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Abstract: Ligandgated ion channels (LGIC) play a central role in Hugtular
communication. This key function has two consequen@esthese receptor channels are
major tagets for drug discovery because of their potential involvement in numerous human
brain diseasegii) they are often found to be the target of plant and animal toxins. Together
this makes toxin/receptor interactions important to drug discovery projectsefdte,
toxins acting on LGIC are presented and their current/potential therapeutic uses
highlighted.
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1. Introduction and Scope of the Review
1.1. To be Poisonous or Not: The Dose Effec

When thinking of toxic compounds, researchers often have in mind the famous citation of
Paracelsus (Philippus Theophrastus Aureolus Bombastus von Hohenheim): "The dose makes the
poison” or in its more complete version "All things are poison and nothimgthout poison. Solely
the dose determines that a thing is not a poiddh."Although this 16th century concept is now
debated, Paracelsus is still recognized as one of the fathers of "Toxicology" as it is envisioned today.

Medical drugs and toxins agood illustrations of this adage. On the one hand, medical drugs are
often perceived as ngmoisonous because of their potential benefit for humans. However, it is now
well known that widely used drugs like Paracetdkhol IbuprofeiN can be highly toxic at relatively
moderate dosef2]. On the other hand, toxins are generally perceived as dangerous for humans
because of their possible accumulation in the alimentary chain or their use as biological weapons
(e.g., anatox-a). However, following Paracelsus, lowering the dose might allow to make them
non-toxic. Solving the issue of toxicity would pave the way to turn them into medicine. Initkeed,
addition to their use aan invaluable source of ligands for studying suted or functional properties
of their molecular targetS], these molecules are now increasingly interesting to researchers for their
use asnedicine or cosmetic produd®.

1.2. Toxins as Biological Poisons

The word 'toxin' was first introduced by dwig Brieger as a name for poisons made by infectious
agentg5]. These biological poisons allow the organisms to survive difficult environmental situations
where the toxins are advantageous for prey capture or d¢6n&dant toxins (e.g., nicotine) t@n
function as protection against certain animals. In animals, toxins have similar defense potential and are
also used to capture preyoxicity might, however, be less directly connected with environmental
situations as in the case of fish and shellfist become poisonous after feeding on toxic plants or algae.

Toxins are nowadays usually defined as poisonous substances produced by living organisms
including bacteria, microalgae, plants or fungi. We will use here this definition and therefore restrict
ourselves to natural substances affecting an animal.

1.3. Scope of the Review

The knowledge of toxins acting on the ligand gated ion channels (LGIC) is dispersed and not
homogeneous. Some toxins were isolated and chemically characterized, but poorly stude
LGIC afterwards. Others found very wide applications and are frequently used in research or even as
therapeutic intervention. This-imomogeneity could be due to the fact that the study of toxins acting
on LGIC is the intersection of two relatiyeteparated fields: toxinology on one hand and the study of
the LGIC on the other hand. Another explanation is that many of the toxins described below were
discovered and characterized (and then forgotten?), before the diverse LGIC had been identified. We
therefore decided to construct a list of toxins targeting the LGIC that would be as exhaustive
as possible.
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This compilation of toxins targeting the LGIC should be useful as toxins constitute a relatively
unbiased in term of chemical space cove@edourceof ligand structures that can be used: (i) as a
source of inspiration for drug design, as much as hits identified fromtimighghput screening
experiments; (i) in structure/activity relationship studies; (iii) in virtual screening studies. The
structureof a representative member of each family of the liggaietd ion channels has been very
recently solved by Xay crystallography making these studies timely.

2. Toxins Targeting the Ligand Gated lon Channels

LGIC are allosteric proteins (for a recenviexv on the allosteric nature of nicotinic receptors,
see[7]). Indeed, their functioning implies that they are in equilibrium between a few states, switching
from the resting state to an active state with an operchannel, and eventually a desensitizéate.

In this framework, the ligands (agonists, antagonists and allosteric modulators) act by altering the
equilibrium, i.e., they stabilize the state for which they have the highest affifiltg endogenous
agonist binds, by definition, in the orthostebinding site. The other ligands, notably toxins, bind
either at the same site (agonists and competitive antagonists), or in other binding sites (allosteric
modulators and nenompetitive antagonists).

LGIC are oligomeric receptors made by the assariatif identical or homologous subuni§j.

The LGIC superfamilly can be subdivided into three families depending on the number of monomers
composing an oligomer: the pentameric, tetrameric and trimeric LGIC.

The pentameric family encompasses the nicotisitylcholine receptofs n A Ch RisQ , -4UA 19 ,
U, U®Gammaamieobutyric acidGABA) r ec-6€pt3f@ir-83 1 @1 €B) recdptors,” , |
the SerotoninJ-hydroxytryptamine, 5HT3) receptorS-AT3A-E) and t he GI y3c i nbe) r
[9,10]. The endogenous agonlsnding site lies at the interface between subunits (Figure 1). The
location of alternative binding sites has been identified at homologous interfaces (e.g., benzodizepines
for the GABA receptors) and in the transmembrane dofdain

The tetrameric famyl of LGIC consists of glutamate receptors. This LGIC family contains the
U-amino3-hydroxyk5-methyk4-isoxazolepropionate AMPA) receptors (GluA#4), kainate receptors
(GluK1-5) and N-methyl D-aspartate NMDA) receptors (GIuN1, GIluN2AD, GIuN3A-B). The
agonist binding site of tetrameric LGIC lies inside monomers (Figureh).agonists and alternative
binding sites are known from biochemical and structural stititds

The trimeric family of LGIC is made by P2X receptors (PZX¥1The knowledge of the binding
site is much more restricted compared to that of pentameric mathé&ic LGIC: the binding site for
ATP has been tentatively localized in a cavity at the interface between subunits (Figure 3).

Below are listed selected toxins, known to act on the various LGIC, thampoetant for historical
or pharmacological reasenThis series of toxins is complemented by a list presented as an appendix
(Section 5).
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Figure 1. Structure ofpentameridigand-gated ion channels (LGICMuscle type nAChR

is taken as an example. Top left: Topology of the receptor. Top right: Topofi¢he
receptor. Bottom left: Side view of the receptor showing the extracellular, intracellular and
transmembrane domains. Agonist binding sites are located at subunit interfaces in the
extracellular side of the receptor. Bottom right: Longitudinal ceession of the receptor,
showing the pore domain.
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2.1. Nicotinic Acetylcholine Receptors

Nicotinic receptors are arguably the most walbwn LGIC to date. This is probably due to their
very early discovery and the large number of toxins blocking thastotitally, the pharmaceutical
knowl edge of the cholinergic sysduams by Spaniste me r
explorers in South America during the 16th century. Indeed, curares were used there by local tribes for
hunting[1]. It was found dung the 19th century that curares block the synaptic transmission at the
level of the neuromuscular juncti¢h3] therefore paralyzing the prey. Similar usage of curares have
also been reported in Africd4], and Malaysig[15]. Toxins had an invaluable cwibution to the
emergence of the notion of LGIC as nAChR wher
subst[Bhceo
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Figure 2. Structure of tetrameric LGIQNMDA receptor is taken as an example. Top left:
Topology of the receptor. Top hg Top view of the receptor. Bottom left: Side view of the
receptor showing the extracellular, intracellular and transmembrane domains. Agonist
binding sites are located in juxtaembrane domains in the extracellular side of the
receptor. Bottom right: Lugitudinal cross section of the receptor, showing the
pore domain.
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Another historically significant toxin targeting the nAChRaiBungarotoxin (reviewed in[17]). It
was first used to isolate the nACHR8,19]. The venoms of marine cone snails represent a rich
combinatoriallike library of evolutionarily selected, neuropharmacologically active peptides called
conotoxins (Figure 4,Table 1) that target a wide variety of receptors andclmamnels[20]. The
subtype specific snaka-neurotoxins and cone snalconotoxins are still widely used to probe
receptor structure and function in native tissues and recombinant sy2igms

Nicotine is a highly toxic alkaloid proposed to serve as an insecticide protecting Tobacco plants
[22]. It is the prototypical agonist at nicotinic cholinergic receptors (Figure 5) in comparison to
muscarinic receptorf23]. Tobacco extract was used as an c¢tisgle for centurie§24], perhaps as
early as 169(25]. The effect relies on the presence of nicotine and anabasine (see Section 5).
Moreover, nicotine and anabasine were still in use in the early 20th century (see below). Nicotine is
also important mddally because it is thought to be responsible for tobacco addiction through the
stimulation ofa 4 bnAChR on dopaminergic neurons of the ventral tegmental ®&%) ((26].
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Figure 3. A schematic view of trimeric LGIC (P2X receptor). Top left: Topologythod
receptor. Top right: Top view of the receptor. Bottom left: Side view of the receptor
showing the extracellular, intracellular and transmembrane domains. Agonist binding sites
are presumably located at subunit interfaces in the extracellular sides okbc¢hptor.
Bottom right: Longitudinal cross section of the receptor, showing the pore domain.
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Figure 4. Representative protein toxins targeting the nicotinic acetylcholine receptors.

Conotoxin-TxIA Huwentoxin-I

alpha-Cobratoxin  Denmotoxin Candoxin
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Table 1.a-conotoxins acting on nAChRs.

Name Conusspecie Target References
Gl, GIA, geographus Muscle nAChR. [27]
Gl
Mi magus Muscle nAChR. [28].
Sl, SIA and striatus Selectivity for the distinct interfacea ( og [28,29]
Sl a / df the musclaype nAChR.
Iml, Imll imperialis Selective fora7 NAChR but also effective [30]
ona3b4, a3b2.
BulA bullatus Highest potency foa 3 anda 6 containing [31]
NAChRs
CnlA, CnIB consors Muscle nAChR. [32]
Acl.1a, achatinus Muscle nAChR. [33]
Acl.1b
El ermineus | Seledive for muscle nAChR, also effectiv [34]
ona3b4, adb2.
PniB, pennaceus Selective fom 7, a 3 bAChRa 3| [35,36]
(A10L)-
PnlIA
GIC geographus Selective foa 3 b 2 [37]
MII magnus Selectivefom 3 b 2, a 3 bn2AGhR.,| [38,39]
PIA purpurascens Seletive for [40]
a6bb2, a6b4, a6ai3hl
PIB purpurascensg Muscle nAChR. [41]
GID geographus a7, a3b2, adb [42,43]
AulA, AulB aulicus Selectively blocksa 3 bnAChRs. [44]
and AulC
EPI episcopatus Selectivefom 7, a3b2, [45,46]
AnIB anemone a7, a3b?2 [47]
Vcl.l victoriae ag, a3bi4g, a3 [48,49]
ArlA, ArlB arenatus a7, a3b?2 [50]
a6a3b2b3
PelA pergrandis a9al10, a6a3b2b3 [51]
OmlIA omaria a7, a3d3b?2 [52]
TXIA textile a3b?2 [53]
Lpl.1 leopardus a3b2,a6a3b? [54]
SrlA, SrIB spurious a 4 hrauscle type nAChRs [55]

b-Erythroidine is isolatedfrom the coral treeErythrina cristagalli. It acts as a competitive
antagonist of nicotinic receptors (it targatst b 4 ,
muscl e

t he

ona 4 bazn d

aadb23b2*

26¢€

receptors
i56].AehigracortentthBohs4 they are noncompetitive blockers of possibly
all nicotinic receptors subtypgS7i 59]. Erysodine is a structurally relate&rythrina Alkaloid acting
Cha®hR.*Both compounds are weak binderaTonAChR explainingtat they are
used to discriminate between different NAChR subtypes although they are relativsliedive.

and
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Figure 5. Representative alkaloids targeting the nicotinic acetylcholine receptors.
Top: agonists, middle: competitive antagonists, bottom:gunpetitive antagonists.

H H
H w N9 CN_ N
NN Y CHS%
N

Nicotine Cytisine Anatoxin-a epibatidine
0
/l\N i \
|
\N N/

Anabaseine Anabasine Ferruginine Lobeline

Toxiferine-I d-Tubocurarine MLA

H,C0,

Ibogaine parazoanthoxanthin Strychnine
v
\Jl ﬂ
H OCH;
N o
HOQO Lw
SN& Oj‘/@

[ " " . O " d
histrionicotoxin Cocaine sparteine

Methyllycaconitine (MLA) , is extracted fronbelphiniumspecieg60] and is a potent and highly
selective U7 BUBRhNA 3 fageygsedfor shis property as a pharmacological
tool in researc{63]. MLA together with additional alkaloids iDelphinium species rfudicauline,
14-deacetylnudicauling barbini ne and deltaine) have also been found to act on nAChRs blocking
the neuromuscular junctiowhich may be related to thBelphiniumspecies involvement in cattle
poisoning[64,65].
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2.2. GABAA Receptors

The toxins of the GABA receptors are, as for the nACbRdifferent categories (agonists,
antagonists and allosteric modulators) as illustrated by the examples described below.

a-thujone is extracted from the wormwoodrtemisia absinthiunand is found in absinth@6]. It
is a negative allosteric modulator of GABRreceptors (Figure 6) resulting in convulsant activity
[67]. a-thujone also antagonizes 5HT3 recept{@8].

Figure 6. Representative toxins targeting the GABA receptors.
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Bicuculline, isolated fromDicentra cucullarig is a competitive antagonist of GABA receptors
causing convulsion66].

Muscimol is an agonist extracted froAmanita muscarigartly responsible fothe toxic effect of
the mushroonfi66].

Picrotoxin is a ron-competitive antagonists isolated frokhenispermaceaeBinding modes for
picrotoxin have been proposed in the ion chaf®l71].

2.3. Glycine Receptors

Strychnine is found in the seeds of ther@thnine tree $trychnos nuxomicg. Strychnine causes
muscular convulsions and eventually death through asphyxia or sheer exhaustion. It is used as
pesticide, particularly for killing small vertebrates such as birds and ro@&ntshnine participateis
the pharmacological differentiation of receptors responsive to glycine. Indeed, some NMDA receptors
are also activated by glycine but are strychnine insen$it®je

2.4. Serotonin Receptors

The serotonin receptors have very few known tox@mnotoxin GVIIA (s-conotoxin; aérge 41
aminoacids conotoxir73]) andd-tubocurarine.
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d-Tubocurarine is a monequaternary alkaloid obtained from the bark and stems of
Chondrodendron tomentosuh Tubocurarine blocks nAChRs at the neuromuscular junction but also
acts on serotonin receptdi®l]. d-Tubocurarinds the archetypaturare. As neuromuscular blockers,
curares can be used as skeletal muscle relaxants and were mdadaced in anesthesia in 1943)].
Curaresare active only by injection. They arerimdess if taken orally because curare compounds are
too large and too highly charged to pass through the lining of the digestive tract to be absorbed into the
blood. This explains how they can be used to kill prey that will be later ingested.

2.5. NMDA Reeptors

Ageltoxin (agatoxin) are arylamine toxins (tha-agatoxins) found in the venom of the spider
Agelenopsis apertd hey paralyze insects by blocking glutamatergic neuromuscular transnji&gjon
Ageltoxins are thought to be n@mompetitive channellbckers specific for NMDA receptofg6,77].

Conantokins are found in the venom fro@onusfish hunting snail$78]. The conantokins (G, L, R
and T) form a class of peptides that inhibit competitively NMDA recefit®s80]. Interestingly
conantokins posss a large number afcarboxyglutamic acid residues (Figure[8)L]. One of the
g earboxyglutamic acid residues is thought to participate in the selectivity of conant{8&h. G

2.6. AMPA Receptors

Quisqualic acid is isolated from the seeds Qfuisqualis indica Quisqualic aid is an agonist at
AMPA receptord83]. Quisqualate used to be the prototypical ligand of AMPA receptors, which were
therefore called quisqualate receptors. However, this name has been abandoned as quisqualate also a
at metabotropic glutamate reces{83].

2.7. Kainate Receptors

Kainic acid was first isolated from the red al@zgenia simplexwhere it might play a defense
role, [84] and is also found in other algf®5]. Kainic acid is the prototypical agonist defining the
Kainate subtype of glutarteareceptors. The toxin is associated with human poisoning through the
consumption of mussels that eat the algae.

2.8. P2X Receptors

Purotoxin are P2X receptors modulators which were isolated from the venom of the wolf spider
Geolycosa sp [86]. Later, puoxin has been isolated and shown to be acwnpetitive antagonist of
the P2X3 receptors [87]. It was found to be a close homologue to other spider toxins of unknown
function and a more distant homologue to toxins known to bind to other receptorsq@&/gvét, none
of the receptors tested, besides P2X3, were sensitive to purotoxin, which makes it to date the only
toxin specific of P2X receptors [87].
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Figure 7. Representative toxins targeting the glutamate receptors. Top: NMDA receptors;
Middle: AMPA reeptors; Bottom: Kainate receptors.

3. Current and Proposed Medical Use of Toxins Targeting the LGIC

Neurotoxins are great sources of medicine or cosmetic profijctsn addition to their usage as
analgesicqd79], they are now evaluated as potentiahtingent for many pathologig4,6,88]. The
toxins presented below are those that are used in clinic or that entered clinical trials (clinical trials were
monitored using the website clinicaltrial.org). However, for some LGICs, no toxin has reached clinical
trials. Therefore, this section is also complemented with information from patents and recent
preclinical data.

An important characteristic of all the toxins presented below is that they are not used as alternative
strategies because of toxic propert[89]. Instead, the toxins targeting LGIC are used for their
modulating activity.

3.1.nAChR

The nAChR has the largest number of known toxins (Sections 2 and 5). It is probably not surprising
that nAChR also has the largest number of toxins used medicdlyestingly, both agonists and
antagonists are used differently to what is observed for most of the other LGIC.

3.1.1. Agonists

NAChR agonists are considered for their central action and, beyond treatment of tobacco addiction,
the main targeted effect iggnition stimulation.

Three agonists are used to treat tobacco dependéptigine (in eastern and central Eurogép],
Lobeline [91] andNicotine.



