. rerio)
might not have the required metabolic means to completely
digest the native CIA and make it completely inactive.

Considering the unique capacity of a-CIA and cClAs to
block both muscle-type and neuronal @3$2 subtype nAChRs,
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they represent a novel pharmacological tool to study the
contribution of the 32 subtype neuromuscular transmission
in the presence of neuromuscular blockers. Consistent with the
electrophysiology data, CIA and its cyclic analogues block the
phrenic nerve-evoked isometric twitch force in mouse
hemidiaphragm muscles in the nanomolar range. The cCIA-
3-induced block was reversed when increasing the quantal ACh
release by 3,4-DAP, thus confirming the competitive binding
evidenced by electrophysiological binding experiments.

A role of the presynaptic a3/2 nicotinic receptor in the TOF
fade phenomenon has been proposed previously.”* One of the
persevering theories is that presynaptic @32 nicotinic
receptors would increase the release of acetylcholine via a
positive feedback mechanism to maintain the contraction at
the same level following repeated nerve stimulation at the
neuromuscular junction. Thus, the presynaptic @3/2 inhibition
could explain the attenuated release of acetylcholine leading to
nerve-evoked muscle contraction fade.”” This hypothesis was
recently challenged by using ligands with different selectivities
for pre- and postsynaptic receptors:>* it was found that, in in
vivo experiments, the TOF fade was clearly correlated with the
administration of postsynaptic muscle-type antagonist such as
a-bungarotoxin or a-conotoxin GI, while the a3f2 blocker
DHpE was shown to potentiate the TOF fade. Nevertheless,
DHpE is a nonselective neuronal receptor blocker, thus
justifying the re-examination of the precise role of the
presynaptic a3f52 subtype here. Considering their high potency
and distinct selectivities to both muscle-type and neuronal
a3p2 nAChRs, CIA and its cyclic analogues represent unique
pharmacological tools to address this question. Surprisingly,
neither CIA nor its cyclic analogues induced a visible TOF
fade, in contrast to the muscle-specific @C-PrXA conotoxin.
Hence, in contradiction to the generally accepted hypothesis
that TOF fade results from a dual block of presynaptic a342
and postsynaptic muscle nAChRs, our data show that dual
blockade of a3/2 and muscle-type nAChRs is able to prevent
this phenomenon. Thus, the role of the a3$2 nAChR in
neuromuscular transmission needs to be studied in more detail,
and the cyclic CIA analogues could provide the necessary
pharmacological tools.

B EXPERIMENTAL SECTION

Chemical Synthesis. N,N’-Dimethylformamide (DMF), N,N-
diisopropylethylamine (DIPEA), acetonitrile (ACN), triisopropylsi-
lane (TIS), trifluoroacetic acid (TFA), piperidine, and all others
reagents were obtained from Sigma-Aldrich (Saint-Louis, MI, USA)
or Merck (Darmstadt, Germany) and were used as supplied. Fmoc
(L) amino acid derivatives and HATU were purchased from Iris
Biotech (Marktredwitz, Germany). PS-2-Chlorotrityl chloride resin
(100—200 mesh, 1.6 mmol/g) was purchased from Iris Biotech
(Marktredwitz, Germany). The following side-chain-protecting
groups were used: Asn(Trt), Cys(Trt), His(Trt), Arg(Pbf), Cys-
(Acm), Lys(Boc), and Ser(tBu). Peptides were manually synthesized
using the Fmoc-based solid-phase peptide synthesis technique on a
VWR (Radnor, PA, USA) microplate shaker. All Fmoc amino acids
and HATU were dissolved in DMF to reach 0.5 M. The first amino
acid was coupled onto the resin for 6 hin a 1/1 (v/v) mix of DMF
and dichloromethane (DCM), with a 2.5-fold excess of amino acid
and S-fold excess of DIPEA followed by the addition of methanol and
further mixing for 15 min to cap any remaining reactive functionalities
on the resin. The resin was washed with DMF, DCM, MeOH, and
DMEF. Fmoc deprotection was carried out with piperidine in DMF (1/
2 v/v) twice for 3 min. Subsequent amino acids were coupled onto
0.1 mmol of prepared resin (a determined loading value of 0.73
mmol/ g) twice for 10 min using an amino acid/HATU/DIPEA ratio

of 5:5:10 relative to resin loading. DMF was used for resin washing
between deprotection and coupling steps. After chain assembly was
complete, the terminal Fmoc group was removed and the resin was
washed with DMF and DCM. Cleavage of the peptide from the resin
without affecting the side-chain-protecting group was carried out in a
reaction vessel and treated 10 times with 10 mL of 1% TFA in DCM
(v/v) for 5 min. Eluates were collected and combined into a round-
bottomed flask then DCM and TFA were removed under vacuum and
cold diethyl ether was added to precipitate the peptide. The crude
side-chain-protected peptide was dissolved in DMF at a concentration
of 2 mM in a round-bottom flask. HATU was added to the solution to
give a final concentration of S mM and mixed for 30 s. DIPEA was
added to a final concentration of 10 mM, and the solution was stirred
for 4 h at room temperature. DMF was removed under vacuum and
residues were uptaken in ACN/H,0 (1/1 v/v) and freeze dried
overnight. Side-chain (except acm) deprotection was carried out by
adding 6.25 mL of TFA/TIS/H,0 (95/2.5/2.5 v/v/v) per 100 mg of
the crude peptide and stirring the mixture for 2.5 h at room
temperature. Crude peptides were purified by preparative RP-HPLC
and pure fractions were combined and freeze dried. A two-step
oxidation procedure was then carried out. The first disulfide bridge is
formed between the free cysteine residues CysII—CysIV by dissolving
the peptide at 0.2 mM in 50 mM Tris-HCI buffer adjusted to pH 8
and adding 7 equiv of 2,2’-dithiopyridine (DTP) at 10 mM in MeOH
dropwise. When the reaction was complete, the reaction mixture was
acidified to pH 3 and loaded onto preparative RP-HPLC and pure
fractions were combined. The second disulfide bridge CysI—CysIII
was formed by deprotection/oxidation of the Acm-protecting group
directly on the combined pure fractions of the monobridged
intermediates by treatment with 20 equiv of 10 mM iodine in H,0/
TFA/ACN (78/2/20 v/v/v). When the reaction was complete, the
reaction mixture was quenched with 20 mM ascorbic acid until total
discoloration of the solution, acidified, and purified by preparative RP-
HPLC. The combined pure fractions were freeze dried and their
purity were confirmed by LC/ESI-MS. cCIA-2,-3,-4 peptides have
been obtained with 6.3, 7.5, and 5.4% yields, respectively (purity >
95%). The peptide content was estimated at 60% from dry weight.

Mass Spectrometry. Solvents used for liquid chromatography/
mass spectrometry (LC/MS) were of HPLC grade. The LC/MS
system consisted of a Waters (Milford, OH, USA) Alliance 2695
HPLC, coupled to a Waters Micromass ZQ_spectrometer (electro-
spray ionization mode, ESI*). All the analyses were carried out using a
Chromolith (Fontenay sous Bois, France) HighResolution RP-18e
(4.6 X 25 mm, 15 nm to 1.15 ym particle size, and a flow rate of 3.0
mL/min) column. A flow rate of 3 mL/min and a gradient of 0—100%
B over 2.5 min for routine analyses and 0—30% B over 30 min for
quality control of pure products were used. Solvent A: water/0.1%
HCO,H; solvent B: ACN/0.1% HCO,H. UV detection was
performed at 214 nm. Electrospray mass spectra were acquired at a
solvent flow rate of 200 yL/min. Nitrogen was used for both the
nebulizing and drying gases. The data were obtained in a scan mode
ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 s
intervals.

Folded peptides were characterized using a Synapt G2-S high
resolution MS system (Waters Corp., Milford, MA) equipped with an
ESI source. Chromatographic separation was carried out at a flow rate
of 0.4 mL/min on an Acquity H-Class ultrahigh performance liquid
chromatography (UPLC) system (Waters Corp., Milford, MA),
equipped with a Kinetex C18 100 A column (100 X 2.1 mm, 2.6 ym
particle size) from Phenomenex (France). The mobile phase
consisted of water (solvent A) and ACN (solvent B) with both
phases acidified by 0.1% (v/v) formic acid. Mass spectra were
acquired in the positive ionization mode.

Preparative RP-HPLC. Preparative RP-HPLC was run on a
Gilson PLC 2250 Purification system (Villiers le Bel, France)
instrument using a preparative column (Waters DeltaPak C18
Radial-Pak Cartridge, 100 A, 40 X 100 mm, 15 pm particle size,
and a flow rate of 50.0 mL/min). Solvent A was 0.1% TFA in water,
and solvent B was 0.1% TFA in ACN. A gradient of 0—50% B over 50
min was used.
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Electrophysiological Recordings. cDNAs encoding rats a2, a3,
a4, a6, 2, and 4 nAChRs were provided by Jim Patrick (Baylor
College of Medicine, Houston, TX, USA) and subcloned into the
oocyte expression vector pNKS2. The rat a6/a3 Chimera®®*’ was
generated by Gibson assembly in the pNKS2 vector. Fetal rat muscle-
type (al, 1, y, and &) subunit cDNAs in pSPOoD were provided by
Veit Witzemann (MPI for Medical Research, Heidelberg, Germany).
Plasmids for expression of a7, @9, @10, and adult muscle-type (al, f1,
&, and 5) nAChRs were a gift from David Adams (Illawara Health and
Medical Research Institute, Wollongong University, Australia).
Synthesized human muscle subunit cDNAs (Integrated DNA
Technologies (IDT) (Coralville, 1A, USA) and human a9 and al0
pCMV6-XLS constructs (OriGene (Rockville, MD, USA) were
cloned in pT7TS. Human a7 in pMXT was provided by Prof. Jon
Lindstrom (Uni. Pennsylvania, PA, USA). cRNA was synthesized
from linearized plasmids with SP6 or T7 RNA polymerase using the
mMessageMachine kit (Invitrogen, Thermo Fisher Scientific, USA).
X. laevis oocytes were kindly provided by Prof. Luis Pardo (MPI of
Experimental Medicine, Gottingen), injected with SO nL aliquots of
cRNA (0.5 ug/uL), and kept at 16 °C in filtered ND96 (96 mM
NaCl, 2 mM KCl, 1 mM CaCl,, 1 mM MgCl,, S mM HEPES, and pH
7.4) containing gentamicin (5 /,tg/mL).

Two-electrode voltage clamp recordings were performed 1—5 days
after cRNA injection at a holding potential of =70 mV. Pipettes were
pulled from borosilicate glass and filled with 3 M KCI. Resistances
were below 1 MQ. Membrane currents were recorded using a Turbo
Tec 05X Amplifier (npi electronic, Tamm, Germany) filtered at 200
Hz and digitized at 400 Hz. CellWorks software was used for
recording. The perfusion medium was automatically switched
between ND96 with or without agonist (100 uM ACh) using a
custom-made magnetic valve system. A fast and reproducible solution
exchange (<300 ms) for agonist application was achieved using a SO
4L funnel-shaped oocyte chamber combined with a fast solution flow
(150 uL/s) fed through a custom-made manifold mounted
immediately above the oocyte. ACh pulses were applied for 2 s at 4
min intervals. After each application, the cell was superfused for 54 s
with agonist-free solution, and the flow was then stopped for 3 min.
Immediately at the beginning of this interval, peptide (prepared in
filtered ND96 containing 0.1% BSA m/ v) was mixed from a 10-fold
stock into the static bath when responses of three consecutive agonist
applications differed by less than 10%. The use of BSA showed no
change in toxin potency but produced more stable measurements at
low toxin concentrations. ACh-evoked current peaks following
peptide incubation were normalized to the ACh current peak before
peptide exposure.

The analysis of the electrophysiological data was performed using
GraphPad Prism version 8.0. Dose—response curves were fit to the
data using the Hill equation: % response = bottom + (top-bottom)/(1
+10"((logICgo — X) X HillSlope)) and constraints of 100 and 0% for
top and bottom, respectively. Dissociation curves were fit to the data
with the equation % response = (response (time 0) — plateau) X
exp(—K X time) + plateau.

The functional analysis of competitive binding was performed as
previously described.*” Briefly, 2 s ACh pulses were applied in 1 min
intervals until stable responses were obtained. The perfusion was then
stopped for 7 min for application of cCIA-3 (after 1 min) and/or MII
(after 4 min) in the static bath. As a control, ND96 was applied
instead of a peptide. All peak currents were normalized to the mean of
the four stable ACh-evoked peak currents before the peptide
incubation.

All experiments were performed with oocytes from at least two
different frogs.

NMR Spectroscopy. Lyophilized synthetic peptides (~1.5—2 mg)
were resuspended in 90% H,0:10% D,0. 2D 'H—'H TOCSY,
'H—'H NOESY, 'H—'H DQF-COSY, 'H-"N HSQC, and 'H-C
HSQC spectra were acquired at 290 K using a 600 MHz AVANCE III
NMR spectrometer (Bruker, Karlsruhe, Germany) equipped with a
cryogenically cooled probe. All spectra were recorded with an
interscan delay of 1 s. NOESY spectra were acquired with mixing
times of 200—250 ms, and the TOCSY spectra were acquired with

isotropic mixing periods of 80 ms. Two-dimensional spectra were
collected over 4096 data points in the f2 dimension and 512
increments in the fl dimension over a spectral width of 12 ppm.
Standard Bruker pulse sequences were used with an excitation
sculpting scheme for solvent suppression. The two-dimensional
NOESY spectra of the cCIA analogues were automatically assigned
and an ensemble of structures was calculated using the program
CYANA.*' Torsion-angle restraints from TALOS+ were used in the
structure calculations. The final structures were visualized using
Pymol (The PyMOL Molecular Graphics System, Version 2.0
Schrédinger, LLC.), MOLMOL,* and UCSF Chimera.*

Monitoring of the Paralysis Effect after Injection into Adult
Zebrafish (D. rerio). Sixty three adult male and female (2—5
months) zebrafish wild-type AB were maintained under standardized
conditions and experiments were conducted in accordance with the
European Communities council directive 2010/63, procedures were
approved by Ethical Committee for Animal Experiment of Languedoc
Roussillon no 36 (reference number: 2018040911129080 #14665
v4). The AB wild-type zebrafish line has been obtained from ZIRC
(Zebrafish International Resource Center, Oregon, USA; ID ZL1)
and bred in-house. Toxins were diluted in Milli-Q water and 5 uL of
incremental doses were injected intramuscularly into adult zebrafish
with a 10 uL Neuros Syringe from Hamilton (Bonaduz, Switzerland).
Each dose was repeated three times on three different fishes to
determine error bars. The onset of paralysis was measured over a
maximum observation time of 10 min. Paralysis was considered total
when the fish went on its back. Negative control experiments were
performed according to the same protocol by injecting water instead
of toxins.

Monitoring of the Paralysis Effect after Incubation into
Zebrafish (D. rerio) Larvae Swimming Water. Experiments were
conducted on S-day-old larvae of zebrafish wild-type AB. Six larvae
per toxin were placed in a 96-well plate and a controlled volume of
swimming water was added. Small volumes of toxin were added to
reach the final desired concentration of 100 M. Immediately after
incubation, the plate was placed in the movement-tracking chamber.
The movement of larvae was video captured and quantified using the
ZebraBox infrared camera setup and tracking extension of the
ZebraLab software system (Viewpoint Life Sciences, Canada). The
integration period for movement data was set to 30 min. Each time
the animal speed goes above the small/large movement threshold, the
large movement counter is incremented. Negative control experi-
ments were performed according to the same protocol by adding
water instead of toxins.

In vitro Assays on Isolated Mouse Nerve-Muscle Prepara-
tions. Animals. Twenty eight adult (14 male and 14 female) Swiss
mice (Mus musculus, 2—S months of age and 23—28 g of body weight)
were purchased from Janvier Elevage (Le Genest-Saint-Isle, France).
Mice were acclimatized at the CEA animal facility for at least 48 h
before experiments. Live animals were treated according to the
European Community guidelines for laboratory animal handling and
the guidelines established by the French Council on animal care
“Guide for the Care and Use of Laboratory Animals” (EEC86/609
Council Directive—Decree 2001-131). Mice were housed four- to six-
wise in cages with environmental enrichment, in a room with constant
temperature and a standard light cycle of 12 h light/12 h darkness and
had free access to water and food. All experimental procedures on
mice were approved by the Animal Ethics Committee of the CEA and
by the French General Directorate for Research and Innovation
(project APAFIS#2671-2015110915123958v4 authorized to E.
Benoit). Male and female mice were anesthetized by isoflurane
(Aerrane, Baxter S.A., Lessines, Belgium) inhalation before being
euthanized by dislocation of the cervical vertebrae.

Recordings on Isolated Nerve-Muscle Preparations. In vitro
assays were performed on left phrenic-nerve hemidiaphragm muscle
preparations quickly removed and mounted in a silicone-lined organ
bath (4 mL capacity). Preparations were bathed in a Krebs—Ringer
solution of the following composition: 150 mM NaCl, S mM KCl, 2
mM CaCl,, 1 mM MgCl,, 11 mM glucose, and S mM HEPES (pH
7.4), continuously superfused with pure O, throughout the experi-
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ment at a constant temperature of 22 °C, unless otherwise indicated.
For nerve-evoked isometric twitch tension measurements, the phrenic
nerve was usually stimulated with a suction microelectrode (adapted
to the diameter of the nerve) with supramaximal current pulses of
0.25 ms duration, at a frequency of 0.1 Hz delivered by the isolation
unit of a stimulator (S-44 Grass Instruments, West Warwick, RI,
USA). The hemidiaphragm tendons (at the rib side) were tightly
anchored onto the silicone-coated bath with stainless pins, and the
other tendon (central medial tendon) was attached via an adjustable
stainless-steel hook to a FTO03 isometric force transducer (Grass
Instruments). The resting tension was monitored for each preparation
tested and adjusted with a mobile micrometer stage allowing
variations of muscle length in order to obtain maximal contraction
amplitude in response to motor nerve stimulation. Once maximal
contraction was obtained, the resting tension was fixed, and
monitored during the whole duration of the experiment. Signals
from the isometric transducer were amplified, collected, and digitized
with the aid of a computer equipped with an Axon Digidata-1550B A/
D (interface board low-noise acquisition systemplus hum silencer),
using the PClamp/Axoscope 10.7 version software (Axon Instru-
ments, Molecular Devices Inc., Sunnyvale, CA, USA).

In some experiments, a TOF stimuli was delivered to the phrenic
nerve trunk at a frequency of 2 Hz for 2 s, at a train rate of 0.033 Hz.
The ratio of muscle tension developed in the mouse hemidiaphragm
by the fourth to the first stimulus was evaluated [T(4)/T(1)] at
different peptide concentrations.

Statistical Analysis. Data are presented as means =+ standard
deviations (SD) of n different experiments. Differences between
values were tested using the parametric two-tailed Student’s t-test
(either paired samples for comparison within a single population or
unpaired samples for comparison between two independent
populations) or the Kolmogorov—Smirnov two-sample test. Differ-
ences were considered significant when P < 0.0S.

Serum Stability Assay. Human AB serum (VWR, Fontenay-sous-
Bois, France) was centrifuged at 12,000g for 10 min for the removal of
the lipid component. Supernatant was taken out and incubated for 15
min at 37 °C before the assay. All peptides were tested at a final
concentration of 30 yM after dilution in serum (water for negative
control). The incubation time points were 1, 2, 4, and 8 h at 37 °C.
Controls and test peptides were incubated in parallel at each time
point. Serum proteins were denatured by quenching with 40 L of 6
M urea (10 min, 4 °C), followed by the precipitation of proteins with
an addition of 40 uL of 20% trichloroacetic acid (10 min, 4 °C).
These solutions were then centrifuged at 12,000g for 10 min. A
volume of 100 yL of the supernatant was taken out at each time point.
Chromatographic separation was carried out at a flow rate of 0.4 mL/
min on an Acquity H-Class UPLC system (Waters, Corp., Milford,
MA, United States), equipped with a Kinetex C18 100A column (100
mm X 2.1 mm, 2.6 mm particle size) from Phenomenex (France).
The mobile phase consisted of water (solvent A) and ACN (solvent
B) with both phases acidified by 0.1% (v/v) formic acid and the
gradient was 0—80% B in 10 min. Mass spectra were acquired in the
positive ionization mode. The elution time for each peptide was
determined by the zero-time point. The stability at each time point
was calculated as the area of the serum-treated peptide peaks on RP-
HPLC at 214 nm as percentage of the area of the 0 h serum-treated
peptides. Controls were an eight-residue linear peptide incubated in
serum for the positive control and incubated in water for the negative
control. Each experiment was performed in triplicate.
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B ABBREVIATIONS

Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butox-
ycarbonyl; DCM, dichloromethane; DIPEA, diisopropylethyl-
amine; DMF, N,N’-dimethylformamide; DTP, 2,2'-dithiopyr-
idine; ESI-MS, electrospray ionization mass spectrometry;
Fmoc, fluorenylmethoxycarbonyl; HATU, 1[bis-
(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-
pyridinium 3-oxide hexafluorophosphate; LC/MS, liquid
chromatography/mass spectrometry; MeOH, methanol;
nAChR, nicotinic acetylcholine receptor; NMR, nuclear
magnetic resonance; Pbf, pentamethyl-dihydrobenzofuran-S-
sulfonyl; RP-HPLC, reversed-phase high performance liquid
chromatography; SPPS, solid-phase peptide synthesis; t-Bu,
tert-butyl; TFA, trifluoroacetic acid; TIS, triisopropylsilane;
Tris, 2-amino-2-(hydroxymethyl)propane-1,3-diol; Trt, trityl;
UV, ultraviolet

Bl ADDITIONAL NOTE

“Please note that different ICy, values of native CIA were
found in a previous study.'® We determined that the use of
BSA in the conotoxin dilutions likely reduced the nonspecific
binding and resulted in higher potencies.
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Figure S1: Synthesis strategy of the three cylic analogues of CIA and respective RP-HPLC-UV
chromatograms and ESI/MS analyses. (i) 1% TFA in DCM (v/v) 10 x 5 min (ii) HATU (2,5eq)/DIEA (5eq) 4 h
(iii) TFA/TIS/H,0 (95/2.5/2.5 v/v/v ) 2,5 hr (iv) Tris-HCI 50 mM buffer pH 8, DTP (7eq), 10 min (v) I, 10
mM (20eq) in H,0/TFA/ACN (78/2/20 v/v/v), 10 min. The orange round circle represents a chloro-(2’-
chloro) trityl resin and P represents common side chains protective groups used in Fmoc-SPPS (Solid
Phase Peptide Synthesis). The asterisk indicates the peak of interest. RP-HPLC-UV (ACN gradient from 0
to 30% in 30 min) coupled to ESI-MS analyses revealed the presence of dominant peaks of the expected

masses.
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Figure S2: Recovery of ACh-induced muscle-type (A) and a.332 (B) nAChR currents after inhibition by CIA
analogues (indicated by green arrow). 2s-pulses of ACh (100 uM, black bar) were applied in 4 min intervals
(12 min under perfusion, 3 min in a static bath). Once stable current responses were obtained, toxins were
applied for 3 min in the static bath in concentrations that produced at least 80% inhibition.
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Figure S3: Real-time recovery of a3B2 currents after inhibition by CIA and its cyclic derivates. (A) Merged
current responses during a 10s application of ACh (100 uM, black bar) evoked before (control) and after
3 min incubation with the indicated peptides. Note the delayed current peak due to dissociation of the
peptide during the agonist application. The steepness of the rising phase of the current was used as a
surrogate for the off rate. (B-F) Isolated peak traces are shown with red lines indicating the rising phases
from 20% to 80% of the peak currents and a linear regression (blue line) within these borders was
performed. (B) control (ND96), (C) 1 uM native CIA, (D) 1 uM cCIA-2, (E) 100 nM cCIA-3, and (F) 1 uM cCIA-
4. The slope of each linear regression is written in the graph and the linear regression in the chosen
borders is shown in detail with regression coefficient (R?).
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Figure S4: Comparison of the dissociation of CIA and its cyclic derivates from a3f32 using the slope of the
rising phase of the ACh evoked current as surrogate. The slopes were determined as shown in Figure 2
and normalized to the slope of the control response before incubation with the peptide (antagonist slope
/ control slope). The single values are shown with the mean as straight bar and S.D., n = 8-11. Note that
higher values indicate a faster dissociation.
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point represents the mean of at least 3 different oocytes with S.D.
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Figure S7: Recovery of fetal ((a1),f1yd) and adult((a1),f1ed) muscle-type nAChRs from toxin block. X.
laevis oocytes expressing the indicated receptors were analyzed by TEVC at -70 mV. 1 nM for adult muscle
type and 100 nM for fetal muscle type of a-cCIA-3 was preincubated for 3 min. Responses to 2-s pulses of
100 uM ACh were measured in 4 min intervals. Each point represents the mean of measurements from at

least 3 different oocytes, error bars represent S.D. The koff values are 0.03 minfor the rat fetal muscle
type and 0.013 min*for adult mucle type nAChR.
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Table S1: Normalized responses of additional nAChR subtypes to 10 uM a-cCIA-3. In order to save
peptide, and given that responses were 80% or higher, only 2 recordings were performed on two
different oocytes, except for human a7 that produced a response <80% (n=3). Unless otherwise stated,
the subtypes were injected in a 1:1 subunit-ratio.

Subtype Species ACh [uM] % Response as mean + S.D.

a2p2 rat 100 93 +14%

a2p4 rat 100 96 + 14%

a3p4 rat 100 86 = 15%

o4p2 (Ratio 5:1) rat 100 103 + 16%
a4p4 rat 30 92 +14%

o7 human 100 65 + 13%
o910 (Ratio 5:1) human 40 81 + 14%
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Table S2: Structural statistics for the cCIA analogues.

Structural statistics for the cCIA ensembles

Experimental restraints
Interproton distance restraints
Intraresidue
Sequential
Medium range (i-j < 5)
Long range (i-j 25)

Dihedral-angle restraints

R.m.s. deviations from mean
coordinate structure (A)
Backbone atoms (with linker)
All heavy atoms (with linker)
Backbone atoms (without linker)

All heavy atoms (without linker)

Ramachandran Statistics
% in most favoured region

% in additionally allowed region

cCIA-2
136
36
51
23
26
21

0.91+0.35
1.78 + 0.46
0.72+0.26
1.73+0.46

68.5%
31.5%

cCIA-3
179
53
75
33
18
23

0.29+0.17
0.85+0.24
0.13+0.06
0.82+0.22

61.10%
38.9%

cCIA-4
154
49
67
19
19
21

1.05+0.45
1.59 + 0.46
0.27+0.11
1.17+0.35

76.40%
23.6%
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Abstract: Cone snails are venomous marine predators that rely on fast-acting venom to subdue their
prey and defend against aggressors. The conotoxins produced in the venom gland are small disulfide-
rich peptides with high affinity and selectivity for their pharmacological targets. A dominant
group comprises o-conotoxins, targeting nicotinic acetylcholine receptors. Here, we report on the
synthesis, structure determination and biological activity of a novel a-conotoxin, CIC, found in the
predatory venom of the piscivorous species Conus catus and its truncated mutant A-CIC. CIC isa 4/7
a-conotoxin with an unusual extended N-terminal tail. High-resolution NMR spectroscopy shows a
major influence of the N-terminal tail on the apparent rigidity of the three-dimensional structure of
CIC compared to the more flexible A-CIC. Surprisingly, this effect on the structure does not alter the
biological activity, since both peptides selectively inhibit «332 and «6/x3p3233 nAChRs with almost
identical sub- to low micromolar inhibition constants. Our results suggest that the N-terminal part of
a-conotoxins can accommodate chemical modifications without affecting their pharmacology.

Keywords: conotoxin; peptide synthesis; NMR structure; electrophysiology; nicotinic acetylcholine
receptors

1. Introduction

Conotoxins are short peptides (8 to 32 residues) highly constrained by disulfide
bridges (1 to 4 disulfide bonds) found in predatory marine cone snail venoms [1]. Cone
snails have evolved into more than 800 different species [2]; their fast-acting venom: is
composed of 100-200 different conotoxins and has been tailored for predation and defense
purposes [3]. There is relatively low overlap between the toxins present within different
cone snail species [4], and it is estimated that cone snail venoms may overall contain at
least 70,000 mostly neuroactive peptides, of which less than 0.1% have currently been
pharmacologically characterized [5]. Moreover, their small size, structural stability and
target specificity are valuable assets that make them important pharmacological probes or
even drug leads [6]. Based on their conserved signal sequence, conotoxins are grouped into
various gene superfamilies and further classified according to their cysteine frameworks
and their biological activity [5].

Members of the a-subfamily specifically target neuronal and muscle-type nicotinic
acetylcholine receptors (NAChRs) [1]. In addition, a pattern is emerging based on the
number of amino acids between the cysteine residues: 3/5 «-conotoxins are most likely
to target muscle-type nAChRs, while 4/7 x-conotoxins target o7 and/or «3(32* neuronal
nAChRs [7]. However, in most o-conotoxins, the number of residues outside the cysteine
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loops is usually limited to one or two amino acids (Figure 1A). Based on Conoserver
data [8,9], a-conotoxin GID is the only described 4/7 x-conotoxin showing a significant
N-terminal extension (>2 residues) and is a potent blocker of x332 and «7 (low nanomolar
IC5p) nAChRs, but also shows a significant and noteworthy inhibition of 432 nAChR
subtypes (IC5p 152 nM), which appear to be “x-conotoxin-resistant” receptors [1,10]. Con-
sidering the important role of ®4 and (32 subunits in addiction, pain and cognition, which
has been revealed by knockout studies [11], 432 nAChR-selective ligands would be
very valuable pharmacological tools. Interestingly, deletion of the N-terminal sequence
of GID (A-1-4) leads to loss of activity at the 432 subtype but has no effect on the ICsg
value at 332 and o7 subtypes (but affects the dissociation rate at these receptors). These
findings suggest that the N-terminal residues are important for both selectivity and affin-
ity [10]. However, despite these effects, the N-terminal tail of GID appears to be disordered
in solution.

A-CIC UV Chromatogram CIC UV Chromatogram
N-terminal tail 3 2
£ E
c c
- <
& N
10 ® ®
1 [} 8
cc ascABrccs sBLc- : g
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Figure 1. CIC alignment, UV chromatograms and ESI-MS analyses of synthetic peptides. (A). Alignment of CIC conotoxin
with others closely related 4/7 x-conotoxins. The y symbol indicates a carboxyglutamate residue, and O as a capital letter
indicates a hydroxyproline residue. GID and CIC conotoxins are the only ones to display an N-terminal tail comprising
more than two residues. The globular disulfide connectivity Cys I-III, Cys II-IV is represented. (B). RP-HPLC/ESI-MS
analyses of synthetic A-CIC and CIC. ACN gradient was from 0 to 30% over 30 min. Reported mass values correspond to

the average masses.

Here, we describe a new a-conotoxin, CIC, which was previously found in the proteo-
transcriptomic study of Conus catus and identified as a component of the predation-evoked
venom [12]. The native CIC has never been isolated from the venom and tested nor its
sequence chemically synthesized. CIC shows high sequence similarity to PelA and MII
a-conotoxins, both potent antagonists of a332 nAChR subtypes with ICs( values in the low
nanomolar range [13,14]. However, unlike every other characterized 4/7 «-conotoxins, CIC
displays an extended N-terminal tail comprising six residues. Therefore, the aim of this
study was to investigate the role of this unusual N-terminal part on the three-dimensional
structure and on the pharmacological activity. To this end, native CIC conotoxin, as well
as a deletion variant with no N-terminal tail (Alal-Thr6 removed) named A-CIC, were
synthesized and both pharmacologically and structurally characterized.
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2. Results
2.1. Chemical Synthesis of CIC and A-CIC

CIC and A-CIC were synthesized manually using Fmoc-SPPS after anchoring of
the first C-terminal residue on a chloro-(2'-chloro) trityl resin. Considering its sequence
homology to other 4/7 x-conotoxins (Figure 1A), which all display the canonical globular
disulfide bond connectivity CysI-Cyslll, CysII-CyslV, linear peptides were folded using
a regioselective folding strategy to obtain the globular isomer. Briefly, the first disulfide
bridge (CysII-CyslIV) is formed by oxidation of the free cysteine residues in an aqueous basic
buffer assisted by DTP (2,2'-Dithiopyridine), and the second disulfide bond (CysI-CysIII)
is formed by deprotection/oxidation of the Acm protecting groups [15]. The homogeneity
of folded toxins was assessed by analytical RP-HPLC coupled to ESI-MS (Figure 1B).
ESI-MS(+) confirmed a monoisotopic mass of 1602.90 g/mol (calculated 1602.59 g/mol)
for A-CIC and 2106.27 g/mol (calculated 2106.29 g/mol) for CIC. Overall, 7.7 mg (yield
3.1% from resin loading) and 9.9 mg (yield 3.2% from resin loading) of pure (>95% based
on LC/ESI-MS) A-CIC and CIC were obtained, respectively.

2.2. Electrophysiology of CIC and A-CIC on Neuronal nAChRs

a-conotoxins PelA [13] and MII [14], which are closely related (based on the primary
structure, Figure 1A) to CIC, are potent inhibitors of 332 nAChRs subtypes, while the N-
terminally extended GID conotoxin inhibits 332, «7 and «432 nAChR subtypes (Table 1).
The latter is also inhibited to a limited extent by MII. Because of these similarities, the
antagonistic potency of CIC and A-CIC was firstly investigated using two-electrode voltage-
clamp analysis on 332, a7, and «432 rat nAChRs subtypes. Whereas no inhibition was
detected at the o7 and 432 subtypes, CIC and A-CIC inhibited the rat «332 neuronal
nAChR subtype with rather high ICs values of 3.51 uM and 4.56 uM, respectively. At the
closely related a6/ 33233 subtype, CIC and A-CIC showed ICs; values of 0.94 uM and
1.00 uM, respectively (Figure 2, Table 1). Considering that these values are approximatively
1000-fold higher than those of the similar (based on sequence) x-conotoxin MII, we assumed
major structural differences and also tested CIC and A-CIC on additional rat nAChRs such
as o434, o334, x232, «234 and (x1)2316y subtypes as well as human «9x10 subtype. It is
noteworthy that no inhibition was detected at concentrations up to 10 uM on any of the
additional nAChRs tested. In summary, despite some similarity to potent conotoxins, both
CIC and A-CIC showed weak or no inhibition at common mammalian nAChR combinations
(with no difference in dissociation behavior), and the quasi-identical values of inhibition
constant between CIC and A-CIC at a332-containing nAChRs suggest that there is no
major influence of the N-terminal tail on their affinity.

Table 1. ICs( values of the conotoxins discussed in the text on the different nAChR subtypes. N.D
means not determined.

nAChR Subtypes Toxin (ICsg)
CIC A-CIC MII GID
a3B2 3.51 uM 456 uM 3.7nM 31nM
o6/x33233 1.03 uM 1.08 pM 390 pM N.D
o7 >10 uM >10 UM 200 nM (56% inhibition) 45nM
adB2 >10 uM >10 uM 200 nM (30% inhibition) 152 nM
o434 >10 uM >10 uM 200 nM (4% inhibition) >5 uM
x334 >10 uM >10 uM 200 nM (15% inhibition) >5 uM
x232 >10 uM >10 UM 200 nM (20% inhibition) N.D
«2p4 >10 uM >10 uM 200 nM (4% inhibition) N.D
(x1)2316y >10 uM >10 uM 200 nM (11% inhibition) N.D
x9x10 >10 pM >10 uM >1 uM N.D

References This work This work [14,16-18] [1b]
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Figure 2. Dose-response curves and representative current traces of CIC and A-CIC on rat 332 and a6/ 33233 nAChR
subtypes expressed in Xenopus laevis oocytes. 2-Electrode voltage-clamp experiments were performed at —70 mV. Responses
to 2-s pulses of 100 uM ACh (indicated by a black bar) were recorded after a 3-min preincubation with the indicated
peptides. Each point represents the mean of measurements from at least 3 different oocytes. Error bars represent S.D. No
effects were observed on o7, x4(32, «434, «334, 0232, a234 and (x1), 315y rat subtypes as well as human «9«10 subtype
at concentrations up to 10 uM.

2.3. Three-Dimensional Structure Determination of CIC and A-CIC

High-resolution NMR spectroscopy allowed the determination of the three-dimensional
structures of both CIC and A-CIC (Figure 3). The structure statistics are given in Table 2.
The calculated structures of CIC are well-defined with an RMSD value over backbone
atoms, excluding the N-terminal tail, of 0.29 & 0.16 A (residues 7-21). CIC exhibits two
310 helices from residues Thré6 to Ser9 and Prol11 to GIn16. Interestingly the N-terminal
tail displays a relatively well-defined structure. However, A-CIC lacks the first helix and
has only one 39 helix from residues Pro5 to Val9, suggesting that the N-terminal tail plays
a role in inducing the first helix. Counterintuitively, the calculated structures of A-CIC
are less defined and display a higher RMSD value (2.06 & 0.73 A, over backbone atoms)
than CIC, which indicates a stabilizing role of the N-terminal tail. Moreover, the lack of
the N-terminal tail in A-CIC appears to change the overall structure, with the C-terminal
region (Ser18-Cys21) in a different orientation with respect to the helix.
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N-ter

C-ter

Figure 3. Three-dimensional structures of CIC and A-CIC. The backbones are shown in ribbon format
and the side-chains in stick format. Top panels. Superposed backbone atoms (ribbon representation)
for the 20 lowest-energy NMR structures for CIC (left) and A-CIC (right). Lower panels. Ribbon and
stick representation of the lowest energy state for CIC (left) and A-CIC (right).

Table 2. Structural statistics for CIC and A-CIC.

Experimental Restraints CIC A-CIC
Interproton distance restraints 230 88
Intraresidue 64 36
Sequential 75 45
Medium range (i — j < 5) 79 7
Long range (i — j >5) 12 0
Dihedral-angle restraints 30 15
R.m.s. deviations from the mean coordinate structure (A)
Backbone atoms 0.79+/—0.3 2.06 +/—0.73
All heavy atoms 1.11+/—0.22 297 +/— 0.69

Ramachandran statistics

% in most favoured region 82.6% 62.2%
%o in addmor}ally allowed 17.4% 33.7%
region

3. Discussion

a-conotoxin CIC has been previously found in a proteo-transcriptomic study of the
predation-evoked venom of Conus catus [12]. Since this toxin exhibited a typical «-conotoxin
cysteine pattern -CC-C-C [5] along with an unusual N-terminal extended tail, we decided
to investigate the influence of the N-terminal tail on the three-dimensional structure and
on the pharmacological properties of the toxin. To this end, we synthesized the globular
form (CysI-CyslII, CyslII-CyslIV) of the a-conotoxin CIC as well as a mutant variant named
A-CIC in which the first six residues (Alal-Thr6) were removed. Considering that the
other known bioactive 4/7 x-conotoxins [5] mainly display the “native” globular fold, a
regioselective folding strategy was applied.
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So far, a-GID [10] is the only described 4/7 x-conotoxin with an extended N-terminal
tail. «-GID was isolated using assay-directed fractionation of Conus geographus crude
venom and is a potent blocker of ®332, «7 (low nanomolar ICsp, Table 1) and «x432 nAChR
subtypes (ICsp 152 nM, Table 1). It is noteworthy that the deletion of the N-terminal
sequence of GID (A-1-4) leads to a significant loss of potency at the x432 subtype [10].
However, unlike «-GID, «-CIC showed no inhibition of «432 nAChR subtypes at concen-
trations up to 10 uM. Moreover, the structure of the N-terminal tail of CIC was found to be
well-defined, which is in contrast to the disordered N-terminal tail of conotoxin GID [10]
(Figure 4A).

A B

Figure 4. Superposition of CIC with GID and A-CIC. (A). Superimposition of the 20 lowest energy
states of CIC (red) and GID (PDB: IMTQ, mauve) over backbone atoms of residues Cys7-Cys21
(CIC numbering). Only the backbones are represented in ribbon format. (B). Superposition of the
lowest energy state of CIC (red) and A-CIC (blue) over backbone atoms of residues Cys7-Cys21 (CIC
numbering). The backbones are shown in ribbon format and the side-chains in stick format.

In addition to its N-terminal tail, «-CIC displays high sequence similarity to «-
conotoxin MII, including the conservation of some critical residues (Figure 1A) that
have been described to be responsible for its low nanomolar activity at «332* and o7
nAChRs [14,16,19]. Everhart et al. [18] performed an Ala-scan of x-conotoxin MII and
showed that Asn5, Pro6 and His12 play a major role in x-conotoxin binding, probably via
Asnb and His12 electrostatic interactions with 32E61 and 32D169, as suggested by molec-
ular modeling. Despite displaying all the sequence features required for the inhibitory
potency and high sequence similarity with o-conotoxin MII, CIC and A-CIC were found to
be ~1000-fold less potent at «332 and a6x33233 nAChRs than MII (Table 1). This potency
drop most likely arises from slight structural differences between MII and CIC/A-CIC
that weaken and/or prevent the critical interactions between the toxin and the nAChRs.
To further assess the potency and selectivity profile of CIC and A-CIC, we have tested
them at other common nAChR subunit combinations such as rat «434, «3p4, x232, x234
and (x1)2310y subtypes as well as the human a9«10 subtype. Interestingly, no inhibition
was detected at any of these receptors at concentrations up to 10 uM, highlighting the
high selectivity profile of CIC and A-CIC for «332 and «6/ 33233 nAChRs. Moreover,
our result suggests that there is no influence of the N-terminal tail on the activity at «3(32
and o6/ 33233 nAChRs since CIC and A-CIC display quasi-similar inhibition constants
(Table 1, Figure 2). Thus, we suggest that the N-terminal tail could serve as a chemical
platform for bioconjugation and that CIC bioconjugates could be developed into valuable
pharmacological tools to probe «332* nAChRs.

While the N-terminal tail has no influence on CIC potency, it clearly plays two major
roles at the structural level: (i) decrease of flexibility and (ii) stabilization of secondary
structure. Indeed, Figure 3 clearly shows that the NMR structure of A-CIC is less defined
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than that of CIC, as highlighted by the RMSD values (Table 2). Moreover, the N-terminal
tail is associated with an additional 310 helix from residues Thr6 to Ser9, which contains
the first two cysteine residues. This result suggests that the N-terminal tail of CIC plays a
major role in the stabilization of the global structure. Additionally, the superposition of
CIC and A-CIC reveals a major structural deviation of A-CIC (compared to CIC) in the
C-terminal region (Figure 4B). Whereas the calculated RMSD value is 0.88 A from residues
Cys7 to GIn14 (CIC numbering), this value greatly increases to 6.29 A from residues Cys7
to Cys21, i.e., when the C-terminal region is included. Interestingly, the C-terminal region
is not only less structured but is in a different orientation compared to CIC, which could
be attributed to the absence of the additional first helix (residues Thr6-Ser9), forcing the
CyslI-CyslV bridge into a different position compared to the CIC conotoxin.

Overall, the role of the N-terminal tail in x-conotoxins remains poorly understood.
During the writing of this article, a new conotoxin, P1168, was identified in the transcrip-
tome of Conus planorbis, which shows an unusual 4/8 loop framework. P1168 also displays
an extended N-terminal tail comprising five amino acids but did not show inhibitory
potency on a range of nAChRs, Ca?* and Na* channels [20]. It cannot be excluded that
these N-terminally extended conotoxins (P1168 and CIC) target a different class of receptors
or that they are designed to be effective on cone snail prey receptors, which likely display
structural differences to mammalian receptors.

4. Materials and Methods
4.1. Abbreviations

ACh, Acetylcholine; Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-
butoxycarbonyl; DCM, dichloromethane; DIPEA, diisopropylethylamine; DMF, N,N’-
dimethylformamide; DTP, 2,2’-dithiopyridine; ESI-MS, electrospray ionization mass spec-
trometry; Fmoc, fluorenylmethoxycarbonyl; HATU, 1[Bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate; LC/MS, liquid chromatogra-
phy/mass spectrometry; MeOH, methanol; nAChR, nicotinic acetylcholine receptor; NMR,
nuclear magnetic resonance; Pbf, pentamethyl-dihydrobenzofuran-5-sulfonyl; RP-HPLC,
reversed-phase high performance liquid chromatography; SPPS, solid-phase peptide syn-
thesis; t-Bu, tert-butyl; TFA, trifluoroacetic acid; TIS, triisopropylsilane; Tris, 2-Amino-2-
(hydroxymethyl)propane-1,3-diol; Trt, trityl; UV, ultra-violet.

4.2. Chemical Synthesis

DME, DIPEA, ACN, TIS, TFA, piperidine and all other reagents were obtained from
Sigma-Aldrich (Saint-Louis, MI, USA) or Merck (Darmstadt, Germany) and were used as
supplied. Fmoc (L) amino acid derivatives and HATU were purchased from Iris Biotech
(Marktredwitz, Germany). PS-2-Chlorotrityl chloride resin (100-200 mesh, 1.6 mmol/g)
was purchased from Iris Biotech (Marktredwitz, Germany). The following side-chain
protecting groups were used: Trt for Asn, II-IV Cys, His and GIn; tBu for Ser, Thr and
Asp; and Acm for I-III Cys. Peptides were manually synthesized using the Fmoc-based
solid-phase peptide synthesis technique as already described elsewhere [15]. All Fmoc
amino acids and HATU were dissolved in DMF to reach 0.5 M. The first amino acid was
coupled onto the resin for 6 hina 1/1 (v/v) mix of DMF and DCM, with a 2.5-fold excess
of amino acid and 5-fold excess of DIPEA followed by addition of methanol and further
mixing for 15 min to cap any remaining reactive functionalities on the resin. The resin
was washed with DMF, DCM, MeOH, and DMF. Fmoc deprotection was carried out with
piperidine in DMF (1/2 v/v) twice for 3 min. Subsequent amino acids were coupled onto
0.1 mmol of prepared resin (determined loading value 0.73 mmol/g) twice for 10 min
using an amino acid/HATU/DIPEA ratio of 5:5:10 relative to resin loading. DMF was
used for resin washing between deprotection and coupling steps. After chain assembly
was complete, the terminal Fmoc group was removed and the resin washed with DMF
and DCM. Side-chain (except Acm) deprotection and cleavage from the resin was carried
out by adding 10 mL of TFA/TIS/H,O (95/2.5/2.5 v/v/v) and stirring the mixture for



Mar. Drugs 2021, 19, 141

8of11

2.5 h at room temperature. Crude peptides were purified by preparative RP-HPLC and
pure fractions were combined and freeze-dried. A two-step oxidation procedure was
then carried out. The first disulfide bridge was formed between the free cysteine residues
CyslI-CyslV by dissolving the peptide at 0.2 mM in 50 mM Tris-HCl buffer adjusted to
pH 8 and adding dropwise 7 equivalents of DTP at 10 mM in MeOH. When the reaction
was complete, the reaction mixture was acidified to pH 3 and loaded onto preparative RP-
HPLC and pure fractions were combined. The second disulfide bridge (CysI-CyslIII) was
formed by deprotection/oxidation of the Acm protecting group directly on the combined
pure fractions of the mono-bridged intermediates by treatment with 20 equivalents of
10 mM iodine in HyO/TFA/ACN (78/2/20 v/v/v). When the reaction was complete, the
reaction mixture was quenched with 20 mM ascorbic acid until total discoloration of the
solution, acidified and purified by preparative RP-HPLC. The combined pure fractions
were freeze-dried, and their purity was confirmed by LC/ESI-MS. CIC and A-CIC peptides
were obtained with 3.2 and 3.1% yields (from resin loading), respectively (purity >95%
estimated from LC/ESI-MS). The peptide content was estimated (from amino acid analysis)
at 60% from dry weight.

4.3. Mass Spectrometry
4.3.1. Solvents Used for LC/MS Were of HPLC Grade

Intermediate peptides were characterized using an LC/MS system consisting of an
Alliance 2695 HPLC coupled to a ZQ mass spectrometer (Waters, Corp., Milford, MA,
USA) fitted with an electrospray ionization source operated in the positive mode (ESI+)
and a quadrupole mass analyzer. All the analyses were carried out using a Chromolith
(Fontenay sous Bois, France) HighResolution RP-18e (4.6 x 25 mm, 15 nm pore, 1.15 pm
particle size, flow rate 3.0 mL/min) column. A flow rate of 3 mL/min and a gradient of
0-100% B over 2.5 min for routine analyses and 0-30% B over 30 min for quality control
of pure products were used. Eluent A was water/0.1% HCO2H, and eluent B consisted
of acetonitrile/0.1% HCO2H. UV detection was performed at 214 nm. Electrospray mass
spectra were acquired at a solvent flow rate of 200 uL/min. Nitrogen was used for both
the nebulizing and drying gas. The data were obtained in a scan mode ranging from 100 to
1000 m/z or 250 to 1500 m/z in 0.7 s intervals.

Folded peptides were characterized using a Synapt G2-S high-resolution MS system
(Waters, Corp., Milford, MA, USA) equipped with an ESI source and a hybrid Q-TOF
mass analyzer configuration. Chromatographic separation was carried out at a flow rate of
0.4 mL/min on an Acquity H-Class ultrahigh performance liquid chromatography (UPLC)
system (Waters, Corp., Milford, MA, USA) equipped with a Kinetex C18 100 A column
(100 mm x 2.1 mm, 2.6 um particle size) from Phenomenex (France). The mobile phase
consisted of water (solvent A) and ACN (solvent B) with both phases acidified by 0.1%
(v/v) formic acid. Mass spectra were acquired in the positive ionization mode.

4.3.2. Preparative RP-HPLC

Preparative RP-HPLC was run on a Gilson PLC 2250 Purification system (Villiers
le Bel, France) instrument using a preparative column (Waters DeltaPak C18 Radial-Pak
Cartridge, 100 A, 40 x 100 mm, 15 pum particle size, flow rate 50.0 mL/min). Buffer A was
0.1% TFA in water, and buffer B was 0.1% TFA in acetonitrile.

4.4. Electrophysiology

Functional experiments were performed as described previously [15]. Briefly, plasmids
encoding the respective nAChR subunits (rat «2, &3, a4, 6, 32, 34 nAChRs provided by
Jim Patrick (Baylor College of Medicine, Houston, TX, USA) and subcloned in pNKS2;
rat «1, 31, v, & in pSPOoD provided by Veit Witzemann (MPI for Medical Research,
Heidelberg, Germany); human «9 and «10 in pT7TS provided by David Adams (Illawara
Health and Medical Research Institute, Wollongong University, Wollongong, Australia);
a6/ «3 chimera generated in pNKS [15,16,21] were linearized and cRNA synthesized using
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the mMessageMachine kit (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA).
Fifty nanoliters of cRNA (0.1-0.5 pg/pL) was injected per oocyte (EcoCyte Bioscience
(Dortmund, Germany) or a gift from Prof. Luis Pardo (MPI of Experimental Medicine,
Gottingen, Germany) with a subunit ratio of 1:1 for a3p32, a334, a232, «234, x434, 5:1
for o432, 3:1 for 9310 and 1:1:1 for &6/ «33233. Oocytes were stored at 16 °C in sterile-
filtered ND96 containing 5 pg/ml gentamicin.

After 1-4 days, two-electrode voltage clamp recordings were performed at —70 mV
with a Turbo Tec 05X Amplifier (npi electronic, Tamm, Germany) and CellWorks soft-
ware. Electrode resistances were less than 1 M(), and currents were filtered at 200 Hz
and digitized at 400 Hz. The recording solution (ND115 for 9310, ND96 in all other
cases) with or without ACh was automatically applied via a custom-made magnetic valve
system combined with a manifold mounted closely above the oocyte, thus allowing a fast
(<300 ms) and reproducible solution exchange. Toxins were applied manually in the 50-ul
measuring chamber and preincubated for 3 min. Agonist pulses (2s) were applied in 4-min
intervals. Current responses were normalized to control responses before toxin application.
GraphPad Prism (version 9.0) was used for data analysis, and a four-parameter logistic fit
(Hill-fit) with plateaus constrained to 100% and 0% was used to generate dose-response
curves. Oocytes from at least two frogs were used for each experiment.

4.5. NMR Structure Determination

NMR spectra were acquired using a Bruker 600 MHz AVANCE III NMR spectrometer
(Bruker, Karlsruhe, Germany) equipped with a cryoprobe. Lyophilized synthetic peptides
(~1.5-2 mg) were dissolved in 90% H,O/10% D,0, and 2D 'H-'H TOCSY, 'H-'H NOESY,
I'H-'H DQF-COSY, 'H-1N HSQC, and 'H-13C HSQC spectra were recorded using standard
Bruker pulse sequences with excitation sculpting for solvent suppression. All spectra were
acquired at 290 K with an interscan delay of 1 s. A mixing time of 200-250 ms was
used when acquiring NOESY spectra, and isotropic mixing periods of 80 ms for TOCSY
spectra. Spectra were processed using Topspin v3.6.1 (Bruker, Billerica, MA, USA) and
assigned manually in CcpNmr V2 [22]. An ensemble of structures was calculated using
CYANA [23] including torsion-angle restraints generated by TALOS+ [24]. Final structures
were visualized using MOLMOL [25] PyMol (The PyMOL Molecular Graphics System,
Version 2.0 Schroodinger, LLC., New York, NY, USA) and UCSF Chimera 4.1 [26].
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Academy of Sciences, Moscow, Russia, 2 Faculty of Medicine, Walther Straub Institute of Pharmacology and Toxicology,
Ludwig-Maximilians-Universitdt Mdnchen, Munich, Germany, ° Laboratory of Cellular Neurobiology, Institute of Cell
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Unlike most neuronal nicotinic acetylcholine receptor (NAChR) subunits, a7, a9, and
a10 subunits are able to form functional homo- or heteromeric receptors without any
B subunits. While the a7 subtype is widely distributed in the mammalian brain and
several peripheral tissues, a9 and a9a10 NAChRs are mainly found in the cochlea
and immune cells. a-Conotoxins that specifically block the a9a10 receptor showed
anti-nociceptive and anti-hyperalgesic effects in animal models. Hence, this subtype is
considered a drug target for analgesics. In contrast to the a9a10-selective a-conotoxins,
the three-finger toxin a-bungarotoxin inhibits muscle-type and a7 nAChRs in addition to
a9a10 nAChRs. However, the selectivity of a-neurotoxins at the a9a10 subtype was
less intensively investigated. Here, we compared the potencies of a-conotoxins and
a-neurotoxins at the human a9a10 NAChR by two-electrode voltage clamp analysis
upon expression in Xenopus oocytes. In addition, we analyzed effects of several a9a10-
selective a-conotoxins on mouse granulocytes from bone marrow to identify possible
physiological functions of the a9a10 NAChR subtype in these cells. The a-conotoxin-
induced IL-10 release was measured upon LPS-stimulation. We found that a-conotoxins
RglA, PelA, and Vci1.1 enhance the IL-10 expression in granulocytes which might
explain the known anti-inflammatory and associated analgesic activities of a9a10-
selective a-conotoxins. Furthermore, we show that two long-chain a-neurotoxins from
the cobra Naja melanoleuca venom that were earlier shown to bind to muscle-type and
a7 NnAChRs, also inhibit the a9a10 subtype at nanomolar concentrations with one of
them showing a significantly slower dissociation from this receptor than a-bungarotoxin.

Keywords: nicotinic acetylcholine receptor, 9«10 subtype, Xenopus laevis oocytes, a—-neurotoxin, «-conotoxin,
granulocytes, interleukin-10, inflammation

INTRODUCTION

Nicotinic acetylcholine receptors (nAChRs) consisting of a9 subunits were originally discovered in
the hair cells of the inner ear (Elgoyhen et al., 1994) and were found to be involved in hearing.
Later, the accessory al0 subunit was identified (Elgoyhen et al., 2001) and both homomeric
a9 and heteromeric a9a10 assemblies were found to form functional nAChRs receptors. The
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9010 nAChR is distinguished from other members of
the nAChR family by its sensitivity to several ligands of
muscarinic AChRs and agonists of other Cys-loop receptors,
such as type A vy-aminobutyric acid (GABA,), glycine,
and 5-hydroxytryptamine type 3 (5-HTj3) receptors (Rothlin
et al,, 1999). Moreover, typical nAChR agonists (nicotine and
epibatidine) act as antagonists at a9 (Verbitsky et al., 2000) and
a9a10 receptors (Moglie et al., 2021).

9010 nAChRs have also been found in a number of immune
cells (Peng et al., 2004; Galvis et al., 2006; Grau et al., 2019)
where they have been involved in the modulation of pain
signals and regulation of inflammatory processes (McIntosh
et al.,, 2009; Grau et al., 2019). Together with a proposed role
in cancer development (Sun et al., 2020a) this makes them
promising targets for drug development with an emphasis on
inhibitory ligands.

Well-recognized tools in nAChR research are snake venom
a-neurotoxins which are classified into short-chain and long-
chain ones (Barber et al., 2013). Short-chain a-neurotoxins
comprising 60-62 amino acids residues and four disulfide bridges
inhibit muscle-type nAChRs with high selectivity. Long-chain
a-neurotoxins containing 66-75 amino acid residues and five
disulfide bridges additionally block a7 nAChRs and, moreover,
also inhibit 9010 nAChRs (Elgoyhen et al., 2001; Chandna
et al.,, 2019) and thus must be considered rather non-selective.
In contrast, o-conotoxins, small neurotoxic peptides from
venomous Conus marine mollusks, are much more selective.
They not only allow to distinguish the muscle-type nAChRs from
the neuronal ones, but provide markers for individual neuronal
subtypes (Ellison et al., 2006; Vincler et al., 2006; Dutertre et al.,
2017; Ho et al, 2020). In particular, the naturally occurring
a-conotoxins Vcl.l and RgIA as well as the aO-conotoxin
GeXIVA (and their derivatives) show high affinity for a9a10
nAChRs and have been investigated in models of neuropathic
pain (Luo et al,, 2015; Huynh et al., 2020; Sun et al., 2020b).

At the Shemyakin-Ovchinnikov Institute of Bioorganic
Chemistry in collaborations with several other laboratories,
snake-venom o-neurotoxins, and peptides, as well as synthetic
a-conotoxins are applied to investigate the structure and function
of nAChRs, with a focus on the muscle-type and a7 nAChRs
(Tsetlin, 2015; Dutertre et al., 2017; Tsetlin et al., 2021). We
have recently published the synthesis of oligoarginine inhibitors
of the a9010 nAChRs (Lebedev et al., 2019), and analyzed the
interaction of aO-conotoxin GeXIVA with the acetylcholine-
binding protein (AChBP) and with the soluble ligand-binding
domain (LBD) of the a9 subunit (Kryukova et al, 2018).
In collaboration with crystallographers from Hellenic Pasteur
Institute (Athens, Greece), we contributed to the determination
of the X-ray structure of a-conotoxin RgIA in complex with
the LBD of the a9 subunit (Zouridakis et al., 2019). We further
found that o-conotoxins RgIA and Vcl.l influence cytosolic
Ca%* concentration, cell adhesion, and generation of reactive
oxygen species in murine bone marrow granulocytes (Safronova
et al., 2021). In this special issue on the a9a10 nAChR subtype,
we will briefly discuss these findings and (1) report the selectivity
and potency of novel a-neurotoxins from Naja melanoleuca
snake venom at human a9010 nAChRs and (2) present new data

showing that a9al10-selective a-conotoxins potentiate release
of the anti-inflammatory cytokine interleukin-10 (IL-10) from
murine granulocytes.

MATERIALS AND METHODS

Materials

Percoll, trypan blue, lipopolysaccharide from E. coli O55:B5]
were purchased from Sigma-Aldrich (St. Louis, United States).
PE-anti-mouse Ly-6G/Ly-6C antibody, RB6-8C5 clone was
from BioLegend (San-Diego, United States). DMEM, fetal
bovine serum (FBS), L-glutamine, penicillin, streptomycin,
amphotericin B were from Gibco (United States). Nicotine
bitartrate and acetylcholine chloride (ACh) were purchased
from Sigma-Aldrich (St. Louis, United States). Chemicals
for oocyte buffers and electrophysiology were purchased
from Carl Roth (Karlsruhe, Germany), except for BAPTA-
AM [1,2-bis(o-Aminophenoxy)ethane-N,N,N’ ) N’-tetraacetic
Acid Tetra(acetoxymethyl) Ester] which was purchased from
Calbiochem (Merck KGaA, Darmstadt, Germany).

The synthesis of a-conotoxins MII, RgIA, and Vcl.1 was
described in Safronova et al. (2021), GeXIVA and PelA in
Kryukova et al. (2018). a-Neurotoxins were isolated from
snake venoms: long-chain Tx-NM2 and Tx-NM3-1 from
N. melanoleuca venom (Son et al., 2021); long-chain neurotoxin
I (NT I) and short-chain neurotoxin II (NT II) from N. oxiana
and a-bungarotoxin (a-Btx) from Bungarus multicinctus
(Kudryavtsev et al., 2015); non-conventional WTX and long-
chain a-cobratoxin (a-Ctx) from N. kaouthia (Utkin et al., 2001;
Osipov et al., 2008, respectively). Peptide neurotoxin azemiopsin
(AZE) was synthesized as described (Utkin et al., 2012).

Nicotinic Acetylcholine Receptor, cDNAs,

RNA Preparation, and Oocyte Injection

The human o3 (GenBank: U62432.1), a4 (GenBank: 1L35901.1,
with silent base exchanges to reduce GC content), 2 (GenBank:
X53179.1), and B4 (GenBank: U48861.1) nAChR subunits were
synthesized (FragmentGene service, Genewiz) and cloned into
the pNKS2 vector (Gloor et al,, 1995) by Gibson assembly.
cDNAs of human a7 in pMXT and o9 and al0 in pT7TS
vectors were a gift from David Adams (Illawara Health and
Medical Research Institute, Wollongong University, Australia).
cRNA was synthesized from linearized plasmids using the SP6
mMessageMachine kit (Invitrogen, Thermo Fisher Scientific,
United States). Xenopus laevis females were obtained from
Nasco (Fort Atkinson, WI, United States) and kept at the core
facility animal models (CAM) of the biomedical center (BMC)
of LMU Munich, Germany (Az:4.3.2-5682/LMU/BMC/CAM)
in accordance with the EU Animal Welfare Act. To obtain
oocytes, frogs were killed with an overdose of MS222. Death
was confirmed by cardiac pucture/exsanguation. Oocytes were
extracted and injected with 50-nl aliquots of cRNA (0.75 g/,
a9:a10 in 3:1 subunit ratio, all other cRNAs with 0.5 pg/pl and
the indicated o:f ratios), and kept at 16°C in sterile-filtered ND96
(96 mM NaCl, 2 mM KCl, 1 mM CaCl,, 1 mM MgCl,, 5 mM
HEPES, pH 7.4) containing 5 pg/ml gentamicin.
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Electrophysiological Recordings and

Data Analysis

Two-electrode voltage clamp (TEVC) recordings were performed
3 days after cRNA injection at a holding potential of —70
mV. a9a10-expressing oocytes were incubated for 2-4 h in 30-
100 mM BAPTA prior to recordings to obtain stable current
responses. Pipettes (resistances < 1 MQ) were pulled from
borosilicate glass and filled with 3 M KCl. Membrane currents
were recorded with a Turbo Tec 05X amplifier (npi electronic,
Tamm, Germany), filtered at 200 Hz, and digitized at 400 Hz
using CellWorks software. For a9a10 recordings, the perfusion
medium was automatically switched between ND115 recording
solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl,, 10 mM
HEPES, pH 7.4) with or without agonist (40 pM ACh) using
a custom-made magnetic valve system as described in Giribaldi
et al. (2020). Briefly, ACh pulses were applied for 2 s at 4-min
intervals. After each agonist application, cells were superfused
for 54 s with ND115, followed by a 3 min interval with no
perfusion during which the toxin was mixed from a 10-fold
stock into the static bath. Toxins were applied when responses
to three consecutive agonist applications differed by less than
10%. ACh-evoked responses following toxin incubation were
normalized to the ACh responses before toxin exposure. Data
were analyzed with GraphPad Prism version 9 (GraphPad Prism,
RRID: SCR_002798). Dose-response curves were fit to the
data using the Hill equation: % response = Bottom + (Top-
Bottom)/[1 + 10" ((LogICsp-X) x Hill Slope)] and constraints of
100 and 0% for Top and Bottom, respectively. Dissociation curves
were fit to the data with the equation: % response = [response
(time 0) — plateau] x exp(—K x time) + plateau. Recordings for
all other subtypes were performed in ND96 recording solution
(96 mM NaCl, 2 mM KCl, 1 mM CaCl,, 1 mM MgCl, 5 mM
HEPES, pH 7.4) using the same protocol. BAPTA-AM was not
well tolerated by the oocytes and a baseline correction was applied
to compensate for baseline shifts in repetitive measurements.
Recordings were denoised using a 20 Hz Gaussian lowpass filter.
All measurements were performed with oocytes from at least two
different frogs.

Animals

BALB/c male mice (21-23 g of weight) were obtained from
the Branch “Stolbovaya” of the Scientific Biomedical Technology
Centre of the Federal Medico-Biological Agency (Moscow
region, Russia). The ethical protocol No. 2019/5 based on
the Manual for Working with Laboratory Animals No. 57
(30.12.2011) of the Institute of Cell Biophysics of the Russian
Academy of Sciences (Pushchino, Russia) was applied for all
manipulations with animals.

Granulocyte Isolation

Polymorphonuclear neutrophilic granulocytes (PMNs) were
isolated from murine bone marrow using the previously
described method (Safronova et al, 2021). Shortly, a cell
suspension was obtained after washing out murine femur, tibia,
and humerus with cold RPMI-1640 medium and layered on a
Percoll gradient (78, 62.5, and 55% in PBS). After centrifugation

(1,500 x g, 35 min, 4°C), cells were collected between the 78
and 62.5% layers and washed thrice with RPMI-1640 medium.
PMNs accounted for nearly 90% of the isolated cell population
as estimated by expression of granulocyte maturity marker Gr-
1 using the PE-anti-mouse Ly-6G/Ly-6C antibody (RB6-8C5
clone) for FACS analysis (EPICS XL-MCL, Beckman Coulter,
United States). The cell survival was 98% as determined by trypan
blue staining. PMNs were used in the experiment after 1 h resting
at4°C.

Enzyme-Linked Immunosorbent Assay
for IL-10

In each well of a 48-well plate, 600 pl of culture medium
(DMEM, 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin,
100 pg/ml streptomycin, and 250 ng/ml amphotericin B) were
added. 1.2 x 10° cells were added in each well and incubated
for 20 min at 37°C in a CO;-incubator (Sanyo, Japan). After cell
adhesion, LPS from E. coli (O55:B5, 10 ng/ml final concentration)
was added or not (control) followed by 30 min incubation
at 37°C. Then 100 pwM nicotine or one of the a-conotoxins
(200 nM MII, 10 nM RgIA, 25 nM Vcl.1, 10 nM PelA, or
10 nM GeXIVA) were added to the LPS-treated cells and cells
were incubated for 23 h. The total volume of each sample was
612 pl. All incubations were carried out in a CO;-incubator
(5% CO,, 37°C, 100% humidity). Afterward, the supernatants
from each well were collected into individual reaction tubes
(Eppendorf, Germany) and centrifuged (2,000 x g, 10 min, 4°C).
Measurement of IL-10 concentrations was carried out using a
mouse IL-10 ELISA kit (ab108870, Abcam, United Kingdom)
according to the manufacturer’s protocol for which the minimum
detectable dose of IL-10 is typically ~14 pg/ml. Optical density
of the samples was measured with an Infinity F50 microplate
photometer (Tecan, Grodig, Austria). IL-10 concentrations were
calculated using the calibration curve in the range of 7-125 pg/ml
obtained with the provided IL-10 standards.

Statistical Analysis for Granulocyte
Assay

Experiments were performed in duplicates on the cells from
9 to 12 animals. MATLAB software (MATHWORK INC,
United States) was used for data analysis. The Kruskal-Wallis
One Way Analysis of Variance on Ranks was used for multiple
comparisons. Further the Mann-Whitney Rank Sum Test was
applied to reveal significant differences between “LPS” and
“LPS + any nAChR ligand” groups based on the fact that
measurement of each sample was carried out independently.
The average values and SEM were calculated for each of the
experimental data.

RESULTS

Testing Effects of «-Conotoxins on IL-10

Release From Mouse Granulocytes
mRNA for the a9 nAChR subunit was previously detected
in BM-PMNs (St-Pierre et al., 2016) and recently confirmed
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by us (Safronova et al, 2021). In addition, we identified
for the first time mRNA of the «l0 subunit in these cells
(Safronova et al., 2021). In support of a functional role of
the a9 and/or 9210 nAChRs in BM-PMNs, we showed that
a-conotoxins RgIA and Vcl.1 induced Ca?™* transients, enhanced
cell adhesiveness and decreased production of reactive oxygen
species in these cells (Safronova et al, 2021). To further
investigate the physiological roles of a9010 nAChRs and a
possible involvement in inflammation, we investigated in the
present study the influence of the specific a9/a10 antagonists on
IL-10 release by LPS-stimulated BM-PMNs, an in vitro model
of inflammation.

As seen in Figure 1, nicotine (100 wM) application in addition
to LPS did not change the release of IL-10 and addition of
200 nM oa-conotoxin MII (employed as a control for a3*,
a6*, and o7 nAChRs) did not influence significantly the IL-10
level. These results indicate that MII-sensitive a3*, a6*, and a7
nAChR subtypes are not involved in IL-10 release. Interestingly,
application of a-conotoxin RgIA (10 nM) resulted in nearly
threefold increased IL-10 release, while it increased almost 6
times in the presence of a-conotoxins Vcl.1 (25 nM) or PelA
(10 nM). Application of a-conotoxin GeXIVA (10 nM) showed a
tendency to increase the cytokine IL-10 release, but a statistically
significant effect was not achieved. Although the minimum
detectable concentration of IL-10 for the Abcam kit is typically
~14 pg/ml, using our standard calibration curve we detected as
low IL-10 concentration as 7 pg/ml. This kit was also used before
for the measurement of fairly low IL-10 concentrations: 5-20
pg/ml (Khezri et al.,, 2019), 10-13 pg/ml (Zhang et al., 2019; Ai

et al., 2020), and 10-38 pg/ml (Monga et al., 2019). It should
be mentioned that the concentrations of IL-10 detected in the
presence of a-conotoxins Vcl.1 and PelA (Figure 1) exceeded
the minimum detectable concentration of the Abcam kit. The
concentrations for a-conotoxins RgIA, GeXIVA, PelA, and Vcl.1
were chosen around their ICsy values at the a9a10 nAChR
(McIntosh et al., 2005; Vincler et al., 2006; Ellison et al., 2008;
Luo et al., 2015). Together, the results suggest that a9-containing
nAChRs, that may be activated by endogenous ACh secreted by
cells into the culture media, prevent IL-10 release.

IL-10 induces analgesic and anti-inflammatory activity
(Saadane et al., 2005; da Silva et al., 2015). The increased IL-
10 production in our experiments therefore provides a possible
mechanism how a-conotoxins (RgIA, Vcl.1, and PelA) via
blockade of a9 and/or a9010 nAChRs could exert protective
effects against pain and progression of inflammation.

Potencies of Snake Venom Neurotoxins
at the Human «9«10 Nicotinic

Acetylcholine Receptor

As mentioned above, 9010 nAChRs show unusual
pharmacological properties in comparison to other nAChRs and
represent potential drug targets. The snake venom toxins a-Btx
and a-Ctx have been shown to inhibit rat a9 nAChRs (Elgoyhen
etal., 1994) and human a9010 (Chandna et al., 2019) in addition
to a7 and muscle type receptors. To further evaluate the potential
of snake venom toxins as a9al0 ligands, we compared the
potency and subtype selectivity of the long-chain a-neurotoxins
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FIGURE 1 | Influence of nAChR ligands on the release of IL-10 from murine bone marrow granulocytes. Cells were incubated in a medium containing 10 ng/ml
lipopolysaccharide from E. coli without or with nicotine or a-conotoxins, as indicated. IL-10 concentrations were measured in supernatants after 23 h of cell
incubation using a mouse IL-10 ELISA kit (ab108870, Abcam, United Kingdom). The average values + SEM of 9-12 independent measurements, each performed in
duplicates, are shown. The Kruskal-Wallis One Way Analysis of Variance on Ranks and the Mann-Whitney Rank Sum Test were used. ND, not detectable; *p < 0.05
compared to the cells treated with LPS only.
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FIGURE 2 | Potencies of snake toxins at the Xenopus laevis oocyte-expressed human a9« 10 nicotinic acetylcholine receptor ("AChR). (A) Dose-Response curves
and half-maximal inhibitory concentrations (ICsp) values of the indicated toxins. Responses to 2 s pulses of 40 WM acetylcholine (ACh) were measured at a potential
of =70 mV. Toxins were pre-incubated for 3 min in a static bath. nH: Hill-slope. 95% confidence intervals (Clgs) are given in parenthesis. Note that the high values of

the Hill coefficients suggest that a 3 min pre-incubation with the toxins is insufficient for complete binding and ICsq values might therefore be underestimated
(compare Supplementary Figure 1). However, for practical reasons (decreasing stability of oocytes in the static bath, need of large toxin amounts in case of
superfusion), all measurements were performed after 3 min pre-incubation. (B) Recovery of a9a10 current responses after a block induced by 100 nM Tx-NM2
Representative current traces are shown. Black bars indicate application of 40 uM ACh. Interruptions in the traces indicate a 4 min interval. (C) Representative
current traces showing the fast dissociation of the indicated toxins from the a9a10 nAChR. Recording conditions are as in (B). Each point represents the mean of
3-5 measurements from different oocytes of least two different frogs. Error bars represent the standard deviation (S.D.).

Tx-NM2, Tx-NM3-1, NT I, the short-chain a-neurotoxin NT II,
the non-conventional neurotoxin WTX, and the linear peptide
AZE on the human 09010 nAChRs expressed in X. laevis oocytes.

All experiments were performed with an injected a9:a10
cRNA ratio of 3:1 as this resulted in most robust current
responses. To validate our recordings conditions, we first used
a-conotoxin Vcl.1 as a positive control. Figure 2A shows that the
ACh-activated currents were efficiently inhibited by a-conotoxin
Vcl.1 with an ICsq value of 1.18 wM, very similar to previously
described values (Yu et al., 2013, 2018).

Using the same protocol, we next determined the ICsg values
of the snake toxins at the a9a10 nAChR subtype. Figure 2A
shows that the long-chain a-neurotoxins from N. melanoleuca
(Tx-NM2 and Tx-NM3) inhibited this receptor with potencies
close to those of a-Btx (ICsp 32 nM) and a-Ctx (72 nM).

Interestingly, the most potent toxin Tx-NM2 (ICsy 30 nM)
needed 30 min to fully dissociate from the receptor (Figure 2B).
In contrast, all other toxins tested in this study, including a-Btx
and a-Ctx, allowed full recovery of the ACh responses within
4 min (Figure 2C).

A somewhat weaker potency was found for the long-chain
a-neurotoxin NT I from the N. oxiana venom (ICsy 166 nM,
Figure 2). In contrast, the short-chain a-neurotoxin NT II from
this species failed to inhibit the ®9010 nAChR at concentrations
up to 10 wM. All short-chain a-neurotoxins including NT 1II
were previously found to lack affinity to the a7 nAChR but their
possible effect at the a9010 nAChR was not analyzed before. The
non-conventional neurotoxin WTX from Naja kaouthia, which
at micromolar concentrations binds to both the muscle-type and
a7 nAChRs (Utkin et al., 2001), also did not affect a9a10 currents.
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TABLE 1 | Normalized responses of human nAChR subtypes to the indicated
acetylcholine (ACh) concentration after 3 min pre-incubation with 1 WM of the
indicated toxins.

(cc1)2B1ed
o4f2 (5:1)  «3B2(1:1) 22 (1:1) o7 (2:1:1:1)
ACh conc. 100 pM 100 pM 100 pM 100 pM 30 pM
Tx-NM3-1 80 £ 6% 67 £ 6% 96 + 2% 2+ 2%** 1+1%*
Tx-NM2 84 £ 9% 68+ 7% 99 £+ 2% 2+ 2%** 1+1%*
WTX 99 +1% 101 £ 2% 95 +4% 99+2% 100+£7%
NT I 101+ 1% 101 £ 1% 94 + 2% 2+ 2%** 2+ 3%
NT Il 99 £+ 2% 101 £ 1% 9B+3% 91+4% 0 + 0%*
AZE 100 + 1% 101 £ 1% 98+ 3% 101 £2% 13 £ 10%

Three recordings were performed on different oocytes from at least two frogs.
Mean values with standard deviation (S.D.) are shown. The injected mRNA ratio
is given in parenthesis for each nAChR subtype.

* Indlicates a slow off-rate of the toxin, ** indicates no off-rate of toxin within 10 min.
High potency is highlighted in bold.

AZE (Utkin et al.,, 2012), a linear peptide from the venom of
Azemiops feae viper showed only a weak inhibition of about 40%
at a concentration of 10 pM (Figure 2).

To estimate the nAChR subtype selectivities of the above
toxins, we next measured their ability to inhibit human a7, a2p2,
a3p2, a4p2, and muscle-type nAChRs at 1 wM concentration.
As seen in Table 1, none of the toxins inhibited neuronal 022,
a3p2, or a4p2 nAChR subtypes. Similar to a-Btx and a-Ctx, the
toxins Tx-NM3-1, Tx-NM2, and NT-I, while being most effective
against the 09010 nAChRs, were also potent inhibitors of a7
and muscle-type receptors, indicating similar binding motives
for long-chain a-neurotoxins in these subtypes. The short chain
a-neurotoxin NT II and the linear peptide AZE selectively
inhibited the muscle-type receptor, as previously reported (Utkin
etal, 2001, 2012).

In conclusion, although Tx-NM2 is not selective for the
a9a10 nAChR, it has the highest affinity for this subtype and
is the only venom-derived toxin that shows a slow dissociation
from this receptor.

DISCUSSION

Research at the Shemyakin-Ovchinnikov Institute originally
concentrated on muscle-type and «7 nAChRs but recently
focused also on a9a10 subtypes and their interactions with
a-conotoxins and three-finger proteins, namely a-neurotoxins
and human proteins of the Ly6 family (see review Tsetlin et al,,
2021).

Structural Studies on Nicotinic
Acetylcholine Receptors in Complex

With Toxins

While cryo-electron microscopy structures of the T. marmorata
nAChR (Unwin and Fujiyoshi, 2012) and the X-ray structure
of the a4P2 nAChR (Morales-Perez et al., 2016) are known,
the number of nAChR structures in complexes with peptide
and protein neurotoxins is limited. Advances in cryo-EM

only recently revealed the structures of the Torpedo nAChR
(Rahman et al., 2020) and the human a7 nAChR in complex
with a-Btx (Noviello et al., 2021). Previously, binding modes
of a-neurotoxins or a-conotoxins were based on the X-ray
analysis of their complexes with the AChBP, a versatile
surrogate of the LBD of nicotinic and other Cys-loop receptors.
Our laboratories participated in the structure determination
of AChBP in complex with a-conotoxins specific for the
a7 (PnIA analog and ImlI), a3p2 (LvIA), and a3p4 (GIC)
receptors (Celie et al, 2005; Ulens et al, 2006; Lin et al,
2016; Zhu et al., 2020). Recently the combination of alanine
scanning, site-directed mutagenesis, computer modeling, and
X-ray crystallography of the AChBP in complex with a-conotoxin
LvIA and its synthetic analogs, identified several residues in the
B2 subunit that confer LvIA specificity for the a3f2 nAChR
(Zhu et al,, 2020). In collaboration with Greek crystallographers,
who earlier demonstrated the similarity between the o-Btx
structures in complexes with AChBP and the heterologously
expressed a9 LBD (Zouridakis et al, 2014), the first X-ray
structure of a-conotoxin RgIA in complex with the a9 LBD
was solved and, based on computer modeling, a model
for RgIA binding at the a9-al0 interface was proposed
(Zouridakis et al., 2019).

Most a-conotoxins bind at the orthosteric ligand binding sites
in different nAChRs subtypes. Because of the high homology
of such sites in all nAChR subtypes, drugs that bind at more
diverse allosteric sites would have a higher chance to act in
a subtype-selective way (Wang and Lindstrom, 2018). In this
respect, aO-conotoxin GeXIVA with analgesic activity (Wang
et al., 2019) is of interest. In TEVC experiments it inhibited
the rat 9010 nAChR at nanomolar concentrations (Luo et al.,
2015) by binding exclusively to an allosteric site, thus opening up
a strategy for subtype-selective targeting. However, competition
with radioactive a-Btx revealed that aO-conotoxin GeXIVA also
binds with a lower affinity (at micromolar concentrations) to the
orthosteric sites in the monomeric ®9 LBD and in the pentameric
Aplysia californica AChBP (Kryukova et al., 2018).

Toxins as Tools for Functional Studies
Due to their high subtype selectivity, a-conotoxins might provide
a basis for the development of novel drugs. Most interesting are
a-conotoxin RgIA, aO-conotoxin GeXIVA, and their derivatives,
which have analgesic properties and target a9a10 nAChRs
(Wang et al., 2019; Huynh et al., 2020). The anticancer activity
of several nAChR subtype selective a-conotoxins was also
tested (Terpinskaya et al., 2015, 2020). The application of
a-conotoxins PnIA, RgIA, ArIB[V11L,V16D], or MII together
with either baicalein or indomethacin to Ehrlich carcinoma
enhanced the antitumor activity several-fold (Osipov et al,
2020). However, while baicalein exerted antiproliferative and
cytotoxic effects also on C6 glioma cells, a-Ctx and a-conotoxin
RgIA on the contrary promoted proliferation of these cells
(Terpinskaya et al., 2021). Thus, further research is required
to elucidate the role of nAChRs in different tumor cell lines
and environments.

a-Conotoxins are not only convenient tools for structure-
function studies on heterologously expressed nAChRs, but also
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for characterization of their physiological roles in native tissues.
Here, we extended a previous study on the involvement of
9010 nAChRs in mouse granulocyte functions and found that
a-conotoxins (RgIA, Vcl.1 and PelA) significantly increased the
release of IL-10 (see Figure 1), which is known to produce
analgesic and anti-inflammatory effects (Saadane et al., 2005;
da Silva et al.,, 2015). We suggest that a9-containing nAChRs
activated by endogenous ACh may prevent IL-10 release.
Similarly, the inhibition of hybridoma cell proliferation by a-Ctx
or WTX has been explained by prior action of endogenously
released ACh (Skok et al., 2003). There is also evidence in
the literature that non-neuronal ACh released by immune cells
regulates immune functions via nAChRs (Mashimo et al., 2021)
and ACh synthesis was demonstrated in granulocytes (Neumann
et al.,, 2007). Although there are no data showing that a9a10
nAChRs in murine bone marrow granulocytes are constitutively
active, we have previously shown effects of ®9a10 antagonists,
RgIA and Vcl.1 in the absence of agonists, on functions of murine
bone marrow granulocytes (Safronova et al., 2021). Similar results
were obtained by other groups for the action of different nAChR
antagonists on immune cells (Razani-Boroujerdi et al., 2007;
Zazueta-Favela et al., 2019). Together with previous findings
(Safronova et al., 2016, 2021; Serov et al., 2021), this supports
the participation of the a9 and/or a9010 nAChR in the anti-
inflammatory processes and might help to explain the analgesic
action of compounds inhibiting this receptor.

Subtype-Selectivity of Snake Toxins

It was earlier shown that a-Btx and o-Ctx can inhibit
distinct subtypes of ionotropic GABA4 receptors (McCann
et al, 2006; Hannan et al, 2015; Kudryavtsev et al, 2015)
and similar properties were found for the recently isolated
N. melanoleuca long-chain o-neurotoxins (Son et al, 2021).
However, N. melanoleuca Tx-NM2, in contrast to a-Btx and
a-Ctx, distinguishes the two ACh binding sites in the Torpedo
receptor (Son et al., 2021). Here we checked if the N. melanoleuca
toxins can also interact with the a9a10 nAChRs and whether their
binding to this nAChR subtype would differ from that of a-Btx
and o-Ctx.

As seen in Figure 2A, both N. melanoleuca toxins inhibit the
a9010 nAChRs with ICs¢ values of 30 nM (Tx-NM2) and 119
nM (Tx-NM3-1), the first one being slightly more potent than
a-Btx or a-Ctx. We also tested the ability of a series of toxins from
other venoms to interact with the a9a10 nAChRs. A relatively
high affinity (166 nM) was detected for the NT I, a long-
chain o-neurotoxin from N. oxiana. No activity was detected
for short-chain NT II, which is not surprising since short-chain
a-neurotoxins are known to bind also very weakly to the a7
nAChR. No strong inhibition was found with non-conventional
toxin WTX as well. Analysis of the linear peptide AZE that does
not contain disulfide bonds was interesting because it was earlier
shown to inhibit the muscle-type nAChR (Utkin et al., 2012)
and because other linear peptides, oligoarginines, inhibit various
nAChR subtypes including the a9a10 nAChRs quite potently
(Lebedev et al., 2019). However, no efficient inhibition by AZE
was detected at the 910 nAChR (Figure 2A and Table 1).

Thus, Tx-NM2 appears most promising for a9a10 nAChR
research. It has the highest affinity and dissociates significantly
slower from this receptor than all other toxins tested in this study.
However, Tx-NM2 was also the most active against the earlier
tested nAChR and GABA, receptor subtypes (Son et al., 2021).
Nevertheless, it is the first described snake toxin that shows such
high affinity at the human a9a10 receptor and provides a valuable
basis to elucidate critical determinants for a9a10 selectivity and
for the development of «9010 nAChR labels.
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Figure S1: Influence of antagonist incubation time on Hill slopes of dose inhibition response curves.
Human a9a.10 nicotinic acetylcholine receptor (nAChR) was expressed in Xenopus laevis oocytes. Oocytes
were clamped at -70 mV and activated by 2 s pulses of 40 uM acetylcholine (ACh). Estimated effect of a
longer pre-incubation time on the dose inhibition curves of Tx-NM2 and NTI. The solid lines represent
dose inhibition curves obtained with a three min pre-incubation time (as presented in Fig. 2A). The dashed
lines show a trend towards lower ICso and Hill slope values with longer (five min) pre-incubation time.
Note that only two concentrations per toxin were measured. It can be expected that even longer preincuba-
tion times than five min would be required to reach equilibrium binding at low toxin concentrations and the
effect of longer preincubation time increases with lower toxin concentrations and would result in a Hill
coefficient closer to -1. Mean values with standard deviation are shown. Estimated 1Csy values/ Hill slopes
for 5 min pre-incubation of Tx-NM2 and NTI are 15 nM/-1.52, and 83 nM/-1.26, respectively. Note that
that the estimated ICso values are in the same order of magnitude for both toxins. n = 3-5 different oocytes
for each concentration.

S2



Supplementary B: Publication IV

98

7. Supplementary B: Publication IV

pp. 99 - 120



Archives of Toxicology
https://doi.org/10.1007/500204-021-03168-z

MOLECULAR TOXICOLOGY q

Check for
updates

Acute effects of the imidacloprid metabolite desnitro-imidacloprid
on human nACh receptors relevant for neuronal signaling

Dominik Loser2® . Karin Grillberger® - Maria G. Hinojosa* - Jonathan Blum? - Yves Haufe’ - Timm Danker' -
Ylva Johansson* - Clemens Méller® - Annette Nicke’ - Susanne H. Bennekou’ - lain Gardner® - Caroline Bauch® -
Paul Walker® - Anna Forsby* - Gerhard F. Ecker® - Udo Kraushaar' - Marcel Leist?

Received: 8 June 2021 / Accepted: 20 September 2021
©The Author(s) 2021

Abstract

Several neonicotinoids have recently been shown to activate the nicotinic acetylcholine receptor (nAChR) on human neu-
rons. Moreover, imidacloprid (IMI) and other members of this pesticide family form a set of diverse metabolites within
crops. Among these, desnitro-imidacloprid (DN-IMI) is of special toxicological interest, as there is evidence (i) for human
dietary exposure to this metabolite, (ii) and that DN-IMI is a strong trigger of mammalian nicotinic responses. We set out
here to quantify responses of human nAChRs to DN-IMI and an alternative metabolite, IMI-olefin. To evaluate toxicologi-
cal hazards, these data were then compared to those of IMI and nicotine. Ca**-imaging experiments on human neurons
showed that DN-IMI exhibits an agonistic effect on nAChRs at sub-micromolar concentrations (equipotent with nicotine)
while IMI-olefin activated the receptors less potently (in a similar range as IMI). Direct experimental data on the interaction
with defined receptor subtypes were obtained by heterologous expression of various human nAChR subtypes in Xenopus
laevis oocytes and measurement of the transmembrane currents evoked by exposure to putative ligands. DN-IMI acted on
the physiologically important human nAChR subtypes a7, a3p4, and a4p2 (high-sensitivity variant) with similar potency
as nicotine. IMI and IMI-olefin were confirmed as nAChR agonists, although with 2—3 orders of magnitude lower potency.
Molecular docking studies, using receptor models for the «7 and a4p2 nAChR subtypes supported an activity of DN-IMI
similar to that of nicotine. In summary, these data suggest that DN-IMI functionally affects human neurons similar to the
well-established neurotoxicant nicotine by triggering a7 and several non-a7 nAChRs.

Keywords Live-cell calcium imaging - Pesticide metabolism - Nicotine - Developmental neurotoxicity - Molecular
docking - Oocyte recording
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Abbreviations

ACh Acetylcholine

AUC Area under the curve

BMC Benchmark concentration

[Ca®*], Intracellular free Ca>* concentration

cAMP N6,2’-0-Dibutyryl 3',5'-cyclic adenosine
monophosphate

DN-IMI Desnitro-imidacloprid

DNT Developmental neurotoxicity

DMSO Dimethyl sulfoxide

EC,; Quarter maximal effective concentration

IMI Imidacloprid

IMI-olefin Imidacloprid-olefin

LDy, Median lethal dose

Mec Mecamylamine

MIE Molecular initiating event

MLA Methyllycaconitine

nAChR Nicotinic acetylcholine receptor

pEC,s Negative logarithm of the quarter maximal
effective concentration

pEC5, Negative logarithm of the half-maximal
effective concentration

pICs, Negative logarithm of the half-maximal
inhibitory concentration

PBTK Physiology-based toxicokinetic

PLO Poly-L-ornithine

PNU PNU-120596

Tubo Tubocurarine

Introduction

The toxicological assessment of many pesticides is compli-
cated by the fact that there is not only exposure to the origi-
nal substances, but also to their many metabolites formed
in the environment. This also applies to the neonicotinoids,
a class of insecticides with long persistence within crops
(Simon-Delso et al. 2015; Craddock et al. 2019; Thompson
et al. 2020). They comprise, e.g., imidacloprid (IMI), aceta-
miprid, clothianidin, and thiacloprid. With a global market
turnover of > 1 billion € (Jeschke et al. 2011; Sparks and
Nauen 2015), this group of compounds has dominated many
pesticide application domains and thus has led to widespread
human exposure (Klarich et al. 2017; Craddock et al. 2019;
Thompson et al. 2020). The neonicotinoids had a world-
wide market share of the insecticide sales of around 25%
in 2014-2018 (Bass et al. 2015; Casida 2018; Sparks et al.
2020). IMI accounted for around one-third of neonicotinoid
use (Bass et al. 2015). In the US, the use of IMI for crop
protection was estimated to be roughly around 1000 tons per
year from 2011 to 2014 (Douglas and Tooker 2015; Crad-
dock et al. 2019; US Geological Survey 2021). The insecti-
cidal mode of action is based on the over-activation of the

@ Springer

nicotinic acetylcholine receptor (nAChR) of the target spe-
cies. This activity has been assumed to be relatively specific
for the insect nervous system (Brown et al. 2006; Tan et al.
2007), as neonicotinoids have been developed to exhibit a
higher affinity for insect nAChRs compared to vertebrate
paralogs (Tomizawa et al. 2000; Tomizawa and Casida 2005;
Casida 2018). However, some studies suggest adverse effects
of neonicotinoids on mammals (Abou-Donia et al. 2008;
Duzguner and Erdogan 2012; Burke et al. 2018; Berheim
et al. 2019). A broad toxicological debate has been trig-
gered by the observation that acetamiprid and IMI activated
the nAChRs on neonatal rat neurons in the low uM range
(Kimura-Kuroda et al. 2012). The relevance of this find-
ing for human toxicology is further supported by a recent
study using cultured human neurons. Clear nAChR signaling
and also pronounced receptor desensitization were demon-
strated for several neonicotinoids at concentrations that may
be reached by dietary or accidental exposure (Loser et al.
2021a).

Food products intended for human consumption have
high detection rates for IMI (Chen et al. 2014; Craddock
et al. 2019; Thompson et al. 2020). In addition, several
metabolites are found. The transformation of the parent
compounds can arise via abiotic (photolysis, hydrolysis,
and chlorination) or biological (microbial, fungal, and
plant) processes (Simon-Delso et al. 2015; Thompson et al.
2020). One important metabolic step is the reduction of the
nitro group of IMI to form aminoguanidine derivatives or
derivatives that entirely lack the nitro group (e.g., DN-IMI)
(Ford and Casida 2006). Besides cytochrome P450 enzymes,
especially aldehyde oxidase seems to play an important role
in this biotransformation (Schulz-Jander and Casida 2002;
Schulz-Jander et al. 2002; Dick et al. 2005; Swenson and
Casida 2013; Simon-Delso et al. 2015; Vardavas et al. 2018).

Imidacloprid-olefin (IMI-olefin) has been detected in
honey (Codling et al. 2016; Thompson et al. 2020), and DN-
IMI is a major IMI degradation product in the environment
(Anon 2006; Koshlukova 2006). The latter metabolite is pro-
duced abiotically by photodegradation (17% of all IMI), but
also biotically as the dominant bacterial metabolite, and as
a major metabolite in many plants (Anon 2006; Koshlukova
2006). It has, e.g., been found in drinking water (Klarich
Wong et al. 2019; Wan et al. 2020) and it has been reported
to be formed in diverse foods such as apples, tomatoes, egg-
plants, and potatoes, where it accounted for around 10-30%
of IMI degradation products. It reached concentrations in the
10-30 pg/kg range in apples and potatoes and up to 300 ug/
kg in fodder corn (Anon 2006). The outdoor use of IMI
has been banned in Europe in 2018 (European Commission
2018), due to unacceptable toxicity risks for bees (Euro-
pean Food Safety Authority [EFSA] 2016), and in 2020
the approval of IMI expired (European Commission 2020).
However, exposure via the diet still occurs via imported food
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commodities, and until now, several EU countries still grant
temporary exemptions and notify the EU of these emergency
authorizations (https://ec.europa.eu/food/plant/pesticides/
eu-pesticides-database/ppp/pppeas/screen/home). The cur-
rent dietary risk assessment on IMI in Europe covers the
exposure to the parent compound IMI and its metabolites.
However, there is no specific residue definition for DN-IMI
(European Food Safety Authority [EFSA] et al. 2019). This
means that it is assumed that the toxicological potency is
similar to the parent compound.

DN-IMI has also been detected in mice exposed to IMI.
This suggests that it can also be produced within mammals
by endogenous metabolism (Ford and Casida 2006; Swenson
and Casida 2013). This is consistent with findings of DN-
IMI and IMI-olefin in human urine samples analyzed in a
recent biomonitoring study (Wang et al. 2020).

The previous knowledge of IMI metabolism shows that
a shift in the bioactivity spectrum can occur. For instance,
the metabolite DN-IMI has a strongly reduced potency on
insect nAChRs, but in turn an increased affinity for mam-
malian nAChRs (Liu et al. 1993; Chao and Casida 1997,
Tomizawa et al. 2000). This is in line with studies in mice
that suggested a higher toxicity of DN-IMI, compared to its
parent compound IMI (Chao and Casida 1997; Tomizawa
et al. 2000). Furthermore, binding assays using mammalian
nAChRs have shown that DN-IMI has an affinity similar
to the high-affinity ligand nicotine (Tomizawa and Casida
1999; D’Amour and Casida 1999; Tomizawa et al. 2000).
Nicotine is a well-known neurotoxicant and developmental
neurotoxicant for vertebrates, including man (Levin et al.
1993; Slikker Jr et al. 2005; LeSage et al. 2006; Grandjean
and Landrigan 2006; Dwyer et al. 2009; Slotkin et al. 2016;
Zahedi et al. 2019). Therefore, IMI metabolites mimicking
the activity profile of nicotine on human receptors are of
high toxicological concern.

The activation of ionotropic receptors like nAChRs on
neurons leads to a depolarization of the cell membrane, and
thereby, activates voltage-dependent Ca>* channels. The
transient influx of Ca®* into the cell increases the intracellu-
lar free Ca>* concentration ([Ca’*] .), which can be measured
by Ca**-imaging in neuronal cell cultures (Leist and Nico-
tera 1998; Sirenko et al. 2019; Grunwald et al. 2019; Loser
et al. 2021b). This method is based on the quantifications of
fluorescence signals of calcium-sensitive dyes introduced
into the cells, and it is amenable to high-throughput for-
mats (Sirenko et al. 2019; Karreman et al. 2020; Briill et al.
2020; Loser et al. 2021b). Alternatively, xenobiotic effects
on individual nAChR subtypes may be measured directly by
the recording of the transmembrane currents in Xenopus lae-
vis oocytes that heterologously express human receptors of
interest. The basis of this method is the injection of mRNA
coding for human neurotransmitter receptor subunits into the
cells. It is well known that this experimental system has a

high efficiency for protein translation and functional inser-
tion of the respective receptors in the cell membrane. The
large size of the oocytes allows the current flow through the
cell membrane (triggered by agonists) to be measured by two
sharp microelectrodes placed inside the cell. The test method
obtains its specificity from the strong heterologous expres-
sion of the respective receptor. (Bermudez and Moroni 2006;
Moroni et al. 2006; Jonsson et al. 2006; Carbone et al. 2009;
Mineur et al. 2009; Mazzaferro et al. 2011; Harpsge et al.
2011; Liet al. 2011; Benallegue et al. 2013).

The human neuronal precursor cell line LUHMES and the
neuroblastoma cell line SH-SYSY can be differentiated into
post-mitotic neurons (Lopes et al. 2010; Scholz et al. 2011),
and they are often used as a model system to investigate
adverse effects on human neurons (Tomizawa and Casida
1999; Gustafsson et al. 2010; Krug et al. 2013, 2014; Zhang
et al. 2014; Ring et al. 2015; Lohren et al. 2015; Attoff et al.
2016, 2020; Smirnova et al. 2016; Harris et al. 2017; Tong
et al. 2017; Witt et al. 2017; Delp et al. 2018a, b, 2019; Briill
et al. 2020). The utility of these cell models for functional
neurotoxicity testing has been demonstrated for agents that
affect voltage-dependent sodium channels or ionotropic
receptors (Loser et al. 2021a, b). Both cell types express
functional nAChRs and have been used in Ca’*-imaging
assays to study the effects of several neonicotinoids (Loser
et al. 2021a).

In this study, we explored whether DN-IMI possesses
a potential neurotoxicity or developmental neurotoxicity
hazard, by acting on nAChRs of human neurons. The IMI
metabolite was chosen for this study, as it may be directly
ingested by food. However, it is also relevant as it may be
generated in individuals exposed to IMI. We compared the
signaling effects of DN-IMI on LUHMES neurons and SH-
SYS5Y to that of IMI and nicotine. To determine differences
in nAChR subtype selectivity of the compounds, we fur-
ther investigated the agonist activity of these compounds
on human a4p2, o7, and a3p4 nAChR subtypes, expressed
in Xenopus laevis oocytes, and we developed a molecular
docking approach explaining these findings. To gather back-
ground information on the persistence and distribution of
DN-IMI in man, a toxicokinetic model was implemented and
parameterized by metabolism data from human hepatocytes.
The broad data set of this study was used for a preliminary
risk assessment of DN-IMI.

Materials and methods
Materials and chemicals
An overview of experimental tool compounds and toxi-

cants is given in Table S1. Consumables are indicated in
the specific methods paragraphs. Chemical structures of
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imidacloprid (IMI) (https://pubchem.ncbi.nlm.nih.gov/
compound/86287518#section=2D-Structure), desnitro-
imidacloprid (DN-IMI) (https://pubchem.ncbi.nlm.nih.gov/
compound/10130527#section=2D-Structure) and imidaclo-
prid-olefin (IMI-olefin) (https://pubchem.ncbi.nlm.nih.gov/
compound/146262494#section=2D-Structure) were obtained
from PubChem and visualized in ChemDraw JS (version
19.0.0-CDJS-19.0.x.9 + da9bec968, PerkinElmer).

LUHMES cell culture

The cultivation of the LUHMES cells was performed as
described earlier (Scholz et al. 2011; Krug et al. 2013;
Schildknecht et al. 2013). In brief, LUHMES cells were
cultured in standard cell culture flasks (Sarstedt) that were
pre-coated with 50 pg/ml poly-L-ornithine (PLO) and 1 pg/
ml fibronectin (Sigma Aldrich) in H,O overnight at 37 °C.
The cells were maintained in proliferation medium contain-
ing advanced DMEM/F12 (Gibco) with 2 mM L-glutamine
(Sigma Aldrich), 1 X N2-supplement (Gibco), and 40 ng/ml
recombinant human basic fibroblast growth factor (FGF-2,
R&D Systems). The cells were kept at 37 °C and 5% CO,
and passaged three times a week when the culture reached a
confluency of 75-90%. Cells were used until passage 18. For
differentiation, cells were cultured in differentiation medium
consisting of advanced DMEM/F12 (Gibco) supplemented
with 2 mM L-glutamine (Sigma Aldrich), 1 X N2-supplement
(Gibco), 1 mM N6,2'-0-dibutyryl 3',5'-cyclic adenosine
monophosphate (cAMP) (Sigma Aldrich), 1 pg/ml tetracy-
cline (Sigma Aldrich) and 2 ng/ml recombinant human glial
cell-derived neurotrophic factor (GDNF, R&D Systems).

For Ca2*-imaging, the cells were pre-differentiated for
48 h in cell culture flasks, detached and plated at a density
of 20,000 cells and 30,000 cells per well on 0.1% PEI-coated
384-well and 96-well plates (Greiner Bio-One), respectively,
for the Ca®*-imaging. The cells were further differentiated
for another 7 days. 50% of the medium was exchanged every
2-3 days.

Cell culture of SH-SY5Y cells

SH-SYS5Y cells were cultured as previously described (Att-
off et al. 2016). Briefly, they were cultured in MEM sup-
plemented with 10% fetal bovine serum (Gibco, 31330095),
1% non-essential amino acid solution (Gibco, 11140035),
2 mM L-glutamine (Gibco, 25030024), 100 pg/ml strep-
tomycin, and 100 U/ml penicillin (Gibco, 15140122). For
maintenance culture, SH-SYS5Y cells were seeded at 27,000
cells/cm? in 75 cm? cell culture flasks (Corning). The cells
were passaged once a week using TrypLE Express Enzyme
(Gibco). SH-SYSY cells were differentiated into a neuronal-
like phenotype by exchanging the maintenance medium with
differentiation medium consisting of DMEM/F12 (Gibco,
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31330095) supplemented with 1 mM L-glutamine (Gibco,
25030024), 100 pg streptomycin/mL, 100 U penicillin/mL,
1 X N2-supplement (Gibco, 17502048) and 1 uM all-trans
retinoic acid (RA, Sigma, R2625) 24 h after seeding. The
cells were incubated in 100% humidity at 37 °C in air with
5% CO,.

LUHMES Ca**-imaging

Ca’*-imaging was performed using HT Functional Drug
Screening System FDSS/uCELL (Hamamatsu Photonics) at
nominal 37 °C. The FDSS/uCell system enables the indirect
recording of changes of [Ca®*]; via a Ca**-sensitive fluores-
cent dye. The fluorescence signal of a complete 384-well
plate is acquired at once with a high-speed and high-sensi-
tivity digital ImagEM X2 EM-CCD camera (Electron Mul-
tiplying Charge-Coupled Device, Hamamatsu Photonics),
but with limited spatial resolution. Therefore, the software
only determines the mean fluorescence signal of each well
rather than of individual cells. For compound application,
the integrated dispenser head with 384 pipette tips was used,
which can add the test compound to all wells simultaneously.
Cells were preincubated with Cal-520 AM (AAT Bioquest)
at a concentration of 1 pM for 1 h at 37 °C. For recording,
the medium was exchanged by a buffer solution containing
[mM]: 135 NaCl, 5 KCl, 0.2 MgCl,, 2.5 CaCl,, 10 HEPES,
and 10 D-glucose, pH 7.4. Test compound application was
executed after obtaining a 1.5 min baseline recording. Where
applicable, a second application was executed 4.5 min after
the first application. The total recording never exceeded
8 min.

For Ca?*-imaging experiments with a higher resolu-
tion on the single-cell level, the Cell Observer (Carl Zeiss
Microscopy) was used. The Ca*"-sensitive dye, the cell
handling before the experiment, and the buffer were the
same as described above for the experiments with the high-
throughput FDSS/UCELL system. The recordings were per-
formed with 2 X2 binning and a 42 ms exposure time. The
compounds were applied after a baseline recording of at
least 10 s.

Ca?* measurements in SH-SY5Y

To measure acute changes in the average [Ca**]; of a popu-
lation, SH-SYS5Y cells were examined in the 96-well plate
fluorescence reader FlexStation II (Molecular Devices)
using the fluorophore Fura-2AM. SH-SYS5Y (35,000 cells/
well; 109,375 cells/cm?) were seeded in maintenance culture
medium in black 96-well plates with clear bottom (Corn-
ing, #3603). 24 h after seeding, maintenance medium was
replaced with differentiation medium. After 72 h of differen-
tiation, Fura-2AM dissolved in DMSO and diluted in KRH
buffer (125 mM NaCl, 5 mM KCI, 1.2 mM MgSO,, 1.2 mM


https://pubchem.ncbi.nlm.nih.gov/compound/86287518#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/86287518#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/10130527#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/10130527#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/14626249#section=2D-Structure
https://pubchem.ncbi.nlm.nih.gov/compound/14626249#section=2D-Structure

Archives of Toxicology

KH,PO,, 2.0 mM CaCl,, 6.0 mM D-glucose, and 25 mM
HEPES (free acid), pH adjusted to 7.4 by 1.0 M NaOH) were
added to the medium to a final concentration of 4 uM (Gus-
tafsson et al. 2010). The plates were incubated for 30 min
at 37 °C before cells were washed once with 200 ul KRH
buffer. 90 ul of KRH buffer without or with 10 uM PNU-
120596 (PNU) and/or 125 pM mecamylamine (Mec) and/
or test chemicals in different concentrations for antagonist
experiments were added to the Fura-2AM-loaded cells. The
plate was again incubated for 20 min to allow full hydrolysis
of the AM group before the experiment. The fluorescence
was assessed at 37 °C in the fluorescence plate reader (Flex-
Station II; Molecular Devices) at two different excitation
wavelengths, 340 nm for Ca%*-bound Fura-2 and 380 nm for
free Fura-2, and at 510 nm emission, every 3.1 s using bot-
tom read settings. After 2629 s of initial baseline recording
of the fluorescence intensity, 10 ul of the compound dilution
(10 times higher than the final concentration to the cells)
was transferred automatically by the FlexStation II (“Flex
mode”) to the cell plate wells (five wells per concentration)
and the fluorescence intensity was monitored for another
150 s. The ratio of fluorescence intensity at 340/380 nm was
determined and the mean values from the baseline recording
before the addition of test compounds was set to zero. The
acute change in the Ca** influx after the addition of the com-
pounds was quantified as the area under the curve (AUC)
using the SoftMax Pro 4.8 software (Molecular Devices).
All test compounds were dissolved in DMSO. Compounds
were diluted in KRH buffer in 1:3 series, with 100 uM as the
highest concentration. As a negative control, 0.1% DMSO in
KRH buffer was used. Nicotine (11 pM) and KC1 (30 mM)
in KRH were used as positive controls. The Ca** influx
induced by DN-IMI was normalized to the response trig-
gered by nicotine (11 uM) or KCl1 (30 mM).

Oocyte recordings

The human a3 (GenBank: U62432.1), a4 (GenBank:
L35901.1, silent base exchanges to reduce GC content),
B2 (GenBank: X53179.1), and p4 (GenBank: U48861.1)
nAChR subunits were synthesized using FragmentGene ser-
vice by Genewiz company and subsequently cloned in the
pNKS2 vector (Gloor et al. 1995) using Gibson Assembly.
The human o7 nAChR subunit was cloned in the pCDNA3.1
vector.

For the generation of the mRNA for injection, the plasmid
DNAs of a3, a4, 2, and 4 were linearized with the Notl
restriction endonuclease (New England Biolabs) and the
plasmid DNA of a7 was linearized with the Xbal restriction
endonuclease (New England Biolabs). The mRNAs of a3,
o4, B2, and p4 were generated by in vitro transcription using
the mMESSAGE mMACHINE SP6 Transcription Kit (Inv-
itrogen). For the generation of a7 mRNA, the mMESSAGE

mMACHINE T7 Transcription Kit (Invitrogen) was used.
For the separation of the DNA and mRNA, a phenol—chlo-
roform extraction (Chomczynski and Sacchi 2006) was
performed. The mRNA was then obtained by ethanol pre-
cipitation from the aqueous phase; for quantification, the
BioPhotometer (Eppendorf) was used.

The recordings of human a7, a3p4, ad4p2, and adp4
nAChRs expressed in Xenopus laevis oocytes (EcoCyte
Bioscience) were performed in two-electrode voltage-clamp
mode using the Roboocyte2 system and the corresponding
software (version 1.4.1; Multi Channel Systems MCS). Prior
to the recordings, the oocytes were maintained at 19 °C in
modified Barth’s solution containing [mM]: 88 NaCl, 1 KCl,
0.33 Ca(NOs;),, 0.82 MgSO,, 2.4 NaHCO,, 0.41 CaCl,, 5
Tris, 100 U/ml penicillin, 100 pg/ml streptomycin, pH 7.4.

To express human a7 nAChR, we injected 50 nl of mRNA
solution (30 ng mRNA) per oocyte, using the Roboinject
and the corresponding software (version 1.2.1; Multi Chan-
nel Systems MCS). The subunits of the heteromeric human
a3p4 nAChRs and high-sensitivity (HS) (a4),(f2); combi-
nation were injected in a ratio of 1:10 (o:f subunit) with an
mRNA amount of 0.33 ng of a3 and 3.33 ng of p4 for a3p4,
and 3 ng of o4 and 30 ng of P2 for a4p2. The mRNA for the
subunits of the low-sensitivity (LS) (a«4);(p2), stoichiometry
was injected in a ratio of 10:1 (a:p subunit) with 10 ng of a4
and 1 ng of 2. The subunits of the a4p4 nAChR subtype
were injected in a ratio of 1:1 with 3.33 ng of a4 and 3.33 ng
of p4. After mRNA injection, the oocytes were maintained
for 3—6 days before recordings were performed. The experi-
ments were executed in a ND96 buffer solution containing
[mM]: 96 NaCl, 2 KCl, 1 MgCl,, 1.8 CaCl,, 5 HEPES, pH
7.4. The oocyte membrane potential was kept at — 50 mV in
all recordings. In experiments with o7, the compounds were
applied for 5 s followed by a 60 s wash period. At the end
of each recording, a reference application of 1 mM nicotine
was performed. In experiments with heteromeric nAChRs,
the compound was applied for 3 s, followed by a washout
of 10 s, and an application of acetylcholine (ACh) for 1 s,
which was followed by a washout of 60 s. The recordings for
a3p4, a4f2 (HS), a4p2 (LS) and a4p4 were performed with
200 uM, 3 uM, 100 uM and 100 uM ACh, respectively. ACh
was applied as an additional reference for run-down detec-
tion and positive control. Therefore, ACh was applied four
times before the addition of the first compound concentra-
tion and after the application of each compound concentra-
tion. After the measurement of all compound concentrations,
the last application was a reference exposure to nicotine with
1 mM for a3p4, 10 uM for a4p2 (HS), 100 uM for a4p2 (LS)
and 100 uM for a4p4. The reference response triggered by
nicotine was used for the normalization of the compound
effects.

For the antagonist experiments, DN-IMI was applied for
3 s after a 5 s baseline period. The application of DN-IMI
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was followed by a wash period of 70 s. At first, four control
recordings were performed, followed by three recordings in
the presence of each of the three antagonist concentrations
in ascending order. Finally, three recordings were executed
during the washout. DN-IMI was applied at 1 uM in record-
ings with a4p2 (HS) and at 30 uM in recordings with a3p4
and o7.

Physiologically based toxicokinetic modeling

A physiology-based toxicokinetic (PBTK) model for DN-
IMI was established in the Simcyp Simulator V20 (Cer-
tara) using a previously published approach (Albrecht et al.
2019). Due to the lack of published human metabolism and
exposure data for DN-IMI, an analog approach was used
to inform the PBTK model using a compound, in our case
atenolol, with known human pharmacokinetics and similar
physicochemical properties. The input parameters for DN-
IMI and atenolol are given in Table S8 and further details
are found in Fig. S10.

Data analysis

For the high-throughput Ca**-imaging data obtained in
LUHMES cells, an offset correction using the FDSS soft-
ware (version 3.2) was performed. Afterward, the data were
exported and further analyzed with scripts written in R (ver-
sion 3.6.3) (R Core Team 2020). The concentration—response
curves were fitted using a log-logistic model described by
Ritz et al. (2015), utilizing the R package drc with its func-
tion drm() and LL2.2() with the following equation: f(x)=d/
[1+exp(b(log(x) — €))] (Ritz et al. 2015). The logarithm of
the half-maximal effective concentration (logECs,) between
0 and the upper limit (d), which was set to 1, is represented
by &, x denotes the concentration, and b stands for the slope
parameter (Ritz et al. 2015). In cases with normalizations to
responses induced by other compounds, the function LL2.3()
was used with a variable upper limit (d; Ritz et al. 2015).
The same equation was used to determine the half-maximal
inhibitory concentration (logICsy,). Then the logECs, and
loglCs, values were converted into the pICs, and pECs, val-
ues, which are the negative logarithms to base 10.

Concentration—effect responses in the SH-SY5Y [Ca2+]i,
were analyzed by the GraphPad Prism8.0 software using
the four-parameter sigmoidal curve fit settings and the con-
centrations giving 50% increase in [Ca®*]; in relation to the
nicotine response were estimated.

The single-cell Ca’*-imaging recordings were exported
and analyzed in Fiji ImageJ (version 1.52i) to get the average
fluorescence signal of each cell. These signals were further
analyzed in R, where a threshold detection was performed to
detect responding cells. For this, the offset was corrected by
subtracting the mean of 20-65% of the fluorescence signal
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of the pre-application period from the recording, to be robust
against spontaneous activity. The threshold was defined as
mean+ 3 * SD of the negative control recordings, during the
detection phase of 6.5 s during the application.

The baseline correction of voltage-clamp oocyte record-
ings was performed with the Roboocyte2 + software (ver-
sion 1.4.3; Multi Channel Systems MCS, Germany). The
maximal current influx and further analysis were executed
in scripts written in R. In the antagonist experiments with
oocytes, the maximal inward current was determined for the
last response of each period (control, three antagonist con-
centrations, and washout).

The following R packages were utilized for data handling:
cowplot (Wilke 2019), dplyr (Wickham et al. 2020), drc
(Ritz et al. 2015), ephys2 (Danker 2018), ggplot2 (Wick-
ham 2016), htmlwidgets (Vaidyanathan et al. 2019), lemon
(Edwards 2019), magick (Ooms 2020), magrittr (Bache
and Wickham 2014), matrixStats (Bengtsson 2020), mod-
elr (Wickham 2020), multcomp (Hothorn et al. 2008), plo-
trix (Lemon 2006), proto (Grothendieck et al. 2016), and
tidyverse (Wickham et al. 2019).

Unless mentioned differently, values are presented as
means + SEM. Experiments were usually performed with at
least three technical replicates per condition. Detailed data
on pECs, pICs,, and numbers of experimental repetitions
are given in supplementary tables. Unless mentioned differ-
ently, statistical significance was defined as P <0.05 and was
determined by one-way ANOVA with Dunnett’s post hoc
test as indicated. To determine benchmark concentrations
(BMC), and their upper and lower 95% confidence intervals
(BMCL, BMCU), the BMC online software of UKN was
used (Krebs et al. 2020).

Results and discussion

Activation, inhibition, and desensitization
of nAChRs functionally expressed in LUHMES
and SH-SY5Y cells

Activation of nAChRs on LUHMES cells by DN-IMI

LUHMES neurons express functional a7 and non-o7
nAChRs, and they have proven useful for the characteriza-
tion of different neonicotinoids like IMI by high-throughput
Ca’*-imaging (Loser et al. 2021a). We used this system here
for the functional characterization of the two IMI metabo-
lites DN-IMI and IMI-olefin (Fig. 1A). Both metabolites
produced clear signals (Fig. 1B, C). A quantification of
[Ca®*]; responses yielded a pECs, of 6.6 for DN-IMI
(Fig. 1D). DN-IMI appeared at least as potent as ACh and
nicotine (pECj, values of ~6.0 in LUHMES neurons) (Loser
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Fig. 1 Effect of desnitro-imidacloprid (DN-IMI) and imidacloprid-
olefin (IMI-olefin) on LUHMES neurons. A Chemical structures of
imidacloprid (IMI) and its two metabolites desnitro-imidacloprid
(DN-IMI) and imidacloprid-olefin (IMI-olefin). B-F LUHMES
neurons were differentiated for 9 days before they were loaded with
an [Ca®*]; indicator dye and used for Ca®*-imaging. B, C The cells
cultivated in 384-well plates were exposed to various concentra-
tions of DN-IMI and IMI-olefin, and exemplary recordings of the
fluorescence signal from a whole well are shown. D The fluores-
cence data (peak amplitude) of multiple experiments were quanti-
fied and normalized to the maximal response stimulated by DN-IMI
(means + SEM are displayed). The significance of the responses trig-
gered by IMI-olefin was determined between control recordings and
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the responses evoked by IMI-olefin (*: p <0.05). For DN-IMLI, a sig-
moid curve was fitted to the data, and a pECs, value of 6.6+0.03 was
obtained as a potency estimate. Note the treatment scheme (upper left
corner), illustrating the experimental design. E, F LUHMES cultures
in 96-well plates were used to image the [Ca2+]i responses of single
cells with a fluorescent microscope. Regions of interest were assigned
for all individual cell bodies in the image section. E Ca?*-imaging
traces of the responses of individual cell bodies are shown after expo-
sure to DN-IMI (10 uM). F The percentage of cells that responded
with a clear fluorescence increase (=rise in [Ca2+]i) to different con-
centrations of DN-IMI was determined. Note the treatment scheme
(upper left corner), illustrating the experimental design. Detailed data
on n numbers are listed in Tables S6
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et al. 2021a). These signaling data are in line with published
binding data that suggest a similar affinity of DN-IMI and
nicotine for mammalian nAChRs (Tomizawa and Casida
1999; D’Amour and Casida 1999; Tomizawa et al. 2000).

For IMI-olefin, the pEC5, was not reached within the
measurement range (< 100 uM), but a significant response
(around 15% of the maximal response to DN-IMI) was found
at 30-100 pM. Thus, the potency of IMI-olefin was similar
to that of its parent compound IMI (Loser et al. 2021a). Our
observations on signaling potency are consistent with the
literature data for differences in binding affinity to mamma-
lian nAChRs (Chao and Casida 1997; Tomizawa and Casida
1999; D’Amour and Casida 1999; Tomizawa et al. 2000).

The data on DN-IMI were confirmed by a different ana-
lytical method. Instead of the whole-culture-based high-
throughput [Ca®*]; assay, we used traditional time-lapse
fluorescence microscopy to quantify responses of individual
cells (Fig. 1E). We found here a percentage of responsive
cells of ~80%. This population was similar in size to that
measured in a previous study, using nicotine as a stimu-
lus (Loser et al. 2021a). The quantification of single-cell
responses confirmed the sub-micromolar potency of DN-
IMI and suggested that the majority of all cells responded
functionally to the IMI metabolite (Fig. 1F).

Activation of a7 and non-a7 nAChRs on LUHMES
and SH-SY5Y cells by DN-IMI

There is a large variety of nAChR subtypes with distinct
functions in the nervous system. To get initial information,
we examined whether the human o7 nAChR is affected by
DN-IMI. This Ca?* permeable receptor is widely distributed
in the central nervous system and involved in the modula-
tion of neurotransmitter release (McGehee et al. 1995; Gray
et al. 1996; Alkondon et al. 1999; Gotti et al. 2006; Zoli et al.
2015). We utilized PNU-120596 (PNU), a selective positive
allosteric modulator of the a7 nAChR, to slow down the o7
nAChHR inactivation and enable thereby the detection of the
o7 nAChR-mediated response in Ca**-imaging (Hurst et al.
2005; Dickinson et al. 2007; Ng et al. 2007; Grgnlien et al.
2007; Papke et al. 2009; Williams et al. 2011; Chatzidaki
et al. 2015; Larsen et al. 2019). The response of LUHMES
neurons to DN-IMI was strongly enhanced and prolonged
in the presence of PNU (Fig. 2A). A quantification at mul-
tiple DN-IMI concentrations showed that this effect is less
pronounced at sub-maximal receptor stimulation (Fig. 2B).
The maximal amplitude triggered by DN-IMI was increased
by PNU by around 40%. This strongly suggests the activa-
tion of o7 nAChRs. These data are fully in line with find-
ings showing the enhancement of neonicotinoid effects by
PNU in LUHMES neurons (Loser et al. 2021a). The activa-
tion of non-a7 nAChRs at low concentrations of DN-IMI
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(0.03-0.3 uM) is most likely the reason for an absence of
PNU enhancement in the low concentration range.

To further support these findings, we examined the effect
of DN-IMI on a second human cell system. SH-SYS5Y neu-
roblastoma cells predominantly express the a7 nAChR sub-
type, together with a3-containing receptors (Loser et al.
2021a). Therefore, they show little response to neonico-
tinoids or nicotine in the absence of PNU, and also DN-
IMI only triggered small responses reaching about 44%
of the maximal response obtained in the presence of PNU
(Fig. 2C). In this experimental setup (presence of PNU),
DN-IMI led to a strong, concentration-dependent [Caz+]i
response with half-maximal responses at about 0.3 uM, a
peak at~3 uM, and declining responses at even higher con-
centrations (Fig. 2C). The maximal response triggered by
DN-IMI was roughly similar to the one evoked by nicotine.
The strong signal increase in the presence of PNU is in line
with our results for LUHMES.

We also examined the effect of IMI-olefin in the absence
and presence of PNU on [Ca®*]. of LUHMES neurons (Fig.
S1A), and we observed a strong enhancement of the signal.
This allowed for the determination of a pECs, (5.5 in the
presence of PNU) (Fig. S1B). The significant increase of the
responses indicates the activation of human o7 nAChRs by
IMI-olefin, but with a significantly lower potency compared
to DN-IML

Inhibition of DN-IMI-evoked responses of LUHMES
and SH-SY5Y cells by nAChR antagonists

We used a pharmacological approach to verify that the sign-
aling ([Ca’*],) effect of DN-IMI is mediated exclusively by
nAChRs. For this purpose, LUHMES cells were pretreated
with several well-known nAChR antagonists. Tubocurar-
ine (Tubo) (Jonsson et al. 2006) antagonized the responses
evoked by DN-IMI with a pICs, of 5.9 (Fig. 3A, C). Tubo
completely blocked the response at 100 uM, indicating that
the entire DN-IMI-evoked Ca**-signaling was mediated by
nAChRs. The obtained pICs, value is comparable to the val-
ues determined for several nAChR agonists in experiments
with LUHMES (Loser et al. 2021a).

To further substantiate this finding, we utilized the
non-competitive nAChR antagonist mecamylamine (Mec)
(Papke et al. 2008; Capelli et al. 2011). It blocked the DN-
IMI-induced response in LUHMES neurons with a pICy,
of 6.8 (Fig. 3B, C), which is in line with the literature
data of 6.6 for human a3p2 nAChRs (Chavez-Noriega et al.
2000). We also used Mec in the SH-SYS5Y cultures, and
the [Ca®*]; responses induced by DN-IMI were strongly
blocked (Fig. 2D). This confirmed that also in this cell
model, DN-IMI signaling was strictly dependent on
nAChRs.
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Fig.2 Activation of human a7 nAChRs on LUHMES and SH-
SYSY cells by DN-IMI. A, B LUHMES neurons differentiated in
384-well plates were exposed to various concentrations of DN-IMI
in the absence and presence of PNU-120596 (PNU, 10 uM), a selec-
tive positive allosteric modulator of a7 nAChRs. A Representative
recordings of the Ca®*-imaging fluorescence signal from a whole
well are shown. B The fluorescence data (peak amplitude) of mul-
tiple experiments were quantified and normalized to the maximal
response triggered by DN-IMI in the presence of PNU (means + SEM
are displayed). After sigmoidal curve fitting, the relative half maxi-
mum (turning point) was determined: they were on a -log(M) scale:
6.8+0.04 in the absence of PNU and 6.5+0.03 in the presence of
PNU. The upper asymptote was at 53% of the maximal response
(found in all experiments at all conditions) in the absence of PNU
and at 93% in the presence of PNU. The significance of the differ-
ence between the effects of DN-IMI (1 uM) in the absence and pres-

To further investigate the agonism of DN-IMI on
nAChRs on LUHMES, we researched the effect of the
antagonist methyllycaconitine (MLA), which is highly
potent (low nM range) on a7 nAChRs compared to other
nAChR subtypes (Puchacz et al. 1994; Gopalakrishnan
et al. 1995; Palma et al. 1996; Buisson et al. 1996; Capelli
et al. 2011). MLA inhibited the response to DN-IMI
with a pICs, of 6.8 (Fig. 3D, F), which is comparable
to the value obtained for nicotine with LUHMES (Loser
et al. 2021a). The pICs is similar to the literature data
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ence of PNU was evaluated (*: p <0.05). Detailed data on n numbers
are found in Table S6. C, D SH-SYS5Y cells were used for automated
[Ca®*], monitoring, with the area under the curve (AUC) of the flu-
orescence intensity as assay endpoint. Data were normalized to a
reference signal (10 uM nicotine in C, 30 mM KCI in D). All data
are from multiple experiments and are displayed as means+ SEM.
C Data were obtained for multiple concentrations of DN-IMI in
the absence and presence of PNU, and the ascending arms of the
curves were fitted for concentrations <10 pM. The sigmoidal curve
fit yielded relative pECsys of 6.8 +0.36 in the absence of PNU (esti-
mated maximum at~0.44, n=5) and 6.5+0.07 (0.3 puM, estimated
maximum at~0.93, n=4) in the presence of PNU. D The [Ca2+]i
response of SH-SYSY cells triggered by DN-IMI [in the presence
of PNU (10 uM)] was measured in the absence and presence of the
nAChR antagonist mecamylamine (Mec, 125 uM) (n=5); *: p<0.05.
Note the treatment schemes, illustrating the experimental design

for human a4p2 and a6-containing (a6/3p2p3) nAChRs
(Capelli et al. 2011). This (relatively low) potency of
MLA in LUHMES indicates the involvement of non-o7
nAChRs in the [Ca®*], response evoked by DN-IMIL.
Finally, we applied the nAChR antagonist MG 624
(Gotti et al. 2000; Capelli et al. 2011) on LUHMES neu-
rons. The resulting pICs, of 6.8 (Fig. 3E, F) is comparable
to the pICs of nicotine obtained with LUHMES neurons
(Loser et al. 2021a) and previously reported data for a4p2,
a3p4, o7, and al18e nAChRs (Capelli et al. 2011).
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Fig.3 Inhibition of DN-IMI signaling by nAChR antagonists.
LUHMES neurons differentiated in 384-well plates were pretreated
with various concentrations of nAChR antagonists before DN-IMI
(0.5 uM) was applied in Ca**-imaging experiments. A, B Exemplary
recordings of the fluorescence signal from a whole well are shown
for the effects of A tubocurarine (Tubo) and B mecamylamine (Mec)
on the responses evoked by DN-IMI. C The fluorescence data (peak
amplitude) of multiple experiments were quantified and normalized
to control recordings (means=+SEM are displayed). After curve fit-
ting, pICs, values of 5.9+0.05 for Tubo and 6.8 +0.03 for Mec were
determined for their inhibitory effects on DN-IMI-induced [Ca**];

In summary, the antagonist data demonstrate the activa-
tion of nAChRs by DN-IMI and indicate the involvement
of different nAChR subtypes.

Desensitization of cholinergic responses of LUHMES
and SH-SY5Y cells by DN-IMI

An important feature of nAChRs is desensitization. This
is the inactivation of the receptor during agonist expo-
sure or upon closely timed repeated agonist applications.
Thus, even in the presence of an agonist, the receptor can
stop the signaling and may not be activated again within
a certain period after an initial stimulation (Fenster et al.
1997; Quick and Lester 2002; Paradiso and Steinbach 2003;
Lester 2004; Rollema et al. 2010; Marks et al. 2010; Capelli
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responses. Note the treatment scheme (upper right corner), illustrat-
ing the experimental design. D, E Exemplary recordings of the flu-
orescence signal from a whole well are shown for the effects of D
MLA and E MG 624 on the [Ca’*]; responses evoked by DN-IML.
F The fluorescence data (peak amplitude) of multiple experiments
were quantified and normalized to control recordings (means +SEM
are displayed). After curve fitting, pICsys of 6.8 +0.03 for MLA and
6.8+0.03 for MG 624 were determined. Note the treatment scheme
(upper right corner), illustrating the experimental design. Detailed
data on n numbers are found in Table S6

et al. 2011; Papke et al. 2011; Campling et al. 2013; Eaton
et al. 2014; Arias et al. 2015; Rollema and Hurst 2018).
The desensitization of a receptor is typically caused by
an agonist concentration that activates the receptor, but it
can also occur at low concentrations that are not sufficient
to activate it (Fenster et al. 1997; Paradiso and Steinbach
2003; Lester 2004; Rollema et al. 2010; Capelli et al. 2011,
Arias et al. 2015; Rollema and Hurst 2018). As our previ-
ous results indicate an agonistic effect of both IMI metabo-
lites, we investigated whether they would also desensitize
the nAChRs on LUHMES neurons. In these experiments,
the metabolites were pre-applied at various concentrations
and then the response of LUHMES neurons was triggered
by the exposure to nicotine and measured by Ca**-imaging.
The pretreatment led to a pronounced reduction of the
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Fig.4 Desensitizing effects of DN-IMI and IMI-olefin on nAChRs.
LUHMES neurons differentiated in 384-well plates were pretreated
with various concentrations of DN-IMI or IMI-olefin for 4.5 min
before different nAChR agonists were applied and [Ca*]; signals
were recorded. A, B Exemplary traces of the fluorescence signal from
a whole well are shown for the desensitizing effects of different con-
centrations of A DN-IMI and B IMI-olefin on the [CazJ']i responses
evoked by nicotine. C The fluorescence data (peak amplitude of 3 uM
nicotine) of multiple experiments were quantified and normalized
to control recordings (means+SEM are displayed). After curve fit-
ting, pICs, values of 6.9+0.03 for DN-IMI and 4.9+0.03 for IMI-

nicotinic signaling (Fig. 4A, B). The corresponding con-
centration—response curves yielded pICs, values of 6.9 for
DN-IMI and 4.9 for IMI-olefin (Fig. 4C). The pICs, of IMI-
olefin is comparable to the effects of its parent compound
IMI and other neonicotinoids (Loser et al. 2021a). The pICs,
of DN-IMI is comparable to pICs, values reported for the
desensitizing effect of nicotine on human o432, a4p4, and
a3pB4 nAChRs (Fenster et al. 1997; Lester 2004; Capelli
et al. 2011). Thus, DN-IMI was more potent than several
neonicotinoids (pICy,s of ~5.4) (Loser et al. 2021a) and IMI-
olefin at attenuating the response evoked by nicotine. For
confirmation of the desensitization in a different cell model,
we used SH-SYSY cells. In addition, here, pretreatment with
DN-IMI reduced/abolished the response to nicotine in the
submicromolar range. This effect was clearly more potent
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olefin were determined. Note the treatment scheme (upper right cor-
ner), illustrating the experimental design. D, E Exemplary traces of
the fluorescence signal are shown for the effects of DN-IMI on the
responses evoked by D 30 nM ABT 594 and E 3 uM ACh. F The
fluorescence data (peak amplitude of the agonist stimulus) of mul-
tiple experiments were quantified and normalized to control record-
ings (means+SEM are displayed). After curve fitting, pICs, values
of 7.4+0.03 (ABT 594) and 7.4 +0.03 (ACh) were determined. Note
the treatment scheme (upper right corner), illustrating the experimen-
tal design. Detailed data on n numbers are found in Table S6

than the desensitization observed by IMI and another neo-
nicotinoid pesticide, acetamiprid (Fig. S2). Thus, desensi-
tization by neonicotinoids was confirmed in a second cell
model, and the particularly high potency of DN-IMI was
reproduced.

To confirm that the desensitizing effect was not specific
for nicotine stimulation, we used the endogenous nAChR
agonist ACh and the selective non-a7 nAChR agonist
ABT 594 for stimulation (Donnelly-Roberts et al. 1998;
Michelmore et al. 2002) (Fig. 4D, E). Here, we observed
plICs, values of ~ 7.4 for the desensitization (Fig. 4F). This
high potency is in agreement with other observations that
desensitization of nAChR can occur at lower concentra-
tions than required for activation (Fenster et al. 1997;
Paradiso and Steinbach 2003; Lester 2004; Rollema et al.
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2010; Capelli et al. 2011; Arias et al. 2015; Rollema and
Hurst 2018). The large difference in potency of DN-IMI
and its parent compound IMI and other neonicotinoids is
consistent with the literature data for potency differences
in binding assays with mammalian nAChRs (Chao and
Casida 1997; Tomizawa and Casida 1999; D’Amour and
Casida 1999; Tomizawa et al. 2000).

In summary, DN-IMI desensitized nAChRs in the nM
range, and this may be of toxicological significance, as
nAChR signaling plays an important role in the central
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nervous system (Alkondon et al. 1999; Champtiaux et al.
2003; Levin et al. 2006; Gotti et al. 2006; Zoli et al. 2015).

Activation of human a4B2, a7, and a34 nAChRs
by DN-IMI

To verify an agonistic effect of DN-IMI on the physiologically
important neuronal nAChR subtypes a4p2, a7, and a3p4, we
expressed each of them in Xenopus laevis oocytes and per-
formed two-electrode voltage-clamp recordings (Fig. 5A).
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«Fig.5 Effects of DN-IMI on human nAChR subtypes heterologously
expressed by Xenopus laevis oocytes. A The basic principle of the
experiments with human nAChRs heterologously expressed by Xeno-
pus laevis oocytes is presented. (1) The genetic information (mRNA)
of the respective nAChR subunits, in this example a4 (red) and p2
(orange), is injected at the desired ratio [here: 1 (a4):10 (f2)] into the
oocytes. (2) The oocytes are incubated for a few days to allow protein
expression and membrane integration as functional nAChRs. (3) The
experiments were performed in two-electrode voltage-clamp record-
ing mode. The agonist-evoked inward current through the nAChRs
was measured by the current electrode, while the membrane poten-
tial of the oocyte was kept constant (V;=— 50 mV) by a regulated
voltage electrode and its reference electrode in the bath solution. B
Increasing concentrations of DN-IMI were added to the bath solu-
tion, with washout phases between the recordings. Exemplary inward
currents through human a4p2 (HS) nAChRs are shown. Note that an
excess of 2 subunits was used here to generate pentameric receptors
with two o subunits (designated here as high-sensitivity (HS) vari-
ant, compared to receptors with>2 o subunits). C The inward cur-
rent data (amplitude) of human o4f2 (HS) nAChRs heterologously
expressed by Xenopus laevis oocytes of multiple experiments were
quantified (means+SEM are displayed). After curve fitting, relative
pECs, values (curve inflection point) of 6.3 +0.04 (estimated maxi-
mum amplitude at 64% of nicotine’s) for DN-IMI and 6.3 +0.04 for
nicotine were determined. The significance of the responses trig-
gered by IMI was evaluated between the lowest concentration (3 pM)
and the other concentrations (*: p<0.05; n.s., not significant). The
inward current amplitudes were normalized to the response induced
by nicotine (10 uM). Exemplary current traces of DN-IMI and nico-
tine are shown in Fig. S3C and S3D, respectively. D The inward cur-
rent data (amplitude) of human o7 nAChRs heterologously expressed
by Xenopus laevis oocytes of multiple experiments were quanti-
fied (means+SEM are displayed), and after curve fitting relative
pEC;s, values of 4.5+0.09 (estimated maximum of 83%) for DN-IMI
and 3.9+0.04 for nicotine were obtained. The significance of the
responses triggered by IMI-olefin and IMI was evaluated between
the lowest concentration (3 pM) and the other concentrations (*:
p<0.05). The current amplitudes were normalized to the response
induced by nicotine (100 uM). Exemplary current traces of DN-IMI,
IMI-olefin, and nicotine and the complete concentration-response
curve for nicotine are shown in Fig. S5. E The inward current data
(amplitude) of human o3p4 nAChRs heterologously expressed by
Xenopus laevis oocytes of multiple experiments were quantified
(means +SEM are displayed), and after curve fitting relative pECs,
values of 4.9+0.03 for DN-IMI and 4.0+0.01 for nicotine were
determined. The significance of the responses triggered by IMI was
determined between the lowest concentration (1 uM) and the other
concentrations (*: p<0.05). The current amplitudes were normal-
ized to the response induced by nicotine (100 pM). Exemplary cur-
rent traces of DN-IMI, IMI, and the complete concentration—response
curve for nicotine are shown in Fig. S6C-F. Detailed data on n num-
bers are found in Table S6

First, we focused our experiments on the a4p2 recep-
tor, which can assemble in two different stoichiometries.
The high-sensitivity (HS) variant (two a4 subunits and
three 2 subunits) has been reported to have a pEC5,(ACh)
of ~5.7 in the Xenopus laevis oocyte expression system,
while the low-sensitivity variant (three a4 subunits and
two P2 subunits) had a pEC5,(ACh) of ~4.1 (Bermudez
and Moroni 2006; Moroni et al. 2006; Jonsson et al. 2006;
Carbone et al. 2009; Mineur et al. 2009; Mazzaferro et al.
2011; Harpsge et al. 2011; Li et al. 2011; Benallegue et al.

2013). In our system, we found for the a4p2 (HS) recep-
tor a pEC5,(ACh) of ~5.7 (Fig. S3A, B). For nicotine,
we found a pECs, of 6.3, in line with the literature data
(Moroni et al. 2006). DN-IMI yielded a relative pECj
of 6.3 (Fig. 5B, C). The data show a high potency for
this nAChR subtype; our data suggest that DN-IMI has
a similar potency but slightly lower efficacy (64% of full
stimulation) than nicotine (Fig. S3C, D). Its parent com-
pound IMI did not trigger a concentration-dependent acti-
vation of the receptor in the tested concentration range
(<100 uM). For control purposes, we applied DN-IMI
(30 uM) to Xenopus laevis oocytes without additional
receptor expression (injection of water without mRNA).
In this experimental setup, we did not detect any current
responses (n =35, data not shown). These findings show
that DN-IMI only triggered inward currents via the activa-
tion of the heterologously expressed human nAChRs. This
was further confirmed by antagonist experiments, where
the response of the human a4p2 (HS) receptor to DN-IMI
was concentration-dependently and reversibly blocked by
the non-competitive nAChR antagonist Mec (Fig. S4).

To verify an agonistic effect of DN-IMI and IMI-olefin
on human a7 nAChRs, we expressed this nAChR subtype
in Xenopus laevis oocytes and performed two-electrode
voltage-clamp recordings (Figs. 5D and S5). DN-IMI had
a relative pEC5, of 4.5 with a lower efficacy than nicotine
(Figs. 5D and S5A, D). Compared to nicotine, DN-IMI
thus showed a slightly higher potency and a partial ago-
nistic effect (estimated maximum at~81% of the maximal
response to nicotine) on human a7 nAChRs, well in line
with our Ca**-imaging data (Fig. 2B, C). IMI-olefin and
its parent compound IMI also stimulated significant inward
currents but with a lower potency and efficacy than DN-IMI
(Figs. 5D and S5B, D). The results for IMI match our previ-
ous findings with LUHMES and SH-SYS5Y neurons (Loser
et al. 2021a). The application of nicotine yielded a pECjy,
of 3.9 (Figs. 5D and S5C, D), which is comparable to the
literature data (Briggs et al. 1995). As an internal consist-
ency check, we performed antagonist experiments, where
the DN-IMI-triggered response of the human o7 nAChR
was concentration-dependently and reversibly blocked by
the selective o7 receptor antagonist MLA (Fig. S4).

As a third approach, we investigated the effects of DN-
IMI on human a3p4 nAChRs expressed by Xenopus laevis
oocytes. The application of nicotine and ACh resulted in
pECsys of 4.0 and 3.8 (Figs. 5E and S6A, B, D), respec-
tively, which are both comparable to the literature data
(Wang et al. 1996; Nelson et al. 2001; Jonsson et al. 2006).
The addition of DN-IMI to oocytes expressing human o334
nAChHR yielded a relative pECs, of 4.9 (Figs. SE and S6C,
D). IMI evoked small but significant inward currents in a
concentration-dependent manner (Figs. SE and S6D-F).
Responses of the human a3p4 nAChR triggered by DN-IMI

@ Springer



Archives of Toxicology

were concentration-dependently and reversibly blocked by
the nAChR antagonist Tubo (Fig. S4).

For the further characterization of DN-IMI on individual
receptors, we investigated the effects of DN-IMI and IMI
on the low-sensitivity variant of a4p2 (LS) and on a4p4
nAChRs. DN-IMI yielded pECsgs of 5.3 for a4p2 (LS) and
5.5 for a4p4 (Fig. S7). IMI did not trigger a concentration-
dependent activation of these two nAChR subtypes in the
tested concentration range (<100 uM).

Having obtained data on nicotine and DN-IMI for nAChR
subtypes, we used them for a comparison of their potencies.
For this purpose, we determined the absolute EC,5 values
(Fig. 6A). These data suggest that DN-IMI and nicotine
were about equipotent on the a4p2 (HS) nAChR (less than
half a log-step difference). On the other receptors, DN-IMI
appeared slightly more potent than nicotine (about 0.6 log-
steps). To understand differences between experimental
systems or possibly to predict toxicological consequences
for brain areas with different receptor expression patterns,
it was interesting to compare apparent (functional) receptor
affinities: this showed that both ligands were more potent on
the a4p2 (HS) nAChR than on other subtypes (> 1 log-step
for DN-IMI; > 2 log-steps for nicotine), while there was no
difference between, e.g., o7 and a3p4 (Fig. 6B). This might
explain mixed responses, e.g., on LUHMES cultures that
express all these receptor types, and it provides an expla-
nation for differences between, e.g., SH-SYSY cells and
LUHMES (the former cells predominantly express a7 recep-
tors but also a3-containing receptors (Loser et al. 2021a)).

In summary, the metabolite DN-IMI exhibits significantly
higher potency and efficacy on the human nAChR subtypes
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Fig.6 Comparative display of agonist potencies at nAChRs. Oocyte
recordings were performed, and data for nicotine and DN-IMI stimu-
lations are normalized as in Fig. 5. From the curve-fitted concentra-
tion-response data, EC,5 values were determined. A The absolute
EC,5 values are shown for the effects on a7 (7.6 uM by DN-IMI
and 30.2 uM by nicotine), a3p4 (5.2 uM by DN-IMI and 27.5 uM
by nicotine), and a4p2 (HS) (0.33 uM for DN-IMI and 0.17 uM for
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than its parent compound IMI. We performed extensive
molecular docking studies of nicotine, IMI, DN-IMI, and
IMI-olefin to further substantiate the experimental findings
from oocytes and to provide a molecular explanation. The
modeling results suggest a positioning of DN-IMI similar to
that of nicotine at the binding sites of two nAChR subtypes.
In contrast, IMI and IMI-olefin tend to adopt inverted and
less favorable binding poses (Figs. S8 and S9). The docking
studies thus provide a potential explanation for the lower
signaling potency of these two compounds compared to
DN-IML

Exposure considerations and in vitro-to-in vivo
comparisons

While the above approaches inform on potential hazards by
DN-IMI, the interpretation of the data and their use for risk
assessment requires some understanding of concentrations
to be reached in human tissues/body fluids. Due to the lack
of more direct human data, we built a physiology-based
toxicokinetic (PBTK) model to predict the plasma con-
centrations of DN-IMI. Because of the limited availability
of human metabolism and exposure data for DN-IMI, the
model construction was based on data from atenolol, a com-
pound with similar physicochemical properties, and with
well-known human pharmacokinetics. As DN-IMI-specific
parametrization of the model, we used metabolic turnover
data from human primary hepatocytes and physicochemical
properties of DN-IMI as predictors for passive membrane
permeability and protein binding (Table S8). As input (oral
exposure), we used 0.016 mg DN-IMI/kg body weight. This
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between the nAChR subtypes o7, a3p4, and a4p2 (HS) are displayed
for the effects of DN-IMI and nicotine. HS =high-sensitivity vari-
ant of the receptor (two o4 subunits per receptor); note the different
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amount corresponds to 10% of the value used earlier for IMI
PBTK modeling (Loser et al. 2021a). Our rationale was that
DN-IMI can reach about 10% of the IMI content in fruits,
vegetables, and cereals (see the introduction for reference).

Under these conditions, the model predicted average
plasma concentrations of around 50 nM and peak concen-
trations in a subfraction of the human population of at least
100 nM (Fig. S10A). The plasma concentrations predicted
for atenolol from our PBTK model were in good agreement
with measured data found in the literature (Fig. S10B). We
see this as an indication of a good predictive capacity of
our model. As the central nervous system is a main target
tissue of DN-IMI, we also predicted brain concentrations.
They were even slightly higher than the plasma concentra-
tions (Fig. S10C). It is likely that the free diffusion of the
compound through the blood-brain barrier also predicts a
free distribution into the fetus. It is, therefore, reasonable to
assume that also fetal brains would be exposed to DN-IMI
at concentrations up to the three-digit nM range.

BMC modeling of our [Ca’*]; signaling and single
nAChR data showed 20% response (in different systems) at
about 100-300 nM of DN-IMI (Tables S9 and S10). Such
concentrations are close to the ones reachable in some sub-
jects by dietary exposure. While such concentrations may
not be reached for the average of the population, the gap
between realistic internal exposure levels and the minimal
effect concentration is less than tenfold. This marginal safety
buffer is eliminated, if receptor desensitization is consid-
ered as an effect parameter: the BMC for this endpoint was
at~17 nM (Table S11, for a 20% effect). Such concentrations
may be reached by the consumption of food derived from
crops treated with IMI. Notably, the desensitizing effect may
be equally problematic for normal brain function and neu-
ronal development, as the direct activation of the nAChRs.

To conclude these preliminary risk assessment consid-
erations, it is important to consider that exposure to DN-
IMI may also occur through the metabolism of IMI after
it has been ingested. From rodent experiments, it is clear
that DN-IMI is generated after exposure to IMI, and that
the endogenous metabolite DN-IMI distributes to the brain
(Chao and Casida 1997; Ford and Casida 2006). In addition,
goat data suggest that IMI is converted to DN-IMI (about
25% of the IMI dose recovered in the liver) (Anon 2006). In
rabbits, DN-IMI was excreted in the urine after exposure to
IMI (Vardavas et al. 2018), and this agrees well with human
biomonitoring data that identified high (several fold higher
than IMI) levels of DN-IMI in urine (Wang et al. 2020).

If one assumes that 10% of ingested IMI is converted
to DN-IMI, then the endogenously formed metabolite may
reach levels of a similar magnitude as those generated
from direct ingestion of the metabolite (assuming that the
intake of IMI is 10 times higher than that of DN-IMI (input
parameter of our PBTK model, based on food consumption

data)). Therefore, a mixed exposure to IMI, DN-IMI, but
also other metabolites, either produced endogenously (see
PBTK model) or exogenously (see introduction), seems to
be realistic and may lead to the summation of their adverse
effects on the organism.

Even though such considerations of potential internal
exposure are consistent with the literature data, they need to
be considered as very preliminary. There is still considerable
uncertainty on the human metabolism. It is not known which
percentage of IMI is metabolized to DN-IMI within the liver
and whether other tissues also contribute to the metabolism.
The situation is complex, as several competing enzymes may
oxidize or reduce IMI. Besides cytochrome P450 enzymes,
there is evidence for the contribution of cytosolic aldehyde
oxidases (Dick et al. 2005; Swenson and Casida 2013; Var-
davas et al. 2018). These enzymes show high species varia-
tion in their expression and activity (Dick et al. 2005; Pryde
et al. 2010). Considering that humans express relatively high
levels of aldehyde oxidase, data from animals cannot be eas-
ily translated to humans, and experiments are ongoing to bet-
ter quantify IMI metabolism by different cell compartments.

Conclusions and outlook

The present study shows that the IMI metabolite DN-IMI
potently (at sub-micromolar concentrations) affects human
nAChRs. This was found both in neuronal cultures and in
defined individual receptor subtypes expressed in Xeno-
pus laevis oocytes. The evidence from all systems clearly
indicates a much higher potency of DN-IMI relative to its
parent compound IMI. The comparative data show that the
desnitro metabolite is equipotent to nicotine, while another
IMI metabolite, IMI-olefin, rather was equipotent to IMI.
The study on DN-IMI showcases the role of metabolism for
human neurotoxicology, as it demonstrates that a particular
metabolite can be several orders of magnitude more potent
as a neuronal signaling disrupter (desensitization) than its
parent compound. This may have consequences for the risk
assessment of the parent compound and for the need of addi-
tional data on metabolite generation in the environment and
in man. Our preliminary modeling suggests that bioactive,
potentially toxic DN-IMI concentrations may be reached
by nutritional exposure in the normal (not professionally
exposed) population.

Median lethal dose (LDs) studies with mice showed that
DN-IMI (LDs,: 6-24 mg/kg) is more toxic than its parent
compound IMI (LDs,: 35-50 mg/kg) (Chao and Casida
1997; Tomizawa et al. 2000, 2001) and IMI-olefin (no lethal-
ity at the highest tested dose of 50 mg/kg) (Chao and Casida
1997). Little information is available on more subtle forms
of neurotoxicity, and to our knowledge, no data are available
on the potential developmental neurotoxicity of DN-IMI.
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The latter is important, considering that nicotine is an estab-
lished developmental neurotoxicant (Levin et al. 1993; LeS-
age et al. 2006; Aschner et al. 2017). The former is relevant,
as different nAChR subtypes are present on, e.g., dopamin-
ergic neurons and play an important role in the modula-
tion of the electrical activity and neurotransmitter release
(Rapier et al. 1988; Grady et al. 1992; Quik and Kulak 2002;
Mameli-Engvall et al. 2006; Quik and Wonnacott 2011; de
Kloet et al. 2015). Thus, substance-induced disturbances of
nicotinic signaling can have an impact on the functioning,
plasticity, and development of the nervous system (Wheeler
and Cooper 2004; Welsby et al. 2006; Slotkin et al. 2006;
Ziviani et al. 2011; Lozada et al. 2012; de Kloet et al. 2015;
Romoli et al. 2019).

Several studies reported that the binding affinity of DN-
IMI to mammalian or chicken nAChRs was similar to the
affinity of nicotine and clearly higher than the one of its
parent compound IMI (Chao and Casida 1997; Tomizawa
and Casida 1999, 2000; D’Amour and Casida 1999; Tomi-
zawa et al. 2000). Our functional data using a physiological
signaling response in human neurons are in line with these
observations. DN-IMI triggered [Ca®*]. responses at con-
centrations > 100 nM, i.e., it was at least two orders of mag-
nitude more potent than its parent compound (Loser et al.
2021a). These findings were further supported by oocyte
recordings, which showed an agonistic effect of DN-IMI on
human o7 and several non-a7 nAChRs. DN-IMI activated
o4p2 (HS) receptors at 20-fold lower concentrations than o7
and o34 nAChRs. This potency difference on o7 and o34
vs a4p2 (HS) is also seen for nicotine. Such relative recep-
tor preferences may be responsible for a selective toxicity
on certain brain regions or neuronal functions, and future
studies should also include assays on non-neuronal nAChR.

In desensitization experiments with LUHMES, the pre-
treatment with DN-IMI inhibited the subsequent activa-
tion of the nAChRs at concentrations > 10 nM (BMR10,
Table S11), which is~ 70 times more potent compared to
the effects of IMI (Loser et al. 2021a). The more potent
desensitization effect of DN-IMI in comparison with IMI
was confirmed in SH-SYSY neurons (Fig. S2). After pro-
longed agonist exposure, nicotinic receptors desensitize by
adopting a high-affinity and agonist-bound, non-conduct-
ing conformation (Nemecz et al. 2016; Morales-Perez et al.
2016). This may adversely affect normal neuronal function
and neurodevelopment.

For adverse outcome pathways (AOPs), it is important
to understand the molecular initiating events (MIEs) both
for parent compounds and also for the relevant metabolites
formed (Leist et al. 2017). Until now, few such cases have
been fully resolved, as the focus in neurotoxicology has
either been on toxicants acting independent of metabo-
lism, e.g., rotenone or vinca alkaloids (Delp et al. 2018b,
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2021), or on compounds that act by a single toxic metab-
olite, without any effect of the parent, such as methyl-
phenylpyridinium (Schildknecht et al. 2015; Terron et al.
2018) or methylmercury (Aschner et al. 2017). In many
other cases, the target is little defined (e.g., for solvents or
acrylamide). In this context, mechanistic studies on neoni-
cotinoids and their metabolites should eventually provide
an explanation for different potencies and activity spectra
of all metabolites on various nAChRs. While we provide
here evidence for the stimulation of nAChRs and on the
attenuation of signaling (by desensitization) as MIEs, it
is not possible to predict the most relevant adverse out-
come. The reason for this is that nicotinic receptors are
widespread throughout the central nervous systems and
they are crucial for a large panel of higher order nervous
system functions (Levin et al. 2006; Gotti et al. 2006; Zoli
et al. 2015; Terry and Callahan 2019).

Concerning the understanding of the MIE, we used
molecular docking studies to provide a rationale for the
experimental findings. The availability of several X-ray
structures with co-crystallized neonicotinoids has facilitated
the establishment of a robust docking model (Ihara et al.
2008, 2014; Loser et al. 2021a). In the present work, we
focused on the overlap of the pesticide N-heteroaromatic
ring with the pyridine ring of nicotine. The comparison
with published studies showed good accuracy of our model.
Structural alignments of these complexes and docking stud-
ies at human nAChRs demonstrate that the electronegative
moiety in IMI can contribute to a flip of the imidazolidine
ring in the binding pocket. We demonstrate here that this is
less likely to happen with DN-IMI. This feature may explain
its higher affinity/potency. Our binding hypothesis is sup-
ported by ranking via different docking scores, binding free
energy approximates, and comparisons of nicotinoids and
neonicotinoids bound to homologous proteins. This gives
a rationale for the functional differences of neonicotinoids
and nicotine that were reported for cell experiments with
LUHMES and SH-SYS5Y cells (Loser et al. 2021a). These
studies are still mainly qualitative, and their applicability
domain is most likely narrow (applying only to the com-
pounds of this study). However, our approach forms the
basis for the development of a more powerful and refined
model in the future. Eventually, this might then be able to
quantitatively predict MIEs for the dozens of neonicotinoid
metabolites found in food. Such a model might distinguish,
e.g., high- vs. low-affinity ligands or discriminate between
agonists and antagonists.

Further research is also needed to elucidate whether the
signaling disturbances revealed here have lasting effects on
neuronal function. It has been reported that other nAChR
agonists (including nicotine) may affect nervous system
plasticity and development (Levin et al. 1993; Wheeler
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and Cooper 2004; Welsby et al. 2006; Slotkin et al. 2006;
Ziviani et al. 2011; Lozada et al. 2012; Romoli et al. 2019).
Epidemiological studies are quite scarce, but some general
developmental/neurological effects have been reported for
neonicotinoids used in agriculture or anti-tick sprays (Cim-
ino et al. 2017).

Some other compounds that evoke disturbances of neu-
ronal network activity without causing structural changes
have been reported to induce developmental neurotoxicity
(DNT). Examples are 3,4-methylenedioxymethamphetamine
(MDMA, ecstasy), heroin, or nicotine (Levin et al. 1993;
Slikker Jr et al. 2005; LeSage et al. 2006; Dwyer et al. 2009;
Slotkin et al. 2016; Aschner et al. 2017). Moreover, com-
pounds for example methylmercury and lead can have severe
effects on the developing brain, although they have a low
neurotoxicity for adults (Grandjean and Landrigan 2014).
These examples make it conceivable that neonicotinoids and
their metabolites such as DN-IMI may exhibit a DNT risk.
However, a transfer of knowledge from one compound (e.g.,
nicotine) to others (e.g., DN-IMI) holds the risk of uncer-
tainties (Rovida et al. 2020). Therefore, further mechanis-
tic studies are needed to address the difficult question of a
DNT hazard of DN-IMI and other neonicotinoid metabolites
like a descyano metabolite of thiacloprid, which has also
been reported to exhibit a higher affinity for mammalian and
chicken nAChRs than its parent compound (Tomizawa and
Casida 2000; Tomizawa et al. 2000).
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Abstract

Background and Purpose: Current treatments against organophosphate poisoning (OPP) do
not address effects mediated by nicotinic acetylcholine receptors (hnAChR). Non-oxime bispyri-
dinium compounds (BPCs) were shown to promote acetylcholine esterase-independent recovery
of organophosphate-induced muscle block although the exact molecular mechanism is unclear.
Experimental Approach: Here, we used two-electrode voltage clamp analysis of o7 and muscle
type nAChRs expressed in Xenopus laevis oocytes in combination with mutagenesis and molec-
ular docking analysis to determine the potency of a series of 9 BPCs and their molecular mode
of action.

Key Results: All investigated BPCs blocked human o7 and/or muscle-type nAChRs with [Cso-
values down to the high nM range. Further analysis of the two most potent analogues revealed a
non-competitive, voltage-dependent inhibition. Co-application with PNU-120596 and generation
of receptor chimeras excluded a direct interaction with the positive allosteric binding site and
binding to the extracellular domain of the .7 nAChR. Molecular docking localized the BPCs bind-
ing area to the outer channel vestibule at the transition from extracellular to transmembrane do-
main and increased van der Waals volume of BPCs correlates with stronger inhibition. Investiga-
tion of other cation-selective channels suggest a rather unspecific inhibition of pentameric cation
channels by BPCs.

Conclusion and Implications: The described data indicate that the investigated BPCs act as
channel blockers of cation-selective ion-channels with a selectivity for a7 and muscle-type nA-
ChRs. The BPC analogue PTMO0022 is the most potent BPC described so far at the muscle nA-
ChR. The potential of channel blocker as treatment for OPP requires further investigation.
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1. Introduction

Since the development of the first organophosphorus compounds (OPC) in 1850, poisoning with
OPCs (OPP) either by exposure to pesticides (e.g. paraquat, fenamiphos) or by nerve agents
(e.g. soman, tabun, VX, novichok), still represents a serious condition with insufficient treatment
options and, in case of recovery, possible long term impairment (Buckley et al., 2004; John et al.,
2018; Franca et al., 2019; Alozi and Rawas-Qalaji, 2020; Haslam et al., 2021; Maksimovi¢ et al.,
2021) The primary effect of OPCs is an irreversible block of the enzyme acetylcholine esterase
(AChE) resulting in the accumulation of acetylcholine and overstimulation of both nicotinic (nA-
ChR) and muscarinic (NAChR) acetylcholine receptors in the CNS and PNS, the so-called cho-
linergic syndrome. Initial muscle fasciculations mediated by nAChR overstimulation at the neuro-
muscular junction lead eventually to receptor desensitization with subsequent depolarization
block and muscle paralysis (Aldridge and Reiner, 1972). Respiratory failure is the most common
cause of death (Thiermann, Worek and Kehe, 2013). The standard therapy comprises the mAChR
antagonist atropine, AChE reactivating pyridinium oximes, and symptomatic treatments such as
benzodiazepines and ventilation (Thiermann, Worek and Kehe, 2013). However, treatment regi-
mens showed only limited improvements in the last decades and the survival rate still depends
mainly on the lag time until treatment (Muley et al., 2014; Banday et al., 2015; Amin et al., 2018).
In particular, the usage of oximes is limited, because of their short therapeutic window due to the
fast formation of covalently linked OP-AChE complexes (so-called “aging”). Efficiency of the two
available oximes critically depends on the OPC and the respective oxime and its dosage are
decided case-dependently (Worek, Thiermann and Wille, 2020; Stigler et al., 2021). A major ther-
apeutic gap exists regarding the nAChR-mediated effects such as respiratory failure, and venti-
lation might be required for weeks (Thiermann, Worek and Kehe, 2013). While the prevalent acute
effects of OPCs are mediated by muscle paralysis and the cholinergic syndrome, neurotoxicity
and effects such as polyneuropathy, neurodegeneration, and memory impairment are also asso-
ciated with acute or chronic exposure of OPCs, indicating a possible involvement of neuronal
nAChRs (Hung et al., 2015; Sanchez-Santed, Colomina and Herrero Hernandez, 2016; Joka-
novi¢, 2018; Dassanayake et al., 2021; de Roos et al., 2021). To close the therapeutic gap, addi-
tional NnAChR-targeting strategies are urgently required. The non-oxime bispyridinium compounds
(BPCs) were derived from oximes and have shown beneficial effects in in vitro experiments with
mammalian muscle preparations (Tattersall, 1993; Turner et al., 2011; Seeger et al., 2012) and
in animal experiments (Turner et al., 2011; Kassa et al., 2020). However, their mode of action is
controversial and several are currently discussed: an action as open channel blockers (OCB) of
muscle nAChRs (Alkondon and Albuquerque, 1989; Tattersall, 1993) was supposed to prevent
receptor activation and subsequent desensitization and, more recently, actions on the orthosteric
site (Niessen et al. 2018) with participation of a close allosteric pocket (Epstein et al. 2021). An-
other study suggests that BPCs act as positive allosteric modulators (PAMS, Scheffel et al.,
2018b) and promote resensitization of the neuronal a7 nAChR (Scheffel et al. 2018a).

The nAChRs are members of the cys-loop receptor superfamily of pentameric ligand-gated ion
channels (pLGICs), which also includes cationic serotonin (5HT3) and anionic glycine and y-
amino butyric acid neurotransmitter receptors. The muscle-type nAChR is composed of a1, B1, v
(fetal) or ¢ (adult) and 6 subunits while the highly diverse group of neuronal nAChRs is generally
formed by heteromeric assemblies between a-subunits (¢2-10) and B-subunits (2-4) but can
also form as homomeric or only-o. complexes (in case of a7 and a9, Dani, 2015; Changeux,
2018). While PAMs of the GABA receptors like barbiturates and benzodiazepines represent im-
portant drugs, this concept has been less exploited in the case of other pLGICs. One of the best
studied nNAChR subtypes in regard to allosteric modulation is the a.7 nAChR and most of the PAMs
described for nAChRs act exclusively on this receptor (Papke and Horenstein, 2021). Since PAMs
are compounds that in the presence of an orthosteric agonist prevent desensitization and/or pro-
mote resensitization of a7 receptors (Hurst et al., 2005; Williams, Wang and Papke, 2011), iden-
tification of a PAMs that modulate muscle-type nAChRs represents a promising approach to coun-
teract OPP.

In this study, we therefore set out to characterize the activity, pharmacological mode of action,
and the binding area of selected symmetrical C3-linker BPCs at the human a7 and muscle-type
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nAChRs. Our data show that BPCs can act as open channel blockers at different nAChR subtypes
but interestingly also block other cation-selective ion channels including SHT3A and P2X7. Using
mutated and chimeric receptors in combination with computational docking analysis, we further
identified a possible binding area in the upper part of the a7 channel pore. In summary, this study
does not support a specific PAM action of BPCs at nAChRs but suggests that the previously
observed effects in models of OPP result from a rather unspecific open channel block and might
also involve other cation channels.

2. Materials and Methods

2.1 Materials

NaCl, KCI, CaClz, HEPES, MgClz, Serotonin hydrochloride were supplied by Carl Roth, Germany.
Acetylcholine, QX-314, methyllycaconitine (MLA) were obtained from Sigma-Aldrich, Merck Eu-
rolabs, Germany. PNU-120596 was obtained from Tocris Bioscience, USA. All chemicals were
purchased in highest purity available.

Bispyridinium compounds were synthesized by Sebastian Rappengliick (Department of Phar-
macy-Center for Drug Research, Ludwig-Maximillians-Universitat Minchen,Germany) (Scheffel
et al. 2018) and kindly provided by Thomas Seeger and Karin Niessen.

Stock solutions were prepared in ND96 (see section 2.2) or in case of PNU-120596 in DMSO and
kept as aliquots at -20° until usage.

2.2 Frogs and oocyte preparation

Xenopus laevis females were obtained from Nasco (Fort Atkinson, WI, USA) and kept at the core
facility animal models (CAM) of the biomedical center (BMC) at the LMU Munich (Az:4.3.2-
5682/LMU/BMC/CAM) in accordance with the EU Animal Welfare Act. To obtain oocytes, frogs
were anaesthetized with MS222, killed by decapitation and ovary was surgically extracted. Alter-
natively, oocytes were provided by Prof. Luis Pardo (Max-Planck-Institute for Multidisciplinary
Sciences, Gottingen) or Ecocyte Bioscience (Castrop-Rauxel, Germany). Ovaries were dissoci-
ated in 2mg/ml Collagense NB 4G proved Grade (Nordmark Pharma GmbH) in ND96 (96 mM
NaCl, 2 mM KCI, 1 mM CaClz, 1 mM MgClz2, 5 mM HEPES, and pH 7.4) defolliculated in Ca?*-
free ND96, sorted and kept at 16 °C in filtered ND96 supplemented with 5 pg/ml gentamicin.

2.3 cDNAs, cloning, mutagenesis and cRNA synthesis

cDNA for human adult muscle-type nAChR subunits a1, 1, € and 8 in pT7TS vector and the
human o7 subunit in pMXT vector (originally from Jon Lindstrom ,Uni. Pennsylvania, PA, USA)
were a gift from Prof. David Adams (lllawara Health and Medical Research Institute, Wollongong
University, Australia). cDNAs of human a4 (L35901.1, with silent base exchanges to reduce GC
content) and B2 (X53179.1) nAChR subunits, mouse 5HT3A (M74425.1), human NA-
CHO/TMEM35A (NM_021637.3), human RIC3 (AY326435), and a short fragment carrying P236
insertion and E237A and V251T point mutations (Galzi et al., 1992) were synthesized (Genewiz,
Azenta Life Science, USA) and cloned into the pNKS2 vector (Gloor, Pongs and Schmalzing,
1995) by Gibson assembly (Gibson et al., 2009) using Q5 Polymerase and reagents from New
England Biolabs (USA). Receptor chimeras and point mutations were created by Gibson Assem-
bly or site-directed mutagenesis (KLD Enzyme Mix, New England Biolabs (USA)). Oligonucleo-
tides were from metabion international AG, Germany. All constructs were confirmed by sequenc-
ing of the whole cDNA (Eurofines Genomics, Germany). Details of the chimeras and point muta-
tions are given in Supplementary table S1. Plasmids were linearized using Notl (pNKS2), BamHI
(pPMXT), or Xbal (pT7TS) from New England Biolabs (USA) and cRNA was synthesized using the
mMessageMachine kit (Invitrogen, Thermo Fisher Scientific, USA).
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Rat NaV1.4 in pcDNA3.1 (Uniprot: P13390; (Trimmer et al., 1989)) was kindly provided by Stefan
Heinemann, University of Jena. Human P2X7 was used as described in (T. Pournara et al., 2020).

2.4 Electrophysiological recordings

Xenopus laevis oocytes were injected with 50 nl aliquots of cRNA (500 ng/ul). o7 SDT cRNA was
co-injected with NACHO cRNA (ratio 1:1). Reduced cRNA concentrations were injected for a7,
(a1)2B1ed (2:1:1:1 subunit ratio), and 5SHT3A (100 ng/ul), 5SHT3A AEI (20 ng/ul) and o74™ SHT3A
(4 ng/ul). 23 nl of Nav 1.4 cDNA (150 ng/pl) were injected into the nucleus (Bataillé, Helser and
Fried, 1990).

1-5 days after injection, two-electrode voltage clamp recordings were performed in ND96 at a
holding potential of =70 mV if not otherwise stated. P2X7 measurements were performed at — 60
mV in ORI (90 mM NaCl, 1 mM KCI, 1 mM CaClz, 1 mM MgClz, 5 mM HEPES, and pH 7.4) and
ATP was applied in ORIl (90 mM NaCl, 1 mM KCI, 2 mM MgClz, 5 mM HEPES, and pH 7.4).
Microelectrodes were pulled from borosilicate glass, filled with 3 M KCI, and had resistances be-
tween 0.3 - 1 MQ. Membrane currents were recorded using a Turbo Tec 05X Amplifier (npi elec-
tronic, Tamm, Germany), filtered at 200 Hz, and digitized at 400 Hz using CellWorks software (npi
electronic, Tamm, Germany). The voltage-gated sodium channel Nav 1.4 was held at a mem-
brane potential of -80 mV and activated by a 50 ms pulses of -10 mV, preceded by a 50 ms pulse
of -120 mV. Currents were filtered at 3 kHz and digitized at a sampling frequency of 10 kHz.
Solutions were automatically applied with a VC3-8xP valve system (ALA scientific instruments,
USA) and perfusion speed was regulated by air pressure using an PR-10 analog pressure regu-
lator (ALA scientific instruments, USA). Oocytes were placed in a 200ul Teflon bath (Automate
Scientific, USA) and solution were applied via 1 mm dimeter Teflon tubings and a Teflon micro-
manifold to minimize ligand binding to surfaces. Oocytes were continuously perfused at 20 ul/s
and ligand-containing solutions were applied at ~250 pl/s. All measurements were performed with
oocytes from at least two different frogs.

2.5 Recording protocols

To determine agonist dose response relations, stable current responses were established by ap-
plication of 5 s pulses of a reference concentration (generally 300 uM ACh, 30 uM ACh for muscle-
type nAChR, and 10 uM ACh for a7A"°" and a7A"°" E258R) in 2 min intervals. Then, increasing
ACh concentrations and reference concentrations were applied alternatingly. In case of low test
concentrations this was followed by an additional 2 s pulse of reference concentration to maintain
equal fractions of desensitized channels. Each test concentration was normalized to the mean of
the preceding and following reference concentrations. To investigate competitive antagonist bind-
ing, agonist solutions were supplemented with a constant concentration of antagonist and re-
sponses were normalized to the reference concentration without antagonist.

To determine antagonist dose response curves, 7 s pulses of a fixed agonist concentration (gen-
erally 100 yM ACh, 30 uM for muscle-type nAChR, and 5 uM 5HT for 5HT3A) were applied in
intervals of 2 min and 20 s without perfusion. When stable current responses were established,
oocytes were perfused for 2 min with buffer and then the antagonist was perfused for 3 s and
preincubated for 17 s in a static bath before co-application of agonist and antagonist. Current
responses in the presence of antagonist were normalized to the last agonist response before
antagonist application.

In the case of PNU-120596/antagonist co-application, responses to ACh (100 uM) were stabilized
at 2 min intervals (with perfusion) and then 10 pM PNU-120596 were co-applied with agonist and
followed by a 9 s-antagonist application after another 5 s.

To investigate a7 resensitization by different ligands stable current responses were established
with pulses of 100 yM ACh at 2 min intervals. Then one 5 s pulse of 1 mM ACh was applied and
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solution flow was stopped for 1 min followed by 5 s perfusion with buffer and another 5s pulse of
1 mM ACh (control response without additional ligand). In case of additional ligand application,
PTMO0022 or PNU-120596 were applied 10 s after application of 1 mM ACh. Note that PNU-
120596 was continuously perfused to avoid stability issues of recordings. Control experiments
and ligand applications were performed on the same oocyte with a 5 min interval of buffer perfu-
sion.

2.6 Data analysis and visualization of electrophysiological recordings

CellWorks recordings were imported into Clampfit 11 (Molecular Devices, pClamp,
RRID:SCR_011323), baseline corrected and analyzed. In case of small currents, recordings were
digitally low-pass filtered at 20 Hz to eliminate the noise. Because of the fast desensitization of
the a7 nAChR the area under the curve (AUC)/ net current (Meyer et al., 1998) were used for
data analysis (instead of current amplitudes) to minimize effects of perfusion speed. The dose-
response analysis was performed using GraphPad Prism version 9 (RRID:SCR_002798). Dose—

response curves were fit to the data using the inbuilt Hill equation normalized response =
bottom + (top—bottom) bottom + c™H -(top—bottom)

n n
1+1ccso H c"H+ ECg"H

for antagonists and normalized response = for ago-

nists with ny = Hill slope, ¢ = concentration (uUM) and bottom and top constraint to 0 and 1, re-
spectively.

Current traces were visualized with R (R Project for Statistical Computing, RRID:SCR_001905)
using the following packages: dplyr (RRID:SCR_016708), tidyr (RRID:SCR_017102) and ggplot2
(RRID:SCR_014601). In the case of averaged current traces, recordings of the currents prior to
antagonist exposure (control) and with antagonist (test) of five oocytes were combined. Each
current trace was first baseline corrected and then all data points of the test current were normal-
ized to the peak current of its respective control current. Then the mean and the standard devia-
tion of each time point of the five normalized test currents was calculated. Note that, due to this
normalization absolute current values cannot be shown.

2.7 Molecular docking and sequence alignment

3D-structures of PTM0022, MB327 and QX-314 were generated with MarvinSketch 21.3 (Che-
mAxon, RRID:SCR_004111) and saved as pdb files. Cryo-EM structures of the bungorotoxin-
bound resting, PNU-120596 mediated, epibatidine- bound open, and epibatidine-bound desensi-
tized states of human o7 nAChR were obtained from the Protein Data Bank (PDB,
RRID:SCR_012820) ( PDB IDs: 7KOO, 7KOX and 7KOQ, respectively, Noviello et al., 2021).
Receptor structures were cleared of glycosylation, ligands and potential water molecules using
PyMol (RRID:SCR_000305, Schrddinger), receptors and ligands prepared with AutoDockTools
1.5.7 (Morris et al., 2009). Hydrogen atoms (merged non-polar hydrogens) were added and the
Boltzmann and Gasteiger Charges (Gasteiger and Marsili, 1978) computed. The ligands were
kept flexible with 6, 8 and 7 rotatable bonds for MB327, PTM0022 and QX-314, respectively. 3D
grids of the non-covalent interactions between the prepared ligand and receptor states, as well
as electrostatic potentials and desolvation free energies were mapped with AutoGrid4
(RRID:SCR_015982). In a virtual screening approach two grids (XxYxZ, spacing 0.375 A), one
covering the transition area between the extracellular and transmembrane domains with
90x90x70 A and one covering the whole channel pore with 60x60x126 A (see supplementary
figure 1) were used to mainly cover binding pockets accessible from within the channel pore. The
molecular docking was performed with autodock4 (RRID:SCR_012746) (Huey et al., 2007) using
the lamarckin genetic algorithmen (LGA) with 50 GA runs, a population size of 200 and 2,500,000
maximum numbers of evaluations (remaining parameters with default settings). The resulting 50
possible confirmations per grid were ranked by the lowest binding energy (see supplementary
table 2 to 4, supplementary figure 1). For confirmations with the lowest binding energy, the inter-
acting amino acid residues of the receptor were analyzed employing Protein-Ligand Interaction
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Profiler (PLIP, (Adasme et al., 2021)) and a final docking was performed using a grid of 60x60x60
A around these identified amino acid residues with 10 GA runs, a population size of 300 and
25,000,000 maximum numbers of evaluations. The interacting amino acid residues were ana-
lyzed with PLIP and visualized with PyMol. The surface representation of hydrophobic interactions
was done running the YRB script by (Hagemans et al., 2015) and Inkscape (RRID:SCR_014479).
When PNU-120596 is shown in 7KOX then after alignment with 7EKT (using PyMol) of the more
recently published cryo-EM structure of all three states of the human a7 nAChR but with PNU-
120596 (Zhao et al., 2021, PDB IDs: 7EKI, 7EKT, 7EKP). Sequence alignments were performed
with Jalview (RRID:SCR_006459) using the muscle algorithmen (Edgar, 2004) with default set-
tings. The canonical amino acid sequences were taken from the uniprot database (Universal Pro-
tein Resource, RRID:SCR_002380).

2.8 Correlation analysis

Physiochemical properties of the BPCs used in this study were calculated using chemicalize ser-
vice by ChemAxon (RRID:SCR_004111). The correlation analysis was done using R and thegg-
plot2 based ggcorrmat function of the ggstatsplot package. The physiochemical properties were
correlated with the log-transformed I1Cso (pICso) values from 2.4.2. The correlation analysis used
the person correlation and Holmes-corrected significance analysis with o=0.05.

3. Results

3.1 Symmetrical bispyridinium compounds block nAChR currents with micromo-
lar potency

The symmetrical bispyridinium compound MB327 (Turner et al., 2011) was found to show reacti-
vation of muscle contractility in an organ model of OPP (Seeger et al., 2012) and to act as PAM
on the a7 nAChR (Scheffel et al., 2018b). It therefore served as a lead structure for the design
and synthesis of several derivates with altered side chains (Rappengliick et al., 2018) of which
eight derivates were tested here. To directly determine their action on nAChRs, we first expressed
the homomeric a7 and the heteromeric (a1)2$1¢6 muscle nAChR subtypes in Xenopus laevis
oocytes and estimated the effects of BPC exposure (preincubation and co-application with ago-
nist) on ACh-activated currents by two-electrode voltage clamp (TEVC, Figure 1). Unexpectedly,
none of the compounds showed a PAM-like action but most compounds either blocked both re-
ceptors or didn’t show any activity in the tested concentrations. Dose-response analysis at the o7
NACHR revealed ICso values in the high nhanomolar to micromolar range for all compounds, except
for PTM0008 and PTMO0009, which had no effect in the tested concentration range (Figure 1B).
The lead compound, MB327, showed intermediate potency with an ICso value of 3.5 pM.
PTM0022 and PTMO0015 had up to 17-fold higher potency with I1Cso values of 0.20 uM and
0.49 pM, respectively. At the muscle-type nAChR, ICso values for most of the BPCs, including
MB327, were above 10 uM and therefore not determined. Again, PTM0022 and PTMO0015
showed the highest potency with ICso values just below and around 1 uM, respectively. Therefore,
the lead compound MB327 and PTM0022 were selected for further analysis. To test whether they
act as competitive antagonists at the ACh binding site (orthosteric site), we next determined ACh
dose-response curves at constant BPCs concentrations ranging from 300 nM to 3 uM (Figure
1C). These revealed that the BPC-induced block at both nAChR subtypes is insurmountable by
increasing agonist concentrations, indicating a non-competitive binding mode.
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3.2 BPCs do not interact directly with the allosteric PNU-120596 binding site of
the a7 nAChR

Recent data showed that MB327 and derivates caused similar effects as the widely used PAM
PNU-120596 at the CHO cell-expressed a.7 receptor (Scheffel et al., 2018b). Because it has been
shown that minor changes in the receptor and environment can alter the effect of allosteric mod-
ulators dramatically, we next investigated if the inhibitory effects observed in this study could be
caused by a negative allosteric mechanism (Smelt et al., 2018) via the PNU-120596 binding site.
To this aim, we used the a7 PAM binding site mutant M253L to test if the BPCs bind to the same
transmembrane site as PNU-120596 and other allosteric modulators (Figure 2). As shown before,
PNU-120596 strongly delays o7 desensitization and increases the current amplitude (Hurst et al.,
2005) while the M253L point mutation reduced the potentiating effect of PNU-120596 more than
11-fold (Young et al., 2008) (Figure 2A). Interestingly, the antagonistic potency of MB327 in-
creased fourfold on this mutation, whereas the DRC of PTM0022 had only a slightly steeper hill
coefficient (Figure 2B and Table3). This suggests that the mutation had a selective effect on
MB327 binding and/or its allosteric efficiency. To further test the possibility of a shared allosteric
binding site with PNU-120596, we investigated the binding kinetics of the selected BPCs by co-
application with PNU-120596, making use of the prolonged open state of the a7 (Figure 2C). As
a control, we used QX-314, a lidocaine derivative that is one of the best-characterized open chan-
nel blocker for some nAChRs (Neher and Steinbach, 1978; Pascual and Karlin, 1998; Papke,
Horenstein and Placzek, 2001). All compounds were applied in concentrations that in the absence
of PNU-120596 resulted in 70-90% block of the receptor. Surprisingly, PTM0022 showed a fast
on-set and almost complete block of the PNU-120596-potentiated o7 current and a fast recovery
of this current upon washout. Likewise, MB327 showed a quickly reversible inhibition, although
to a much smaller extend. Unexpectedly, the open channel blocker QX-314, was unable to block
at all. The fast effect of the BPCs and the obvious lack of a direct interaction between BPC and
PNU-120596 binding can be explained by either a distinct allosteric binding site with a dominant
effect or, more likely, a channel block as mode of action.

3.3 BPCs act as channel blockers

Channel blockers are non-competitive antagonists that prevent ion flux by physically occluding
the channel pore. In case of open channel blockers they are characterised by their use-depend-
ency meaning that their effect increases with prolonged opening until their binding equilibrium is
reached. In addition, they generally show voltage-dependent inhibition and most of them carry a
permanent charge (Heidmann and Changeux, 1986; Buisson and Bertrand, 1998; Hille, 2001).
Since BPCs are charged, we next tested the voltage-dependency of their inhibition by comparing
their potency at a7 nAChR-expressing oocytes clamped at -50 mV and -100 mV (Figure 3).
Methyllycaconitine (MLA, 3 nM), an uncharged a.7-selective competitive antagonist was employed
as negative control and did not show an altered response at -100 mV compared to -50 mV (Figure
3A). In contrast, the positive control QX-314 (10 uM) showed a significant decline in ACh (100
puM)-evoked responses from 61% to 23%. Likewise, MB327 and PTM0022 showed a significantly
stronger reduction of a.7 responses at -100 mV. Notably, the voltage-dependence of the inhibition
was even more pronounced at the muscle-type nAChR. These data support a channel block as
mode of action of BPCs.

3.4 lon channel mutants and chimeras support BPC binding within the transmem-
brane domain

In order to act as channel blocker, the BPCs must bind within the channel pore. To further test
our hypothesis, we generated a7/5HT3 receptor chimeras. Chimeras between these receptors
have previously been generated and essential gating mechanisms were shown to be preserved
(Eiselé et al., 1993). We first determined the potency differences of PTM0022 (1 uM), MB327 (10
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MM) and the positive control QX-314 (30 uM) at the o7 nAChR and the 5SHT3A serotonin recep-
tors. All compounds produced a significantly stronger block of the a7 nAChR (mean responses
of a7 vs 5HT3A respectively, for PTM0022: 9.3% vs 59.7%, MB327: 36.3% vs 90.2%, QX-314:
9.6% vs 90.0%) (Figure 4). We then systematically exchanged domains of the a7 nAChR with
those of the 5HT3A receptor, and vice versa (see Supplementary Table S1), and tested to which
extend the chimera was inhibited. On the o7-5HT3A chimera with the o7 extracellular domain
(ECD, (a7V201-5HT3A " (Eiselé et al., 1993)) all compounds behaved similar as on the WT 5HT3A
receptor, excluding a binding area within the o7 ECD. The additional introduction of the intracel-
lular domain (ICD) of the a7 into the SHT3A (a74™5HT34) |ikewise did not result in a substantial
potency increase of PTM0022 or QX-314. MB327, however, showed significantly increased po-
tency on this chimera, indicating an influence of the ICD on the binding of some of the compounds.
Additional chimeras did not result in functional receptors (see Supplementary Table S1).

Blocking of NnAChRs by high concentrations of the cationic agonist ACh have been observed and
were attributed to an open channel block due to its cation-conducting properties (Sine and Stein-
bach, 1984; Zwart and Vijverberg, 1998). To explore the possibility that the cationic BPCs also
interact with negative residues in the entrance of the channel pore, we generated a previously
characterized o7 triple mutant (P236 insertion, E237A, V251T, Galzi et al., 1992) here called
a7Amen that functions as an anion channel and should not attract cations into the pore. Neither
QX-314 nor MB327 were able to inhibit this mutant with the used concentrations. In contrast,
inhibition by 1 yM PTM0022 was significantly reduced but not eliminated. Substitution of an addi-
tional negatively charged residue contributing to the anionic ring at the upper part of the pore by
a positively charged residues (E258R) completely abolished the inhibition by PTM0022.

3.5 Molecular docking identifies a high affinity of BPCs to binding pockets in the
upper part of the a7 channel pore

To narrow down the possible binding area, an unbiased molecular docking-based screening ap-
proach was employed based on the recently published cryo-EM structures for all three distinct
states of the a7 nAChR (Noviello et al., 2021). Since no evidence for binding in the ECD was
found, this domain was excluded from the screening. Two grids were used for the molecular
docking, one spanning the entire inner pore and the other one spanning the upper part of the pore
and the junction to the ECD (Supplementary figure S1). The conformations with the highest
binding affinities (Supplementary table $2, S3 and S4) for each grid showed preferential binding
of all compounds in the upper part of the channel pore in all three states. While the possible
binding sites of the BPCs are more concentrated in both grids, QX-314 binding sites in the upper
channel pore are more spread and orientated towards the ECD. In a follow-up docking approach,
we focused on the conformations with the highest binding energies in each grid and state in order
to identify the most relevant interacting amino acid residues (results shown in Table 4). For all
three compounds, lowest binding affinities were found for the resting state of the receptor. For
PTMO0022 the calculated binding affinities were 4.01 uM, 376.7 nM, and 41.4 nM in resting, open
and desensitized state, respectively. For MB327 comparably lower affinities of 10.49 pM, 22.6
uM, 327.8 nM were calculated for resting, open, and desensitized state, respectively. Remarka-
bly, for both BPCs the affinity differences between the poorly bound resting state and the strongly
bound desensitized state were about 70 - 100-fold while MB327 displayed the weakest binding
affinity for the open state. For QX-314, on the other hand, only small differences in binding affini-
ties were found between the different a7 receptor states with the highest affinity for the open
state. Interestingly, and in agreement with our experimental data described above, all three com-
pounds bind in the docking simulations to hydrophobic patches (yellow parts of the surface rep-
resentation, Figure 5) around the first channel ring of positively charged glutamate residues
(E258, E20’, ‘indicates channel lining residue) and position in different orientations, depending on
the state of the a7 (Figure 5).
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3.6 Mutagenesis supports a PTM0022 binding area in the upper part of the a7
channel pore

Because of the high potency on both a.7 and muscle-type nAChRs, PTM0022 was used to exper-
imentally confirm essential interacting amino acid residues identified in the docking simulations
(Table 4). Based on a sequence alignment between 5HT3A and a7 nAChR (Supplementary
figure S3), residues of the identified PTM0022 positions in the a7 nAChR were exchanged with
the corresponding residues of the 5HT3A receptor and vice versa. As seen in Figure 6A, an
exchange of the three amino acids, one at the negative ring at position E258D and the two neigh-
boring residues A257S and 1259T (orange frame in supplementary figure S3) reduces the po-
tency of 1 yM PTMO0022 already significantly. This was further reduced by an additional Y210F
exchange (a7 257-259SDT, Y210F), resulting in responses similar to those at the SHT3A recep-
tor. The corresponding substitutions in the SHT3A receptor (SDT into AEI) did, however, not re-
constitute a.7-like properties, suggesting that in addition to the charged patch, a favorable channel
geometry is required. We also did not see a change in inhibition when substituting the same two
neighboring residues of the SHT3A receptor into the negative ring of the muscle-type a1 subunit
(a1 ST) and additionally the residue before the negative ring in the 1 subunit (1 A272S) (see
orange frame in supplementary figure S3), indicating a distinct or more complex binding area in
the heteromeric muscle-type nAChR. Interestingly, as shown in Figure6 B, the o7-5HT3A-chi-
meras described above (3.4), the anionic a7 (a74"°") and the a.7A"°" E258R receptors were not
blocked by 10 mM ACh, confirming that the open channel block by ACh is dependent on its charge
and involves the same residues as the block by BPCs.

3.7 Correlation between typical physicochemical properties of the investigated
BPCs and their potency towards the a7 nAChR

In order to further support our hypothesis, we performed a correlation analysis of physicochemical
properties against the log-transformed potencies (plCso) of the tested BPCs at the a7 nAChR
(Figure 7A). This revealed strong and significant correlations for the logP, van der Waals surface
area, polarizability, van der Waals volume and associated molar refractivity. However, inclusion
of QX-314 (Figure 7C) revealed that the logP as a measure of the hydrophobicity yielded a low
correlation (Figure 7A, B) while the van der Waals volume and the more sophisticated molar
refraction and polarizability (Zhu et al. 2017, Berinde 2021) were still strongly correlated with a
higher potency providing additional structural properties except the linker length between the two
pyridinium rings (Ring et al. 2015).

3.8 PTM0022 is not a resensitizer of the a7 nAChR

BPCs have been reported to recover muscle contractility in in vitro (Tattersall, 1993; Seeger et
al., 2012) and in vivo (Turner et al., 2011; Timperley et al., 2012) models of OPP intoxication in
an AChE-independent way and to potentiate a7 currents (Scheffel et al., 2018b). Since these
findings indicate that BPCs can facilitate resensitization of desensitized nAChRs, we tested their
potential to protect or recover the oocyte-expressed a7 nAChR from desensitization. Therefore,
we exposed the a7 nAChR for 1 min to 1 mM ACh and accessed its recovery after 5 s of buffer
application with and without 3 yM PTM0022. As shown in Figure 8A, no current increase by
PTMO0022 was observed. Different application time points for PTM0022 (after 1 mM ACh-stimu-
lation, co-applied with 1 mM ACh, before 1 mM ACh) did not alter the outcome. In contrast, co-
application of the PAM II, PNU-120596, enabled the immediate activation and potentiation of the
receptor and delayed desensitization, thus providing support for the concept of investigating nA-
ChR PAMs as potential OPP treatment.
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3.9 PTM0022 is selective for a7 and muscle-type nAChRs

Since the investigated BPCs showed some inhibition of the 5SHT3A receptor, we further tested the
ability of PTM0022 to inhibit other cation-selective ion channels (Figure 8B-D). Inhibition of the
5HT3A was voltage-dependent (Figure 8C), supporting their action as open channel blockers.
Interestingly, no significant inhibition of the a4p32 nAChR was found at 10 uM PTM0022 at -50
and -100 mV while the trimeric purinergic P2X7 receptor was slightly inhibited at this concentra-
tion but in a voltage-independent way. The voltage-gated muscle sodium channel Nav1.4, which
could be a relevant target for the treatment of OPP, was also not affected by 10 uM PTM0022
(Figure 8D). Thus, PTM0022 appears to be rather selective for a.7 and muscle-type nAChR sub-
types.

4. Discussion

Here we investigated a series of BPC analogues and confirm that they act as antagonists of the
a7 and muscle-type nAChRs and that inhibition is non-competitive and voltage-dependent. The
simplest interpretation of our data is that BPCs act as channel blockers. A charge-dependent
binding within the upper channel pore close to the ECD was supported by mutagenesis and com-
putational analysis. Comparison of their potency at a variety of cation channels suggests a rather
selective but non-specific binding to a7 and muscle-type nAChRs.

Our conclusion that BPCs act as channel blocker agrees with several previous reports, in which
the action of the BPCs SAD-128 or MB327 were investigated by single channel patch clamp
analysis of channels in isolated frog muscle cells (Alkondon and Albuquerque, 1989), murine
muscle cells (Tattersall, 1993) and CN21 cells (human rhabdomyosarcoma cell line TE671 stably
transfected with adult e-nAChR subunit, (Beeson et al., 1996)) (Turner et al., 2011). However, in
these studies on native receptors, selectivity of the compounds for defined human nAChRs, a
possible involvement of other ion channels, and the specific binding site of BPCs was not deter-
mined.

In this study, we confirmed the channel blocking action of BPCs using defined oocyte-expressed
human muscle-type and neuronal o.7 nAChRs and show that they have clearly different effects to
the o7 PAM PNU-120596. This is in contrast to a previous electrophysiological study (Scheffel et
al., 2018b) that found a positive allosteric modulation of CHO cell-expressed human a7 nAChRs
by BPCs. The reason for this discrepancy is not clear. Differences in ion channel properties have
been observed between ion channels expressed in mammalian cells and in oocytes and could
influence the interaction with BPCs. For example, many ion channels, including pLGICs are allo-
sterically modulated by lipids in the transmembrane domain (Velisetty, Chalamalasetti and
Chakrapani, 2014; Howard, 2021) and even small changes in extracellular allosteric binding sites
(Bertrand et al., 1992; Young et al., 2008; Collins and Millar, 2010; Gill et al., 2011; Chatzidaki et
al., 2015; Newcombe et al., 2018) or small modifications of compound (Gill-Thind et al., 2015)
can have a major influence on the activity of a compound or even change its mode of action
entirely. Also, ligands acting via the same allosteric binding sites can induce potentiating, inhibit-
ing or silent effects (Gill-Thind et al., 2015; Brams et al., 2020). Thus, differences in the membrane
lipid composition could indirectly account for the different findings. However, all tested symmet-
rical C3-linker non-oxime BPCs showed a similar inhibitory behavior on the human a7 and mus-
cle-type nAChRs (Figure 1) as well as on the 5HT3A receptor, indicating that their mode of action
is rather unspecific and not affected by subtle differences in their structure or their binding areas.
To definitely exclude an effect of the expression system, we confirmed the antagonistic properties
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of MB327 by patch clamp analysis of CHO cells stable transfected with the human o7 nAChR.
(Supplementary figure S6).

Due to the very fast desensitization of the a7 nAChR (Fucile, 2004; Williams, Wang and Papke,
2011) it is difficult to investigate BPC binding in the open state. Using PNU-120596, an a.7-selec-
tive PAM Il with known binding site (Young et al., 2008; Zheng et al., 2021) and well-studied mode
of action (Williams, Wang and Papke, 2011), we tested a direct competition between PNU-120596
and the BPCs. Based on the clearly faster different kinetics of channel closure and opening
caused by PTM0022 compared to the kinetics of channel closure and opening caused by PNU-
120596 alone, we excluded a direct interaction of PTM0022 with the PNU-120596 binding site.
However, this interpretation does not consider the possibility that PNU-120596 binding is alloster-
ically altered by PTM0022 binding. Interestingly, while 1 yM PTM0022 and 30 pM MB327 showed
comparable inhibition of about 80-90% if applied without PNU-120596 (compare Fig. 1B), the
same concentration of MB327 showed clearly reduced inhibition of the PNU-120596-potentiated
open state. Even more striking, QX-314 was completely unable to block the potentiated channel.
A possible explanation could be that the PNU-120596-potentiated open channel state differs sig-
nificantly from the non-potentiated channel and PTM0022, as the larger compound, more effi-
ciently occludes the potentiated state. This assumption is supported by the correlation analysis
(Figure 7), which shows that BPCs with the larger van der Waals volume show stronger inhibition.
While no structure of the short-lived a7 state is available, functional data indicate that both states
differ in terms of subconductance levels (Williams, Wang and Papke, 2011), inward rectification
(Sitzia et al., 2011), Ca?* permeability (Miller et al., 2020), and sensitivity to channel blockers
(Peng et al., 2013; Quadri et al., 2019). Alternatively, there might be a direct interaction between
the specific MB327 binding residues and the PNU-120596 binding site. This would be in agree-
ment with the potency increase of MB327 at the M253L PNU-120596 binding site mutant (Figure
2) and supported by our docking results (Figure 5).

BPCs may act as sequential channel blocker with similarities to permanently
charged lidocaine derivates

Like most channel blockers the BPCs used in this study are charged (Changeux, Pinset and
Ribera, 1986; Hille, 2001; Moaddel, Jozwiak and Wainer, 2007). In agreement with a channel
block, inhibition by BPCs showed a weak but significant voltage-dependency at the a7 receptor
and strong voltage-dependency at the muscle-type nAChR, most likely as a result of facilitated
channel entry and physical occluding of the pore at lower membrane potentials (Woodhull, 1973).
Binding of some channel blockers depend on channel opening (Heginbotham and Kutluay, 2004;
Phillips, Nigam and Johnson, 2020) and two principle modes of action have been distinguished:
a sequential (“foot in the door”) mechanism as found for lidocaine-derivates like QX-222/QX-314
(Charnet et al., 1990; Papke, Horenstein and Placzek, 2001) and a “trapped” binding mode (as
described for mecamylamine) in which the compound can only enter and exit during the open
state or depolarization (Giniatullin et al., 2000). A clear differentiation requires single channel
recordings. However, the fast washout of the BPCs (Supplementary Figure S5), the voltage-
dependent inhibition (Figure 2), and the ability to block also other cation-selective ion channels
(Figure 9) are in agreement with the previously defined sequential channel block (Tattersal 1993).

The binding site in the transition zone of ECD and TMD

The a7 nACHR is one of the best-studied nAChRs and high-resolution structures of antagonist-
bound and apo-resting state, PNU-120596-bound open state, and epibatidine-bound desensi-
tized state are available (Noviello et al., 2021; Zhao et al., 2021). Although the ICD has not been
resolved, detailed experimental and modelling data are also available (Bondarenko et al., 2022).
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Its homomeric structure and homology with the homomeric 5HT3 receptor enable easy mutagen-
esis and generation of chimeras. These properties allowed us to extend previous studies and to
investigate a possible binding region of the BPCs.

The binding site of QX-314 has been experimentally localized around L9’ (L247) and T6’ (T244)
(Charnet et al., 1990; Papke, Horenstein and Placzek, 2001) in the lower part of the channel pore.
The reduced voltage-dependency of the BPCs compared to QX-314 (Figure 3) might indicate
that the binding site is located more towards the ECD. This logic would indicate a deeper binding
site for the muscle-type as well. However, the literature assumes a binding site in the ECD, either
as competitive antagonist supported by radioligand binding assays of MB327 (C3-linker) with
[*H]epibatidine on purified membranes Torpedo californica membranes (Niessen et al. 2018) and
molecular dynamics simulations on a homology model of the human muscle nAChR with pro-
posed additional allosteric action of MB505 (C8-linker) and MB442 (C5-linker) (Epstein et al.,
2021) or in the extracellular channel vestibule supported by docking studies on the Torpedo nA-
ChR with MB327 (Wein et al., 2018). In agreement with BPC and QX-314 binding within the a7
TM region, we showed that their potency was clearly reduced at a a.7-5HT3 chimera in which the
TM and ICD domains were replaced by the respective 5HT3 sequences (a.7V2°1-5HT3A Figure 4).
Interestingly and for an unknown reason, inhibition by QX-314 and MB327 was slightly better if
the a7-ICD was re-introduced. A possible explanation is that this domain has an influence on the
adjacent TM3 and 4 domains and influences gating as previously shown (Castelan et al., 2007;
Bondarenko et al., 2022). Since we found MB237 to be localized a bit closer towards the channel
gate, it could be more influenced by an ICD-dependent reorientation of these TMDs, in particular
TMD3 with its prolonged cytosolic helix.

On the triple mutated anionic o7 (a72"°") nAChR (Galzi et al., 1992) inhibition of MB327 and OX-
314 was completely abolished at the used concentration (Figure 4) and that of PTM0022 signifi-
cantly reduced. Here, the reason may be a combination of a direct effect of the V251T point
mutation, which is close to the proposed binding site and the changed conductance. In any case,
the a7A"°" mutant tolerated the additional E258R mutation, which was not functional on its own.
In agreement with its role in determining channel conductance (Imoto et al., 1988) and the in-
volvement in PTM0022 binding found in our computational modelling, this mutation completely
abolished the inhibition by PTM0022 (Figure 4).

Our docking studies (Figure 5) predicted that MB327, PTM0022 and QX-314 (Supplementary
Figure S1) have highest binding affinities in the transition zone of ECD and ICD (Supplementary
Table S2 —S4). In agreement with their positively charged quaternary ammonium and lipophilic
side chains, all three molecules were placed within a ring of negatively charged amino acid resi-
dues in the TMD, formed by E258 (E20’) and were stabilized by lipophilic, and w-cation interac-
tions. Interestingly, PTM0022 and MB327 bind close to the PNU-120596 binding pocket (Young
et al., 2008; Zhao et al., 2021). We observed for both BPCs the highest binding affinity in the
desensitized state. Interestingly, MB327 showed a poor binding affinity in the open state which
could explain its weak inhibition of the PNU-120596 prolonged open state. However, the limita-
tions of the open state structure mentioned in (Noviello et al., 2021) and possible differences to
the PNU-120596-free open state need to be considered. The here identified binding area, be-
tween ECD and TMD, is in close proximity to the second identified binding site in the molecular
docking experiments of the Torpedo nAChR with MB327 (Wein et al., 2018), further supporting
our findings.

However, given the likely action as channel blocker, the usage of static molecular docking exper-
iments is limited due to the lack of consideration of the ion conductance. BPCs act most likely as
“big” ions competing of the pore with the general, conducting ions and penetrate into the pore
depending on the properties of the ion channel. Sophisticated computational simulations (Xu et
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al. 2006) with consideration of ion conductance and polarizability (Delemotte, Klein and Tarek
2012) would be necessary to clarify the exact depth.

5. Conclusion

Modulation of ion channels via allosteric binding sites has great therapeutic potential (Papke and
Horenstein, 2021). In case of OPP, it has been hypothesized that resensitization of desensitized
muscle-type nAChRs could provide a way to counteract OPC-induced muscle symptoms like res-
piratory failure and other nAChR-induced symptoms of the cholinergic syndrome (Scheffel et al.,
2018a). This principle concept is supported by the finding that the addition of PNU-120596 was
indeed able to induce 4-5 fold increased current responses immediately after complete desensi-
tization of the fast desensitizing a.7 nAChR. However, the following needs to be considered:

i) the main target of interest is the muscle-type nAChR and so far, no PAM has been described
for this subtype. Multiple allosteric binding sites have been identified in other nAChRs, ranging
from compound-selective sites such as the quinacrine binding site (Arias, 1998) and the ethidium
binding site (Pratt, Pedersen and Cohen, 2000), to less compound-selective binding sites within
the TMDs (Newcombe et al., 2018) and several others in the ECD, with the vestibule site seem-
ingly be an important one (Papke et al., 2014; Spurny et al., 2015; Nys et al., 2016).

ii) The receptor kinetics are clearly changed by the PAM co-application which might severely
influence or even disable physiological muscle function, which critically relies on the accurate
timing of ACh release and breakdown and associated receptor opening and desensitization. Alt-
hough desensitization of the muscle nAChR is much slower, its kinetics might still be affected.
PAMs that alter the desensitization of the receptor (PAM Il) would probably be superior than com-
pounds that primarily affect the current amplitude (PAM ). However, both kinds of PAM bear the
risk of a superstimulation and subsequent facilitation.

Channel blocker would offer theoretically a therapeutic alternative to PAMs. Fast acting channel
blocker would just decrease the ion flux during a burst without altering properties of the ion chan-
nel like PAMs or the activation pattern like antagonists and are already employed clinically as
local anesthetics, antiarrhythmics and antiepileptics for other ion channels (Agren, Nilsson and
Ahrem 2019, Johnson and Kotermanski 2006). A channel block is use-dependent, thus the higher
activation by accumulating ACh should result in a higher block. In principle a possible counter
against ACh-induced depolarization block. The simplified overstimulation experiment in this study
does not represent the complex muscle endplate enough to investigate this, but the muscle-prep-
aration experiments are in support of this theory. However, the rather unspecific block by BPCs
of cationic ion channels may pose a risk for side effects.
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Figure Legends

Figure 1: Symmetrical bispyridinium compounds with C3 linker inhibit &7 and muscle-type nAChR
currents with micromolar potency (A) human o7 and (a1)2B1ed nAChRs were expressed in
Xenopus laevis oocytes and clamped at -70 mV. Representative current traces in response to
100 yM ACh (a7) or 30 uM ACh (muscle-type) before and after 20 s preincubation with 300 nM
PTMO0022 (red) or 3 yM MB327 (magenta) are shown. (B) Full dose inhibition curves of bispyri-
dinium compounds with at least low micromolar potency at the indicated nAChR subtype. Error
bars represent S.D. of the mean from n = 3 - 6 individual oocytes. (C) Dose response curves for
ACh in the presence of the following concentrations of bispyridinium compounds: 3 yM MB327,
3 yM PTM0002, 10 uM PTMO0007, 3 uM PTMO0015, 300 nM PTM0022 as described in the method
section. The lead compound MB327 (magenta) and the most potent derivate PTM0022 (red) are
highlighted in colour (error bars represent S.D from the mean of 5-7 individual oocytes. Best-fit
values from B and C are shown in Tables 1 and 2.

Figure 2: Influence of the a7M253L allosteric binding site mutation on BPC potency and interac-
tions of BPC and PNU-120596 binding. (A) Human o7 and a7M253L were expressed in Xenopus
laevis oocytes and clamped at -70 mV. Representative current traces in response to 100 uM ACh
(black bar) are shown before (black) and after preincubation (20 s) and co-application of the indi-
cated compounds (coloured lines and bars). Note the more than tenfold increase of ACh-elicited
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current amplitude by PNU-120596 (B) Dose-inhibition curves for the indicated BPCs at the human
o7 and o7 M253L mutant (n = 3 - 6, mean and S.D. are shown). Dotted/solid lines represent data
from Fig. 1B, for comparison. (C) Co-application of BPCs or QX-314 upon sequential pre-appli-
cation of 10 uM PNU-120596 and 100 uM ACh. Averaged current traces from at least five different
oocytes are shown. S.D. is shown in light gray. Current traces were normalized to the ACh elicited
signal before the co-application. PNU-125096-amplified signals were between 20-30 pA.

Figure 3: Voltage-dependency of a7 and (a1):41s6 nAChR inhibition by selected BPCs. Repre-
sentative current traces and statistical analysis of ACh (100 uM)-induced currents responses from
a7 (A) and (a1)2p1e3 NAChRs (B) and their inhibition by the indicated compounds. Grey current
traces represent equilibrated control currents at -50 mV (solid) and -100 mV (dotted). Colored
lines represent the respective responses following 20 s of pre-incubation and co-application of
the indicated compounds. Note that current traces are larger at -100 mV. Paired analysis com-
paring normalized responses upon antagonist application at a holding potential of -50 mV (filled
symbols) and -100 mV (empty symbols) from 4 — 6 individual oocytes. Responses were normal-
ized to the currents in the absence of an antagonist. Single values are shown with the mean
displayed as black line. Statistical significance was determined with a paired t-test with p<0.05 *,
p<0.01 **, and p<0.001 ***. MLA (gray), PTM0022 (red), MB327 (magenta) and QX-314 (gold).

Figure 4: Inhibition of a7 chimeras and mutants by BPCs. Normalized responses of 1 uM
PTMO0022 (red triangle), 10 uM MB327 (magenta dot), and 30 yM QX-314 (golden dot) at the
indicated chimeras and mutants (shown as pictograms, see supplementary figure S1 for more
details). Single values are shown with the mean displayed as black line. Error bars represent 95%
Cls (n = 4 - 6). Statistical analysis was done using Brown-Forsythe and Welch ANOVA with post-
hoc Dunnett T3 test compared to a7 with p<0.05 *, p<0.01 **, and p<0.001 ***, to - a7 with
p<0.001 #, and to 5HT3A with p<0.05 °, p<0.01 °°. Normalization was done to current evoked
before (ECso agonist) incubation and co-application of the indicated compound.

Figure 5: Molecular docking of PTM0022, MB327 and QX-314 in open, closed and desensitized
states of the a7 nAChR. Results with the highest binding energy are shown for PTM0022, MB327
and QX-314 in the resting (7KOO, A), open (7KOX, B) and desensitized (7TKOQ, C) state of the
a7 nAChR. Cartoon structures of each receptor state with all three compounds are shown on the
left. Detailed surface representation and interacting amino acid residues for PTM0022 (red),
MB327 (magenta) and OX-314 (yellow) are shown on the right. Color coding follows YRB script
(Hagemans et al., 2015) with hydrophobic C-atoms in yellow and polar interaction partners in blue
(positive) and red (negative). Black rings indicate the position of the labelled pore lining residues.
Carbon, nitrogen and oxygen atoms of amino acid residues are colored in gray, blue, and red,
respectively. ECD — extracellular domain, TMD — transmembrane domain, ICD — intracellular do-
main.

Figure 6: Generation of a7 nAChR mutants to identify residues involved in inhibition by
PTM0022. (A) Representative current traces and statistical analysis showing inhibition of the in-
dicated o7 mutants by 1 yM PTMO0022 (red triangle). For details of the mutants refer to supple-
mentary Figure S1. The mean of the individual values is displayed as black line. Error bars rep-
resent the 95% Cls from n = 4 - 6 experiments. Statistical analysis was done using Brown-For-
sythe and Welch ANOVA with post-hoc Dunnett T3 test compared to a7 with p<0.05 *, p<0.01 **,
and p<0.001 ***, to 5HT3A with p<0.01 °. Normalization was done to current response evoked
before (ECso agonist) pre-incubation and co-application of PTM0022. (B) ACh dose response
curves for the indicated a7 mutants and chimeras with mean and S.D. (left panel) and detailed
analysis of responses to 10 mM ACh showing single values with means and 95% Cls (right panel).
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Figure 7: Correlation analysis of the potency of the bispyridinium compounds at the human o7
nAChR and their chemical properties. (A) Pearson correlation of the determined plCso values and
relevant QSAR chemical properties (see supplementary table S5) obtained from chemicalize.com
(ChemAxon) with significance threshold of p < 0.05 (Holm corrected) with (+, n = 8) or without (-,
n = 7) QX-314. Negative and positive correlations are indicated with red and blue, respectively.
(B) Scatter plots of the five significant chemical properties from A without (-) QX-314 with smooth
fit (x~y, dashed line) and 95% confidence interval (light gray) of the fit. QX-314 is shown as red
point, independent from the fit. Note that plCso values could not be determined for PTM0008 and
09 and they are not included in this analysis (C) Chemical structures of the symmetrical bispyri-
dinium compounds and QX-314. Oxygen and nitrogen atoms are colored in red and blue, respec-
tively. access, accessible; mol, molar, refract, refractivity; sol, solvent; top, topological; VdW, Van
der Waals

Figure 8: BPCs do not resensitize oocyte-expressed a7 nAChR and show weak inhibition of
some other cation-selective ion channels. (A) Oocytes were clamped at -70 mV and 5 s-pulses
of 100 uM ACh (grey lines) were applied in 1 min intervals until stable responses were obtained.
Receptors were then desensitized by a 1 min application of 1 mM ACh (black lines) with or without
10 uM PNU-120596 (blue line) or 3 yM PTMO0022 (red line). After a 5 s washout, 1 mM ACh was
re-applied. Representative current traces from three different oocytes per experiment are shown.
Note that PNU-120596 and PTM0022 were added 7 s after the beginning of 1 mM ACh exposure
to allow complete receptor desensitization. (B) Superposition of representative current traces be-
fore (black) and after pre-incubation and co-application (red) of indicated PTM0022 concentra-
tions for indicated ligand-gated ion channels. Scale bars represent 0.5 pA (vertically) and 2 s
(horizontally). (C) Voltage-dependency of the inhibition shown in B. Single values with mean as
black line for -50 mV and -100 mV. Paired t-test with p<0.05 *, p<0.01 **, and p<0.001 ***, (D)
Left panel, typical current traces of Nav1.4 before (black) and 12 min after (red) application of 10
MM PTMO0022. Currents were elicited by 50 ms pulses to -10 mV from a holding potential of -120
mV every 20 s. Right panel, sodium peak currents normalized to control pulse before application
of PTM0022. Mean and S.D of different 4 oocytes.

Tables

Table 1: I1Cso values and Hill coefficients (n1) of BPCs at human a7 and (a1)21e3 nAChRs as
shown in Figure 1. Values in parentheses represent 95% confidence intervals (95% Cl). ICso ra-
tios relative to MB327 are shown.

al (al),p1e0

IC,,
Compound | IC,, (95% CI) uM Rati Ny ICs, (95% CI) uM  ny
atio

MB327 | 350 (2.73-4.51)  1.00 -0.84 |~30 - -
PTM0001 | 3.13 (2.39-4.20)  1.10  -1.23 - -
PTM0002 | 4.72 (3.60-6.27) 074  -1.14 - -
PTM0007 | 6.96 (5.44-8.90) 050  -1.04 - -
PTM0008 | > 30 - - - -
PTM0009 | > 30 - - - -
PTM0010 | 39.83 (30.95-51.75) 0.09  -0.91 - -
PTM0015 | 049 (0.39-0.62)  7.14  -0.94 - -
PTM0022 | 0.20 (0.17-0.23)  17.50 -1.07 |0.29 (0.23-0.38) -0.84
QX-314 | 4.98 (4.03-6.10) 070  -0.89 - -
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Table 2: ECso values and Hill coefficients (nx) of ACh in the presence of the indicated concentra-
tions of BPCs at human a7 and («1)231e8 nAChRs. Values in parentheses represent 95% confi-
dence intervals (95% CI). The corresponding dose-response curves are shown in Figure 1.

al (al),p1ed
Compound EC,, (95% Cl)uM  ny | ECy, (95% CI) uM  ny
ACh 36.5 (33.5-40.0) 190 | 154 (13.1-18.8) 1.22
+3uMMB327 | 43.8 (33.6-58.2) 1.66 - -
+10 yM MB327 - - 13.0 (8.1-26.1) 1.10
+ 3 uM PTMO0002 | 51.6 (42.5-63.2) 1.57 - -
+ 10 yM PTMOO007 | 35.8 (29.2-45.7) 1.93 - -
+ 3 uM PTMO0015 | 49.2 (31.7-82.2) 1.53 - -
+ 0.3 UM PTM0022| 58.8 (44.0-81.4) 1.46 - -
+ 1 uM PTM0022 - - 10.3 (7.3-17.2) 1.06

Table 3: I1Cso values and Hill coefficients (nH) for MB327 and PTM0022 at human a7 and
a7M253L nAChRs. Values in parentheses represent 95% confidence intervals (95% Cl). Corre-
sponding dose-inhibition curves are shown in Figure 2.

a7 o7 M253L

IC, ()

Compound |ICs, (95% Cl) uM  nH | ICs, (95% C) M nH | | C, (M253L)
MB327 [3.50 (2.73 —4.51) -0.84| 0.84 (0.69—1.03) -0.98|  4.17
PTM0022 |0.20 (0.17 —0.23) -1.07 | 0.30 (0.25-0.35) -1.76|  0.67
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Table 4: Molecular docking results of the indicated compound in all three states (PDBs see ex-
perimental procedure or Figure 5) of the a7 nAChR. Compounds were docked in a grid covering
interacting residues identified during the screening shown in supplementary figure S1 and sup-
plementary tables S2, S3 and S4 according to the experimental procedure. Amino acid residues
identified to be distinct between 5SHT3A and a7 nAChR and mutated in this study are bold.

ar’ nAChR binding en- inhibition con- residues involved in interaction
state  compound  ergy  RMSD oot ki (protein chain)
(Kcal/Mol) p
A257(B), A262(B), F134(C),
PTM0022 7.36 5.15 4.01 uM Y209(C), 1259(C)
L247(A), V251(A), L247(B),
V251(B), V251(C), L254(C),
resting MB327 7.69 0.9 2.31 uM L247(D), L254(D), E258(D)

L254(E)

D41(A), E44 (A), E172(A),

Qx-314 679  1.01 1049UM |\ 172 a) Y200(A), 1258(A), KAS(E)

L254(B), A252(B), Y209(C),

PTM0022 -8.76  2.06  376.70 nM Y210(C), N213(C), L214(C),
V251(C), L255(C), 1259(C)
L45(B), E258(B), Y210(C),
L214(C), L255(C), 1259(C)

K45(B), A262(B), D41(C), V42(C),

QX314 772 1.95 2.18 pM E44(C), E172(C), W173(C),

1259(C)

open MB327 -6.34 2.6 22.59 uM

Y209(A), L214(A), V251(A),
F252(A), L254(A), L255(A),
V256(A), E258(A), 1259(A),
L254(E), A257(E), E258(E)
L246(C), L247(C), M253(C),
MB327  -8.85  1.19 327.8 nM N213(D), L214(D), P217(D),
1221(D), V245(D), F252(D)

M253(D), L254(D), E258(D),

QX-314  -7.35  0.68 4.10 uM N213(E), L214(E), F252(E),

L255(E)

PTM0022  -10.07 0.42 41.40 nM

desensitized
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Table 5: ECso values and Hill coefficients (nH) for the functional chimeras of human a7 and mouse
5HT3A receptors. Values in parentheses represent 95% confidence intervals (95% CI).

Chimera Ligand | EC50 (95% Cl) uM  nH
of ACh 355 (32.8-38.4) 2.06
o7 V2OISHTIA ACh 386 (32.3-46.6) 1.85
o7 TV OHT3A ACh 441 (41.6-46.8) 2.30
a7 SDT ACh 154 (124-19.9) 1.17
o 7Anion ACh 023 (0.19-0.27) 0.90
o 7Anon E258R ACh 262 (217-3.19) 1.33
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Figure 7
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Figure 8
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Supplementary Methods

Manual patch-clamp recordings

Patch-clamp experiments were performed in the whole-cell mode (Hamill et al. 1981) using an
EPC 10 USB patch-clamp amplifier and the PATCHMASTER software (version 2x91; HEKA EI-
ektronik, Germany). The extracellular solution contained (in mM): 140 NaCl, 5 KCI, 1 MgCl2, 0.5
CaCl2, 10 HEPES and 10 D-glucose, pH 7.4. The intracellular solution contained (in mM): 120
KCI, 2 MgCl2, 10 HEPES, 10 EGTA, 1 sucrose and 31.25 KOH, pH 7.2. All substances were
obtained from Carl Roth except EGTA, which was from Sigma Aldrich.

The patch-clamp experiments with CHO cells stably expressing human a7 nAChRs were exe-
cuted using the Dynaflow Resolve System (Fluicell, Sweden), which allows a fast buffer ex-
change. The recordings were performed at room temperature and the cells were held at -60 mV
in the voltage-clamp mode.

The following application protocol was used for each of the 10 sweeps of an experiment: After a
baseline recording for 2 s, ACh (100 uM) was applied for 0.5 s, followed by a washout for 10 s.
The first three sweeps were used as a control (control phase). During the third sweep, the appli-
cation of ACh (100 uM) was followed by the washout of ACh and the simultaneous treatment of
the cells with MB327 (30 uM) or PNU-120596 (10 uM) for 10 s. After the control phase, the next
three sweeps (number four to six) were used for the compound tests (compound phase), where
all steps of the application protocol were performed in the presence of MB327 (30 uM) or PNU-
120596 (10 pM). During the sixth sweep, the application of ACh (100 uM) was followed by a
washout for 10 s, without MB327 (30 uM) or PNU-120596 (10 uM) present. The compound phase
was followed by four additional sweeps (washout phase), which were performed like the first three
sweeps (control phase). The negative control recordings were executed as described above but
without MB327 (30 uM) or PNU-120596 (10 uM) present. Acetylcholine chloride and PNU-120596
were obtained from Sigma Aldrich.

The data of the manual patch-clamp recordings were analyzed and visualized with scripts written
in R (R Project for Statistical Computing, RRID:SCR_001905) using the following packages: ti-
dyverse (RRID:SCR_019186) and ggplot2 (RRID:SCR_014601).

The current responses were determined as peak currents.
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Supplementary Table S1: Chimeras used in this work with representative traces. Mouse
5HT3A is shown in dark gray, human o7 nAChR in light gray. Chimeras marked with % did not
show expression in X. laevis oocytes. If accessory proteins were used, they are written with the
construct name. Amino acids of transition points are labeled for the respective receptor. The num-
bering starts after a 23 amino acid long signal sequence for each receptor. In case of an insertion
(V), the numbering of the original receptor is shown but marked with a +1 to address the shift in
numbering. Scaling bars indicate 2s and 0.3pA, acetylcholine application with ECso is shown on
top of each trace. Note that Eiselé et al. and Gee at al. have worked with rat a7 nAChR and
mouse 5HT3A. Bertrand et al. worked with human constructs for both. a7 E258R and a7 E258A
did not show expression.

Schematics
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Supplementary Figure S1: Molecular Docking results to screen for potential binding sites
at the a7 nAChR. Highest ranked 3 binding positions for the shown compounds (PTM0022 - red,
MB327 — magenta, QX-314 - gold) in either of the two grids (Grid1 — upper channel pore,
90x90x70 (XxYxZ); Grid2 — channel pore, 60x60x126; spacing 0.375 A) in the resting (A), open
(B) and desensitized (C) state of the a7 nAChR. Refer to experimental procedure for docking
parameters. PNU-120596 is shown in blue as orientation, based on PDB 7EKT (Zhao et al. 2021).
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Supplementary Table S2: The 5 highest ranked dockings of PTM0022 in the shown state of the
o7 nAChR (PDB:7KOO, 7KOX, 7KOQ) either docked in the upper part of the pore or in the chan-
nel with a grid (X,Y,Z) of 90,90,70 or 60,60,126, respectively.

Binding energy Inhibition
nAChR o Grid Ranking Residues involved in interaction
state (Kcal/Mol) constant (Ki)

Lys45(B), Lys45(C), Tyr210(C),
1 -8.21 958.56 nM 11€259(C), Tyr209(D), Tyr210(D),
Glu258(D), l1e259(D)

2 -7.52 3.09 uM -
Upper pore
3 -7.36 4.04 uM -
4 -7.28 4.58 uM -
Resting 5 -6.55 17.83 uM -
Tyr244(C), Leu247(C), Tyr244(D),
1 6.60 14.42 uM 16243(E)
2 -6.55 15.76 UM -
Channel -6.41 2002puM -
4 -6.15 30.97 yM -
5 -6.13 3220 M -
Leu254(B), Glu258(B), Ala262(B),
1 -9.16 192.52 nM  Tyr209(C), Tyr210(C), Asn213(C),
Val251(C), Leu255(C), 11e259(C)
2 -9.06 22841 nM -
Upper pore
3 -8.99 258.47 nM -
4 -8.77 372.74nM -
5 -8.55 536.83nM -
Open
Leu254(A), Ala257(A), Glu258(A),
1 -8.13 1.10 uM Ala262(A), Leu214(B), Val251(B),
Leu255(B), 11e259(B)
Channel 2 -8.12 1.11 uM -
3 -7.87 1.69 uM -
4 -7.18 5.43 uM -
5 -6.88 9.04 uM -

Continuous on next page.
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Supplementary Table S2: continued

Desensitized

Tyr209(A), Leu214(A), Val251(A),
Phe252(A), Leu254(A), Leu255(A),

1 9.7 A3 nM
9.78 68.13n Val256(A), Glu258(A), lle259(A),
Leu254(E), Leu255(E), Ala257(E)
Upper pore 2 -9.55 100.28 nM -
3 -9.49 110.40 nM -
4 -9.28 157.44 nM -
5 -9.10 212.96 nM -
Thr244(A), 11e243(B), 11e243(C),
1 -8.88 308.01 nM  Thr244(C), Thr244(D), lle243(E),
Thr244(E)
Channel 2 -8.53 556.19 nM -
3 -7.61 2.65 uM -
4 -6.88 9.06 uM -
5 -6.64 13.64 uM -
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Supplementary Table S3: The 5 highest ranked dockings of MB327 in the shown state of the a7
nAChR (PDB:7KOO, 7KOX, 7KOQ) either docked in the upper part of the pore or in the channel
with a grid (X,Y,Z) of 90,90,70 or 60,60,126, respectively.

nAChR art .. __ Binding energy Inhibition Residues involved in interaction
Grid Ranking ,
state (Kcal/Mol) ~ constant (Ki) (Subunit)
AspA1(A), Vald2(A), Gludd(A),
1 6.73 188 7o)
2 -6.41 19.97 uM -
Upper 6 9971
pore 3 -6.06 36.37 uM -
4 -6.03 38.30 uM -
5 -5.98 41.42 uM -
Resting Leu247(B), Val251(C),
Leu254(C), Leu247(D),
1 765 248uM -\ a1251(D), Leu254(D),
Glu258(D), Leu247(E), Leu254(E)
Channel 2 -7.62 2.60 uM -
3 -7.61 2.64 uM -
4 -7.61 2.64 uM -
5 -7.59 274uM -
Leu254(B), Glu258(B),
1 -6.77 10.96 yM  Tyr209(C), Asn213(C),
Leu214(C), Val251(C), Leu255(C)
Upper 2 -6.68 12.67 uM -
pore 3 -6.66 1323 M -
4 6.57 1518 yM -
5 -6.49 1746 UM -
Open
le243(A), Thr244(A), Leu246(A),
1 -6.75 11.26 PM  Leu247(A), Thr244(B), Leu246(E),
Leu247(E)
Channel 2 -6.63 13.88 uM -
3 -6.12 32.85 uM -
4 -6.06 35.91 uM -
5 -6.02 38.84 uM -

Continuous on next page.



Supplementary C: Publication V (unpublished manuscript)

156

Supplementary Table S3: continued

Thr250(A), Met253(A), Leu254(A),

1 -7.08 6.48 uM Ala262(A), Pro217(B), Leu255(B),
[1e259(B)
Upper 2 -6.71 12.07 uM -
pore 3 6.64 1354 M -
4 -6.63 13.90 uM -
5 -6.58 15.05 uM -
Desensitized
lle243(C), Leu246(C), Thr250(C),
1 -8.17 1.03 uM Leu254(C), Asn213(D),
Pro217(D), Leu224(D), Val245(D)
Channel 2 -5.93 44.63 uM -
3 -5.88 49.18 uM -
4 -5.79 56.71 uM -
5 -5.76 59.64 uM -
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Supplementary Table S4: The 5 highest ranked dockings of QX-374 in the shown state of the
o7 nAChR (PDB:7KOO, 7KOX, 7KOQ) either docked in the upper part of the pore or in the chan-
nel with a grid (X,Y,Z) of 90,90,70 or 60,60,126, respectively.

nAChR a7 . . __ Binding energy Inhibition Residues involved in interaction
Grid Ranking ,
state (Kcal/Mol) constant (Ki) (Subunit)
N Val256(C), Ala257(C), Ala275(C),
1 6.79 1047M | 0U212(D), Asn213(D), 1e216(D)
Gludd(A), Glu172(A), Tyr210(A),
2 6.34 2241 M| 259(A), Lys45(E), Ala262(E)
Upper pore
3 -6.32 23.34uM -
4 -6.18 29.46 uM -
5 -6.13 3224 UM -
resting Thr244(A), Leu247(A), le243(B),
Thr244(B), Leu247(B), lle243(C),
1 6.28 24.74 M Leu247(C), Leu247(D), Thr244(E),
Leu247(E)
Channel 2 -6.18 29.50 uM -
3 -6.12 32.56 uM -
4 -6.03 37.81 uM -
5 -6.01 39.27 uM -
Lys45(B), Pro261(B), Asp41(C),
1 -7-36 4.00puM Val42(C), Glu44(C), Glu172(C)
2 -7.11 6.16 uM -
Upper pore 7.01 725uM -
4 -6.98 7.65 uM -
5 6.88 9.10 uM -
Open Leu254(A), Tyr209(B), Tyr210(B),
1 -6.27 2531 uM  Leu214(B), Phe252(B), Leu255(B),
Glu258(B)
Channel 2 -6.23 27.13 uM -
3 -6.20 28.60 uM -
4 -6.16 30.28 uM -
5 -6.14 31.82 uM -

Continuous on next page.
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Supplementary Table S4: continued

Desensitized

Met253(D), Leu254(D), Glu258(D),

1 -7.25 4.85 pM Asn213(E), Leu214(E), Phe252(E),
Leu255(E)
Upper pore 2 -7.21 5.17 pM -
3 -7.05 6.84 pM -
4 -6.92 8.46 pM -
5 -6.92 8.46 pM -
Glu237(A), Glu237(B), Glu237(C),
1 -6.87 9.23 pM Ser240(C), 11e243(C), Glu237(D),
Thr244(D), Glu237(E)
channel 2 -6.70 1247 M -
3 -6.51 16.80 M -
4 -6.40 2019 M -
5 -6.26 2590 M -




Supplementary C: Publication V (unpublished manuscript) 159

Supplementary Table S5: Relevant chemical properties for QSAR studies of the symmetrical
C3-linker bispyridinium compounds obtained from chemicalize.com by chemaxon.
Abbrev. access. ... accessible, mol. ... molar, refract. ... refractivity, sol. ... solvent, top. ...
topological, VAW ... Van der Waals

Vaw Top. polar
VdW Vo- surface Sol. access. surface Polariza-  Mol.
plC50 lume area  surface area  area bility refrac.
Compound (M)  logP (43 HLB (42) (42) (42) (4)  (mol/cm®)

MB327 -5.46 -3.40 337.82 1 589.94  633.51 7.76 38.62 100.34
PTMO0001 -5.50 -3.40 337.8 1 589.92  632.26 7.6 38.63 100.34
PTM0002 -5.33 -4.97 338.91 1 519.24 5442 7.76 34.94 91.09
PTM0007 -5.16 -6.27 294.04 0.88 507.12 617.18 14.24 33.65 91.87
PTM0008 >-4.50-6.80 252.99 443  430.54 564.5 26.22 29.02 75.94
PTMO0009 >-4.50-6.80 253.11 443  430.45 560.89 26.22 29.03 75.64
PTM0010 ~-4.30-6.62 253.23 443  430.72 529.55 26.22 29.03 74.44
PTM0015 -6.31 -2.68 464.75 1.88 822.09 822.09 60.36 51.09 133.89
PTM0022 -6.70 -0.10 481.16 1 803.89  800.12 7.76 60.8 150.61

QX314 -5.30 -0.96 282.68 19.84 491.5 446.74 291 31.26 94.59
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Supplementary Figure S2: PTM0022 does not overcome desensitization by prolonged ACh
exposure of the a7 nAChR. Representative current traces of a simulated ACh-induced desen-
sitization experiment (1 min prolonged exposure to 1 mM ACh) of the a7 nAChR. Top panel shows
the control experiment with no compound application. The remaining panels show from top to
bottom compound exposure after 7 s of 1mM ACh, co-application of compound with 1 mM ACh
and 20 s pre-incubation followed by co-application of compound for 10 yM PNU-120596 (A) and
3 uM PTMO0022 (B). All three ways of compound exposure were performed on one X. Laevis
oocyte. Whole experiment repeated on a total of three different oocytes. Note the effect of
PTMO0022 preincubation on the blockage of the 1 mM ACh-evoked current peak.
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Supplementary Figure S3: Multiple Sequence alignment of cys-loop receptors relevant for
this study. Coloring by “percentage identify” towards consensus sequence of the alignment,
higher identity is indicated by darker blue. Important residues for PTM0022 binding at the a7
nAChR, identified by molecular docking studies, are framed red, critical residues identified in this
study are framed orange. If residues are counted in one cys-loop receptor, position 1 is framed
green. Alignment performed using “muscle” algorithm with defaults in Jalview.
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Supplementary Figure S4: Co-injection of a7 with NACHO does not affect compound bind-
ing. a7 SDT needed for functionality the co-injection of NACHO cRNA. Here we show that NA-
CHO co-injected with WT a7 does not influence compound binding on the example of 1uM
PTMO0022. Single values with mean as black bar and S.D. Note that co-injection with NACHO
boosts currents signal development. In order to work with comparable currents, a7 alone was
injected with 5ng RNA per oocyte and measured after 2 days, whereas a7 + NACHO was injected
with 2.5 ng a7 + 2.5 ng NACHO per oocyte and measured after 1 days.

A o7 o7
7T 77T
B (a1)B1sd_ (al)p1ed
FVVV
JTET

Supplementary Figure S5: Washout of BPCs from nAChR occurs quickly. Typical current
traces of 100 uM ACh elicited a7 (A) and 30 uM Ach elicited muscle-type ((a1)2$1¢6) NnAChR (B)
with 3 continuous stable control peaks and subsequent 20 s preincubation and co-application of
1 yM PTMO0022 (red) or 10 uM MB327 (magenta). 2 min perfusion between ligand applications,
indicated by bars on top of the current traces.
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Supplementary Figure S6: MB327 inhibits human a7 nAChR in stable transfected CHO
cells. (A) Manual patch-clamp recordings of the inward current responses of human a7 nAChRs
evoked by the repeated application of ACh (100 uM) for 0.5 s in the absence (negative control
recording; left) or the presence of MB327 (30 uM; middle) or PNU-120596 (10 uM; right) during
the compound phase (sweep 4-6). The first three ACh applications (sweep 1-3) were used as the
control phase, followed by the compound phase (sweep 4-6) and the washout phase (sweep 7-
10). Note the different y-axes. During the third sweep of the recordings with PNU-120596 (10
MM), two inward current responses were evoked. The first response was triggered by ACh (100
uM), which was similar to the two previous ACh-triggered responses, and the second response,
which was much larger than the response before, was evoked by the application of PNU-120596
(10 yM) during the washout phase. (B) Overlay of exemplary traces of the inward current re-
sponses of human a7 nAChRs triggered by ACh (100 uM) in the absence (control phase; sweep
2; black) and the presence (compound phase; sweep 5) of MB327 (30 uM; left; purple) or PNU-
120596 (10 pM; right; blue). The inset on the right side displays the response in the absence of
PNU-120596 (control phase; sweep 2; black). The traces from the control phase and the com-
pound phase originate from the same cell, respectively. Note the different y-axes. (C) Ratio of the
peak current responses of human a7 nAChRs triggered by the second and the fifth application
(sweep 2 and 5) of ACh (100 pM) during negative control recordings (n = 5) and in the presence
of MB327 (30 uM; n = 4) or PNU-120596 (10 uM; n = 3). The data are depicted as mean + SEM.
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