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Abstract

Pentameric ligand-gated ion-channels (pLGICs) represent a large family of transmembrane proteins
that play a fundamental role in synaptic neurotransmission throughout the animal kingdom. These
essential mediators of neuromuscular movement appeared more than two billion years ago and through
the central mechanism of gene duplication and loss, have led to a diverse family of modern-day
pLGICs. The evolution of pLGICs has given rise to a complex population of heteromeric receptors,
particularly in the clade V nematode species, closely related to the free-living model Caenorhabditis
elegans. Among them, the levamisole-sensitive acetylcholine receptor (L-AChR) stands out, composed
of five different subunits in C. elegans. The appearance of new subunits of this receptor continues
through gene duplication. Expansion of the unc-29 gene to four copies in the parasitic nematode of
small ruminants, Haemonchus contortus, is proposed as a model of the process more generally. I was
able to show that despite very similar sequences, the four copies have diverged in function, most
clearly in their interaction with other subunits of the receptor. Interaction with a-type subunits limits
the role that non-a type subunits can play in a functional receptor and these evolved interactions break
down when subunits of different species are combined into the same receptor. I was also able to define
the structural organization of the C. elegans L-AChR and so demonstrate these interactions occur
between subunits in physical contact. This work provides a foundation that can be used to identify the

precise mechanisms that determine subunit diversification in this complex family of pLGIC receptors.



Résumé

Les canaux ioniques pentamériques ligand-dépendants (pLGICs) font partie d’un vaste groupe de
protéines transmembranaires jouant un role fondamental dans la neurotransmission synaptique au sein
du régne animal. Ces acteurs essentiels des mouvements neuromusculaires sont apparus il y a plus de 2
milliards d’années et ont, par le biais de duplications ou pertes génétiques, donné naissance a la grande
famille des pLGICs actuellement connus. L’évolution des pLGICs a permis I’émergence d’une
population complexe de récepteurs hétéromériques, en particulier dans la clade V des nématodes
apparentés a I’espece modele libre Caenorhabditis elegans. Parmi eux, le récepteur a 1’acétylcholine
sensible au lévamisole (L-AChR) se démarque de part la présence de cinq sous-unités différentes chez
C. elegans. L’ apparition des nouvelles sous-unités de ce récepteur semble étre en progression via le
phénomeéne de duplication de génes. En effet, I’expansion du geéne unc-29 sous forme de quatre copies
chez le nématode parasite des petits ruminants Haemonchus contortus, est proposé en tant que modele
de ce processus de maniere plus générale. J’ai pu démontrer que malgré des séquences trés similaires,
ces quatre copies ont subit une divergence fonctionnelle particuliérement marquée au niveau de leurs
interactions respectives avec les sous-unités voisines du récepteur. En principe, les interactions avec les
sous-unités de type o limitent le réle que les sous-unités non-a peuvent jouer au sein de récepteurs
fonctionnels. En revanche, la combinaison de sous-unités provenant de différentes espéces au sein d’un
méme récepteur permet d’annihiler ces relations et de mieux comprendre leur role respectif. J’ai
¢galement pu établir I’organisation structurelle du L-AChR de C. elegans et démontré que les
interactions entre sous-unités se déroulent parmi celles établissant un contact physique direct. Ce travail
fournit une base solide qui permettra d’identifier les mécanismes précis qui déterminent la

diversification des sous-unités au sein de la grande et complexe famille des pLGICs.
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Chapter I: Introduction & Literature Review.

1.1 General introduction

Muscular control of movement is fundamental to animal life and emerged approximately 600 to 700
million years ago, leading to an explosion of bilaterian species that were able to explore their
environment in three dimensions (Smith et al., 2013, Holland 2015). A critical component was a
modification of chemoreceptors that signal through ion-flow so that they respond to chemical signals
produced from other cells. Adaptation and diversification of these chemo-receptors ultimately led to a
wide repertoire of synaptic signalling with neurotransmitters regulating membrane polarization of
target cells. As movement directly coincides with the diversity of animal life, understanding the

mechanisms controlling the diversification of neurotransmitter receptors is of fundamental importance.

Acetylcholine (ACh) was the first neurotransmitter discovered, in the early 20th century (Loewi et al.,
1926) and plays a dominant role in neuromuscular coordination as a main agonist of both muscarinic
(mAChRs) and nicotinic acetylcholine receptors (nAChRs). These latter have been the focus of
intensive investigation since their discovery (Changeux 2012). Being structurally similar, nAChRs
(also commonly named AChRs) are composed of five transmembrane subunits surrounding a central
pore through which ions selectively pass into the cytosol of post-synaptic cells. Importantly, subunit
composition is a key feature at the origin of the diversification of AChRs and other pentameric ligand-
gated ion-channels (pLGICs) (Ortells et al., 1995, Dent 2006, Beech et al., 2015). Indeed most recent
phylogenetic studies point out that homomeric receptors were likely at the origin of heteromeric
receptors through a variety of diversification processes that are common to the whole pLGIC family
(Ortells et al., 1995, Dent 2006, Beech et al., 2015). Although progress has been made in understanding
the properties different subunits can confer on the receptor, the mechanisms controlling how subunits

combine and how new subunits and new combinations arise remains poorly understood.

The major issue in the investigation of such phenomenon lies in the fact that most of the major
metazoan AChR subunit types emerged approximately 600 to 700 million years ago (Ortells et al.,
1995, Dent 2006, Dent 2010, Beech et al., 2014). Such a long period of evolution after the initial events
has obscured those sequence residues that are responsible for subunit characteristics among many
changes that have no significant effect. Recently duplicated subunits whose functional characteristics
can be shown to be different would represent an ideal example to investigate these mechanisms in

detail and the amino acids responsible.



A large variety of pLGIC subunits are found in the modern day that determine the ion selectivity and
ligand binding properties of their receptors. Among the AChRs, two main subtypes of subunits are
either called o or non-a depending on their ability to form respectively the principal and
complementary faces of the ACh binding site (Corringer et al., 2000). In nematodes, muscular AChRs
are split in three major groups called N-, M- or L-type AChRs corresponding to their respective affinity
to nicotine and the anthelmintics morantel and levamisole (LEV) (Martin et al., 1997, Robertson et al.,
1999, Qian et al., 2006, Boulin et al., 2008, Courtot et al., 2015). The L-AChR is of particular interest
as the most recent studies have revealed complex subunit composition suggesting maximal
diversification (Boulin et al., 2008, Boulin et al., 2011, Buxton et al., 2014, Duguet et al., 2016).
However, recent studies suggest that, in some parasitic nematode species, the same process continues
in the form of newly duplicated genes (Neveu et al., 2010, Duguet et al., 2016). Indeed, the helminth
genome initiative provides evidence of recent gene duplication and loss in the unc-38 and unc-29
families of L-AChR subunits, which seems to represent a common phenomenon of diversification

among the whole Nematoda phylum (Beech et al., 2015).

Deciphering the conditions and mechanisms governing subunit gene duplications remains a
requirement for understanding the establishment of pLGIC diversity within nematodes in particular.
However, most duplication events are old so that gene sequences have diverged too much to determine
functionally important residues. Fortunately, the identification of recently duplicated unc-29 paralogs
within the trichostrongylid nematodes and particularly in the parasitic nematode of small ruminants
Haemonchus contortus (Neveu et al., 2010) shows that the duplication process is ongoing. More
importantly, these new paralogs represent a good model for understanding the conditions and

mechanisms responsible for diversification as well as their functional impact on the nematode biology.

In order to understand the relevance of such a model, it is critical to understand the general biology of
nematodes. The free-living species C. elegans and the parasitic nematode H. contortus are here
proposed as model organisms to study subunit duplication, as one possesses a single unc-29 gene
whereas the other expresses four paralogs, a phenomenon that is found more generally across the
strongylid nematodes (Duguet et al 2016). In order to understand this in context, I will present a review
of nematode biology, their neuromusculature and specifically the structure and function of the pLGIC
neurotransmitter receptors. I will review what is known about gene duplication and accompanying

changes in the pharmacological properties of pLGIC receptors and conclude this introduction with a



description of what is known to date in terms of the evolutionary changes and in the L-AChRs of

different species of parasitic nematodes. 1.2 Nematodes

In the animal kingdom, insects and nematodes share a common ancestor of moulting animals, the
ecdysozoa (Aguinaldo et al., 1997). Nematodes represent the second most abundant group of animals
after insects with up to 10 millions estimated species of which only 26,000 have been reported so far
and 100 are currently targeted for genome sequencing (Blaxter et al., 1998, Blaxter et al., 2015). Also
called "round worms", the nematodes are characterized by a simple and conserved morphology despite
a high diversity of species. Physiological functions such as the respiratory and circulatory systems are
absent. The nematode body is non segmented and covered with a resistant cuticle and the digestive and
muscular systems are present in tubular form (Basyoni et al., 2016). A nervous system often qualified
as anatomically simple but neurochemically complex is present and ensures locomotion, reproduction,

feeding, and other major biological functions (White et al., 1986, Basyoni et al., 2016).

Free living nematodes can complete their life cycle in large numbers in both aquatic and terrestrial
environments (Floyd et al., 2002, Lee 2002). They play an important role in the equilibrium of soil
ecosystems by recycling mineral and organic material (Lee 2002). Many species parasitize a variety of
eukaryotic multicellular organisms including humans, insects, animals in general and plants. They are
consequently a global problem for human health (Lustigman et al., 2012), and the reason for important

economic losses for livestock production and agriculture (Abad et al., 2008, Roeber et al., 2013).

The phylum Nematoda has long been classified for their distinctive morphological properties (Durette-
Desset et al., 1999, Lee 2002). However, recent phylogenetic studies have allowed a more detailed
classification based on the sequencing of ribosomal RNA subunits (Blaxter et al., 1998, Parkinson et
al., 2004, Mitreva et al., 2005, Holterman et al., 2006, Blaxter et al., 2015). The phylum is classified
into five clades: clade I (Dorylaimia), clade II (Enoplia), clade III (Spirurina), clade IV (Tylenchina),
clade V (Rhabditina) and are composed of free-living and parasitic nematodes targeting humans,
animals or plants (Parkinson et al., 2004, Mitreva et al., 2005, Meldal et al., 2007, Blaxter et al., 2015)
(Figure 1.1).
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Figure 1.1: Phylogeny of Nematoda phylum

permission from Macmillan Publishers Ltd: [NATURE GENETICS] (Parkinson et al., 2004), copyright (2004)

1.2.1 Caenorhabditis elegans

oThe free-living, clade V nematode Caenorhabditis elegans is a key organism that has been proposed
as a model for decrypting "classical problems of molecular biology" encountered in eukaryotic
organisms as a whole, by the Nobel prize winner for Medicine (2002), Sydney Brenner (Brenner 1974,
White et al., 1986, Brenner 1988, Hobert 2013). Specifically, C. elegans was chosen to study
development, cell differentiation and organization of the neuromusculature. In fact, one of the first
genetic screens carried out in C. elegans was to identify defects in the nervous system by screening
with the anthelmintic levamisole (Lewis et al., 1980). This novel approach has allowed the

identification and characterization of a large part of the L-AChR signalling system (Lewis et al., 1980)



and pioneered the use of a variety of pharmacological compounds for tracking molecular targets and

understanding their biology (Jones et al., 2004, Mathew et al., 2016).

Caenorhabditis is a small nematode ; as adult forms are about 1mm long (Figure 1.2) ; that is easily
cultivable at low cost and generate offspring rapidly. Its transparency makes localization of structures
within the worm possible and its invariant number of somatic cells allows specific cells and cell types
to be identified reliably. C. elegans was the first multicellular eukaryotic genome published, in 1998
(Consortium 1998), and this allowed genes to be identified and cloned rapidly. Moreover, advanced
genetic techniques that are available offer the possibility to create transgenic worms to carry out

functional analysis of genes from other organisms in vivo.

The life cycle of C. elegans is completed in 3 days when maintained at 25°C. Single animals can
initiate a new generation of worms as most of the adult forms are self-fertilizing hermaphrodites, the
rest being males. Adult hermaphrodite worms release eggs which rapidly undergo embryogenesis to
give rise to L1 stage larvae. This steps is followed by three successive moults (L2, L3, L4 larval
stages). If external conditions are favourable, L4 larvae initiate their final development step toward the
young adult stage, which become hermaphrodite. Alternatively, under less favourable conditions, L2
larvae develop into a "dauer" stage, which is a resistant form that can survive and rapidly change to L4
larvae when the environment becomes more favourable for the development of the worms (Corsi et al.,

2015).

C. elegans is particularly effective as a model for a variety of parasitic nematode species that are
directly related to human and animal health as well as crop damage, due to their phylogenetic
proximity. As a model it has proved instrumental in gaining knowledge on effective control strategies
and a better understanding of drug resistance mechanisms (Holden Dye et al., 2007, Mathew et al.,

2016).



Distal gonad

Proximal gonad

Figure 1.2: Adult hermaphrodite Caenorhabditis elegans with eggs (top) and anatomical organization
(bottom) (http://www.wormatlas.org)

1.2.2 Haemonchus contortus

Transfer of knowledge from C. elegans to parasitic nematodes, particularly the parasite of sheep,
Haemonchus contortus, has provided highly successful in identifying the molecular targets of many
anthelmintic compounds including ivermectin (Cully et al., 1994, Forrester et al., 2003, Wolstenholme
et al., 2005), LEV (Boulin et al., 2008, Williamson et al., 2009, Boulin et al., 2011, Buxton et al.,
2014), monepantel (Rufener et al., 2010, Baur et al., 2015) and morantel (Courtot et al., 2015). Despite
this success, in almost every case, subunit genes showed significant differences from that in C. elegans
(Laing 2013). The development of a closely related parasitic nematode model, such as H. contortus is

invaluable for understanding the importance of these differences.

The barber pole worm H. contortus is a major pest affecting livestock production worldwide (Emery et
al., 2016). Being the most pathogenic gastrointestinal nematode infecting small ruminants, H. contortus
is largely encountered in tropical and subtropical regions (O'Connor et al., 2006) and is widespread in
all temperate zones (Herd 1986, van Wyk et al., 1997, Hoste et al., 2002, Almeida et al., 2010) and
even sub-polar regions such as Sweden (Waller et al., 2004). The parasite feeds on blood, causing
anemia and digestive trouble leading to loss of weight, low milk/meat/wool production (Suarez et al.,
2009) as well as an alteration of reproductive capacities (Poppi et al., 1990) and sometimes the death of

weaker individuals.

Haemonchus contortus is the largest strongylid parasite of ruminants (adult female: 1.5 to 3 cm in

length), being part of the order Strongyloidea (Durette-Desset et al., 1999, Parkinson et al., 2004), the
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male adults characterized by a small buccal apparatus and a large copulatory bursa. Other
Strongyloidea include Teladorsagia circumcincta and Trichostrongylus colubriformis that are found in
temperate regions (Parkinson et al., 2004, O'Connor et al., 2006). The Strongyloidea group is a close
relative of Caenorhabditis spp. that are free-living nematodes of the Rhabditoideae group. Both belong
to the clade V Rhabditina (Parkinson et al., 2004, Blaxter et al., 2015).

H. contortus has a direct lifecycle involving ruminant hosts (Figure 1.3). Adults live in the abomasum,
female worms shed eggs, released onto the grazing field within faeces of the host. The eggs hatch to
deliver larval stage 1 (L1). L1 and L2 both feed on organic matter in the environment. The infective
larval stage 3 (L3) is ingested by the grazing host. L3 are highly mobile, resistant and can anchor to the
mucosa of the host abomasum. L3s molt into L4 under stimulation of digestive fluids and then into L5
(juvenile stage). The prepatent period, L3 ingestion to first appearance of eggs in the feces, lasts 17 to
21 days (Zajac 2006). Finally adult male and female worms mate, producing 5000 to 10,000 eggs per
day (Coyne et al., 1991). Extreme infection causes severe anemia due to blood feeding (Clark et al.,

1962).

The genome of H. contortus has been recently sequenced, which represents the first strongylid genome
to be published along with an important transcriptomic dataset (Laing et al., 2013, Schwarz et al., 2013,
Laing et al., 2016). It was then followed by the publication of draft genomes from important strongylid
species such as the pig nodule worm Oesophagostomum dentatum (Tyagi et al., 2015), the human
hookworm Necator americanus (Tang et al., 2014) or the zoonotic hookworm Ancylostoma caninum
(Schwarz et al., 2015), etc. Globally, clade V genomes are structurally similar and share lots of
conserved genes, which validates the use of C. elegans as a comparison model for functional genomic

studies (Gilleard 2013).
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Figure 1.3: Life cycle of Haemonchus contortus, the barber pole worm
(http://www.aragriculture.org)

1.3 Nervous system and Neurotransmission

The nervous system is one of the great fundamental physiological functions driving general behaviour
throughout the Eumetazoa superfamily of animals. The fundamental signalling unit is the neurone
(Renard et al., 2009), which conducts an electrical signal as the flow of charged ions and transmits and
receives information through cell interconnections either in the form of an electrical gap junction
between cells or a chemical synapse (Kandel et al., 2000). This thesis focuses on synaptic signalling at

the neuromuscular junction (NMJ).

In vertebrates, a signal is propagated along the neuronal axon towards synaptic termini in the form of
local disturbances of electrolytic gradients on either side of the neuronal plasma membrane, called an
action potential. This rapid event occurs on a scale of 0.5 to hundreds of milliseconds and is driven by
the inflow of Na*, followed by the outflow of K* through voltage-gated ion channels anchored within
the neuronal membrane (Kandel et al., 2000). The membrane potential is normally fixed at -70 mV but
the wave of depolarization- hyperpolarization, known as an action potential, progresses without loss of
amplitude (Kandel et al., 2000). Unlike insects (Peron et al., 2009), nematodes, and particularly in C.
elegans, neurotransmission is for a large majority based on diffusion of ions within cells and does not

involve the transmission of action potentials ( Mellem et al., 2008). Depolarization of the presynaptic
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membrane provokes release of neurotransmitters contained in vesicles (Richmond 2005). This process
is finely regulated by enzymatic breakdown of the neurotransmitters and/or re-uptake by pre- and

postsynaptic cells as well as glia (Kandel et al., 2000).

Neurotransmitters principally activate specific post-synaptic receptors, which are divided into two main
classes. Slow chemical neurotransmission is mediated by G-protein coupled receptors, sensitive to
classical neurotransmitters including ACh, glutamate, serotonin and biogenic amines as well as
neuropeptides (Green et al., 1994, Cottrell 1997), that lead to an indirect depolarization by activating
second-messenger pathways (Voglis et al., 2006). Fast acting neurotransmission is mediated by
ionotropic glutamate receptors (iGluRs) and pLGICs belonging to the "cys-loop" receptors. Their
permeability to either cations (Na+, Ca>, K*) or anions (Cl) leads to either depolarization (excitatory
state) or hyperpolarization (inhibitory state), respectively (Kandel et al., 2000, Keramidas et al., 2004,
Barry et al., 2005, Voglis et al., 2006). pLGICs are activated by various fast-acting neurotransmitters
such as ACh, y-aminobutyric acid (GABA), biogenic amines, protons, among others and drive
important functions such as reproduction (Rand 2007), feeding (McKay et al., 2004, Wolstenholme
2012), defecation and locomotion (Schuske et al., 2004).

Located at the NMJs, pLGICs are the preferential target of many drugs (Holden Dye et al., 2007,
Martin et al., 2012) due to their rapid physiological response (Aceves et al., 1970, Aubry et al., 1970).
The importance of pLGICs can be summarized by their control of locomotion where pLGICs mediate
control indirectly, at the neuronal junction and directly, at the neuromuscular junction, (Jorgensen
1995, Schuske et al., 2004). Nematode movement is characterized by sinusoidal waves (Gray et al.,
1964), corresponding to cycles of contraction and relaxation. Interneurones control backward or
forward movement and motor neurones directly command individual muscles (Schuske et al., 2004).
Thus, on one side, an excitation signal from cholinergic neurones leads to the release of ACh and
contraction of muscles. On the opposite side, muscles relax in response to GABAergic motor neurons,
that are in turn stimulated by cholinergic pre-synaptic motor neurones (Jorgensen 1995). This
contraction-relaxation balance is a fundamental mechanism driving normal nematode movement and so
the balance between the muscular ACh and GABA gated pLGICs is critical for maintaining body
muscle activity. The details of how this is achieved is of primary interest for understanding movement

and the potential for these as effective drug targets.



1.3.1 The C. elegans nervous system

The model nematode C. elegans possesses a relatively simple nervous system (Brenner 1974)
compared to vertebrates, that is entirely mapped. A total of 302 neurones are connected via 7000
chemical synapses, 2000 NMJs and 600 gap junctions (White et al., 1986). Most of the neurone cell
bodies are grouped in the head around the pharynx, in the ventral midline and the tail (White et al.,
1986). Different neuronal organizations such as the circumpharyngeal ring of interneurons and motor
neurone processes are found in the head and manage sensory and motor information (Albertson et al.,
1976, White et al., 1976). Chemoreceptive and sensory organs such as amphids and phasmids
respectively in the head and the tail are represented by groups of specialized neurones (White et al.,

1986).

The overall innervation of the worm body is organized as parallel groups of processes coming from the
nerve ring running either longitudinally (nerve cords) or circumferentially (commissures connecting
nerve cords), all adjacent to the hypodermis. The ventral nerve cord contains interneurone processes and
motor neurone bodies innervating wall muscles of both sides (White et al., 1976) via the intermediate

NMJs.

1.3.2 The cholinergic system

Acetylcholine is a fundamental neurotransmitter that was first identified as a inhibitor of cardiac
activity and later as an activator of skeletal muscles within the peripheral nervous system of vertebrates
(Loewi et al., 1926). ACh is also a major actor of the animal autonomous nervous system and principal

neurotransmitter in several cerebral areas within the central nervous system (Kandel et al., 2000).

In nematodes such as C. elegans, ACh is one of the most abundant neurotransmitters and is released by
a majority of neurones (Pereira et al., 2015). The role of ACh in nematodes was first identified using
the human intestinal worm Ascaris lumbricoides where it also mediates excitatory neurotransmission
(Delcastillo et al., 1963, Del Castillo et al., 1967). The first large scale genetic screen for mutants
affecting the C. elegans nervous system was based on the ACh receptor agonist, LEV (Lewis et al.,
1980). Decades later, a precise description of C. elegans cholinergic signalling includes the ACh
biosynthesis pathway in pre-synaptic neurones, its vesicular transport and release to the synapses

followed by binding on post-synaptic acetylcholine receptors (Rand 2007, Pereira et al., 2015).

Although primarily an excitatory neurotransmitter at the neuromuscular junction (Rand 2007, Pereira et

al., 2015), ACh is also found at the neuronal junctions (Hobert 2013, Pereira et al., 2015) where it can
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play an inhibitory role, for example, in the pharyngeal nervous system (Putrenko et al., 2005). Major
functions such as locomotion, feeding and egg-laying involve the cholinergic system and more

precisely the action of ACh on the corresponding ionotropic receptors (Rand 2007).

The most recent descriptions of the C. elegans cholinergic system have revealed a complex population
of homomeric and heteromeric ACh-gated pLGICs (AChRs) made up of a variety of related subunits,
particularly at the NMJs (Touroutine et al., 2005, Jones et al., 2007, Boulin et al., 2008, Jones et al.,
2008). These AChRs are similar to those found in vertebrates where extensive research provides
detailed knowledge of their structure, function, regulation and assembly (Thompson et al., 2010, Fu et
al., 2016). This also means that new knowledge gained from the nematode AChRs will be directly

relevant to our understanding of this class of receptors in general.

1.4 Pentameric Ligand-Gated lon-Channels

The post-synaptic ligand-gated ion-channels (LGICs) are found universally in vertebrates, invertebrates
and have also been identified in some prokaryotic species (Connolly et al., 2004, Tasneem et al., 2005,
Jones et al., 2008, Jones et al., 2010). These transmembrane ion-channels are activated by chemical
messengers such as neurotransmitters and selectively allow cations (Na*, K*, Ca**) or anions (CI’) to
pass into the post-synaptic cells through their central pore. LGICs can also be activated and-or

modulated by various allosteric ligands, blockers, ions and variations of plasma membrane potential.

The LGIC superfamily groups four major classes of ion-channels: the cys-loop, pentameric LGICs
(pLGICs), iGluRs, the ATP, and PIP;-gated ion-channels. pLGICs mediate the majority of excitatory

and inhibitory ionotropic neurotransmission (Lester et al., 2004, Barry et al., 2005). In vertebrates, a

variety of pLGIC ligands have been characterized, including acetylcholine, y-aminobutyric acid

(GABAA4, GABAC(), 5-hydroxytryptamine (serotonin), glycine, zinc and protons (Lester et al., 2004).
Invertebrate receptors are predominantly gated by acetylcholine, GABA, serotonin, histamine,

glutamate and protons (Lester et al., 2004, Jones et al., 2008, Jones et al., 2010).

1.4.1 Structure

The major functions of pLGICs rely on changing electrolytic gradients across cellular membranes

under the activation of specific ligands, which supposes a structural adaptation of the receptors for
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ligand binding and ion diffusion. pLGICs are composed of five subunits anchored in the plasma
membrane of post-synaptic cells. Subunits can be identical and so form homopentamers or different
subsets of subunits can co-assemble to form heteropentamers (Corringer et al., 2000, Hanna et al.,
2000). Subunits are essentially composed of a large N-terminal extracellular ligand-binding domain,
four a-helical transmembrane domains (TM1-4) and a long intracellular loop located in between the
TM3 and TM4 (Thompson et al., 2010, Tsetlin et al., 2011) (Figure 1.4). A distinguishing feature of the
pLGIC family is the strong conservation of their overall structure. The molecular structure of a variety
of receptors from vertebrates, invertebrates and bacteria, in closed or ligand-bound states have been
interpreted, through electron microscopy, X-ray crystallography or in silico modelling. Indeed, this
approach represents an effective strategy for predicting key features of receptors such as ligand binding
and the residues involved in subunit interfaces. Indeed the 3D structure of the different sub-families of
pLGICs have been reported including the AChRs from the electric ray, Torpedo californica, the snail
Lymnae stagnalis (Brejc et al., 2001, Unwin 2005), the human 042 (Morales-Perez et al., 2016) a7
(Amiri et al., 2005), the C. elegans GluCla receptor (Hibbs et al., 2011), the prokaryotic GLIC
(Bocquet et al., 2009) and ELIC channels (Hilf et al., 2008), the mouse 5-HT3 receptor (Kesters et al.,
2013, Hassaine et al., 2014), the human GABA 4 receptor (Miller et al., 2014) or the human GlyR (Du
et al., 2015).

M= ECD LML TMZ R T™S) = H-
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Figure 1.4: pLGIC structure.

(a) Secondary structure of subunits: extracellular domain (ECD), transmembrane domains (TM),
intracellular domain (ICD) ; (b) Tertiary structure of a AChR subunit ; (¢) whole AChR receptor ; (d)
Top view of a AChR with the central ion pore.

permission from Macmillan Publishers Ltd: [NATURE CHEMICAL BIOLOGY] (Akabas 2011), copyright (2011)

1.4.2 Ligand binding

The N-terminal extracellular domain of pLGIC subunits represents approximately half of the protein,
from which the ligand-binding sites are formed. Activating neurotransmitter molecules bind to the
interface between two adjacent subunits of the pLGIC in a hydrophobic binding pocket of their
extracellular domains (Corringer et al., 2000, Brejc et al., 2001). The principal subunit contributes three
binding loops, A, B and C and the complementary subunit, loops D, E and F enclosing the bound
ligand (Figure 1.5). The hydrophobic pocket, formed typically from tyrosine and tryptophan residues,
coordinates the ligand and allows interaction with surrounding amino acid residues that ultimately

leads to channel opening.

Extracellular

ooooooooooooooo

.................

Intracellular

Na*, Ca?*, K*

Figure 1.5: Schematic representation of the ACh binding site of a heteromeric AChR
(Jones et al., 2010)

With permission of Springer [Springer ebook] (Jones et al., 2010), copyright (2010)
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Homomeric receptors can, in theory, bind five independent ligands but, in reality, channel opening
proceeds through an asymmetrical occupation of two or possibly three sites that produce an unstable
state that transitions toward a stable, active state (Rayes et al., 2009, Mowrey et al., 2013). This can be
achieved because binding of the first ligand molecule can alter affinity for a second and third ligand.
This cooperative binding can be estimated through the Hill equation, which determines the level of
cooperativity within multi-subunit proteins such as allosteric enzymes or ion-channels (Yifrach 2004).
In contrast, heteromeric receptors contain subunits that are structurally distinct and create binding sites

with different binding characteristics. For example, the vertebrate AChR o subunits can occupy both

principal and complementary positions, whereas the 3, Y and & subunits can only act as a

complementary subunit (Corringer et al., 2000). Indeed, a subunits contains two vicinal cysteins in
loop C that are critical for maintaining the structure of the ACh-binding pocket (McLane et al., 1991).
As pairs of o/a and o/non-a subunits can form functional ligand binding sites, the nature of subunits
and their stoichiometry within the heteromeric receptors can directly influence their pharmacological
profile. The human a4f2 receptor is found in the brain and subunits can assemble to form two
receptors: (04)3(B2)2 or (04)2(pB2); exhibiting different sensitivities to ACh, nicotine and variable
permeability to Ca?" (Nelson et al., 2003, Zhou et al., 2003). The quaternary structure of (a4)2(B2)s has
been solved recently through X-ray crystallography (Morales-Perez et al., 2016).

The "cys-loop" LGICs take their name from a particular amino acid sequence motif located in the N-
terminal extracellular domain of each subunit. It corresponds to a loop made up of 13 amino acids
flanked by two cysteines forming a disulphide bond. This loop plays a critical role in receptor gating
and inter-subunit assembly (Green et al., 1997). Notably, the prokaryotic cys-loop homologs that have
been described so far do not contain the cys residues in a homologous position within the sequence

(Tasneem et al., 2005).

1.4.3 Ion selectivity

Ion exchange is another essential functional feature of ion-channels. The pentameric structure of
pLGICs creates a funnel-shaped transmembrane (TM) region that controls ion flow through specific
amino acids that allow only specific cations (Ca?", K, Na*) or anions (CI') to pass through the central

pore.

The TMs of each subunit are formed from a helices and anchor the receptor in the lipid bilayer of the

cells. Within the receptor, the central pore is formed of a inner ring of the second transmembrane
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domaine (TM2) from each subunit whereas TMs 1, 3 and 4 form outer complex that is directly in
contact with lipids (Miyazawa et al., 2003, De Planque et al., 2004). The TM2 plays a critical role in
gating mechanisms as it forms a selective filter for ions (Keramidas et al., 2004). Indeed, the TM2s
forms a funnel where the inner diameter gradually reduces toward the gate of the channel. The TM2
contains mostly non-polar amino acids but charged residues are present along the a helix (Keramidas et
al., 2004). These rings of charged residues added to a narrow diameter directly contribute to ion-
selectivity. In the case of heteromeric receptors such as AChRs, the presence of multiple subunit
subtypes changes the composition of the TM2s which would explain the important differences

observed regarding Ca®" permeation (Girod et al., 1999, Thompson et al., 2010).

The intracellular domain corresponds to a large loop located between the TM3 and TM4. Initial studies
attributed a role of "portal" for ion entry or exit (Unwin 1993, Miyazawa et al., 1999). In addition,
recent works have also demonstrated a potential relationship with channel conductance (Hales et al.,
2006). Indeed, the intracellular loop contains important charged amino acids affecting the ion flow
between the cytoplasm and the gate of the receptor. In addition, a complex communication exists
between the intracellular domain and other cytosolic proteins such as protein kinases, which can
directly influence the desensitization rate of the receptors, the surface expression or the sensitivity to
various ligands (Talwar et al., 2014). Other post-translational modifications such as glycosylation and
palmitoylation may also play a role in assembly of subunits and trafficking of the receptor from the

endoplasmic reticulum to the plasma membrane (Wanamaker et al., 2003, Alexander et al., 2010).

1.4.4 Assembly

The fine degree of neurotransmission control achieved by pLGIC mediated signalling involves control
over subunit composition and presentation of receptors at the synaptic interface. Post-synaptic cells
regulate subunit synthesis, folding, assembly and transport of the receptor to the plasma membrane (Fu
et al., 2016). Proteolysis of mis-folded subunits and unassembled receptors occurs through the
endoplasmic reticulum-associated degradation system (Vembar et al., 2008) and ultimately, only 25 to

30 % of synthesized subunits are assembled into functional receptors (Wanamaker et al., 2003).

Subunits are synthesized in the endoplasmic reticulum (ER) and must meet structural requirements
prior to their transport to the plasma membrane via the Golgi apparatus. The N-terminal domain of
subunits contains critical amino acids and glycosylation sites regulating the assembly and trafficking of
receptors to the cell surface (Sumikawa et al., 1994, Avramopoulou et al., 2004). The short

extracellular C-terminal tail, beyond the fourth transmembrane domain may be essential for the
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assembly of subunits and their expression at the cell surface, as described for the human 5-HT3 receptor

(Butler et al., 2009) and muscular AChR (Ealing et al., 2002).

The assembly of subunits is a complex process involving a variety of accessory proteins. Mostly
residing in the ER, subsets of chaperons involved in subunit assembly can vary dramatically depending
on the organism and the pLGIC subtypes (Millar et al., 2008, Fu et al., 2016). For example, in
vertebrates, BiP is a "heat shock protein" located in the ER that interacts specifically with AChR
subunit monomers (Wanamaker et al., 2003) and associates with unfolded GABAa receptor subunits
(Di et al., 2013). On the other hand, calnexin is an ER-membrane chaperone notably involved in
controlling subunit folding and assembly of several pLGICs subtypes (Gelman et al., 1995, Keller et
al., 1996, Han et al., 2015). Interestingly, the requirement of accessory proteins in nematodes seems to
be exclusively related to AChRs (Gottschalk et al., 2005) as no proteins assisting the biosynthesis of
anionic pLGICs have been reported. Moreover, for certain types of pLGICs, different chaperones are
involved at every step of the receptor biosynthesis, from the assembly/folding of subunits to the export

and regulation of expression at the plasma membrane (Millar 2003, Gottschalk et al., 2005).

1.4.5 Chaperones

Within the ER, the pLGIC subunits undergo proper folding and co-assembly with subunit partners to
from immature ion-channel complexes. Among the pLGIC-related ER-chaperones, RIC-3 (resistance to
inhibitors of acetylcholinesterase 3) is a transmembrane protein exhibiting multi-faceted but
nonetheless essential functions for receptors biosynthesis and is mostly associated with cation-selective
ion-channels. Indeed, the vertebrate RIC-3 acts primarily on folding and assembly of the 5-HT3
receptor (Walstab et al., 2010) and seems to enhance channel expression of the human homomeric a7
receptor while inhibiting other AChR subtypes (Castillo et al., 2005, Alexander et al., 2010). More
broadly, a recent study also suggests that the phosphorylation of the C. elegans RIC-3 may be essential
in the fine regulation of muscular activity (Safdie et al., 2016). In nematodes, RIC-3 is one of the most
described accessory proteins among a group of chaperons involved in the assembly of a variety of
AChRs exclusively (Halevi et al., 2002, McKay et al., 2004, Francis et al., 2005, Gottschalk et al.,
2005, Lansdell et al., 2005) including the L, N, M-AChRs respectively sensitive to levamisole, nicotine
and morantel (Boulin et al., 2008, Boulin et al., 2011, Buxton et al., 2014, Courtot et al., 2015,
Abongwa et al., 2016) (Figure 1.6). Interestingly, the Xenopus laevis RIC-3 seems also able to interact
with nematode AChRs such as the N-AChR from C. elegans (Bennett et al., 2012). Particularly for the
L-AChRs, a complex network of accessory proteins have been identified (Martin et al., 2012) among
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which the ER proteins NRA-2 and NRA-4 seem to influence the subunit composition of receptors

(Almedom et al., 2009).

From the ER to the plasma membrane other chaperones regulate the trafficking of newly synthesized
receptor such as the golgi protein UNC-50 (Eimer et al., 2007) and UNC-74 (Haugstetter et al., 2005),
a thioredoxin-like protein residing in the ER (Boulin et al., 2008). Interestingly, UNC-50, UNC-74
along with RIC-3 remain critical accessory proteins for the successful reconstitution of L-AChRs in

Xenopus oocytes (Boulin et al., 2008, Boulin et al., 2011, Martin et al., 2012).

Chaperons can also interact with receptors exposed at the plasma membrane and subsequently play a
role in clustering receptors at the synapses For example, the secreted LEV-9 and the transmembrane
protein LEV-10 both bind to the nematode L-AChRs (Gally et al., 2004, Gendrel et al., 2009). On the
other hand, MOLO-1 is a recently identified transmembrane protein, which positively modulates L-
AChHR gating (Boulin et al., 2012) and OIG-4 (Rapti et al., 2011), EGL-15 as well as SOC-1
(Gottschalk et al., 2005) all play a role in stabilizing the receptors and ensure a proper distribution and

concentration on the membrane.
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Figure 1.6: C. elegans L-AChR biosynthesis (Martin et al., 2012)

With permission from ELSEVIER [TRENDS IN PARASITOLOGY] (Martin et al., 2012), copyright (2012)

1.5 Evolution of pLGICs

The origin of pentameric ligand-gated ion-channels can be traced to before the emergence of
multicellular organisms and they were likely involved in ancient signalling systems, as pLGIC-like
proteins can be observed in some Gram-negative bacteria, playing the role of detectors of external
molecules (Stock et al., 1977, Tasneem et al., 2005, Dent 2010). Overall, phylogenetic studies show
that all metazoan subunit subtypes were already present in the ancestor of bilateria prior to the
Cambrian explosion, approximately 600 million years ago (Dent 2006, Dent 2010). Since then, the
evolution of pLGICs has been punctuated by major events of diversification involving notably gene
duplications to produce the multiple receptors observed today, particularly in nematodes (Beech et al.,
2015). One of the major events that dramatically increased the number of pLGICs corresponds to the
rise of heteromeric receptors from the ancestral forms likely represented by homomeric forms (Ortells
et al., 1995, Dent 2006, Dent 2010). Indeed, this phenomenon is related to the emergence of
complementary subunits exhibiting the ability to form receptors with tuneable characteristics and has
greatly contributed in diversifying the pLGIC types (Jones et al., 2008, Millar et al., 2009, Jones et al.,
2010). Finally, similar diversification events have also allowed dramatic changes that affect ligand
binding, channel conductance, ion-selectivity to create a diverse panel of receptor classes particularly

adapted to new and specific functions (Beech et al., 2015).

1.5.1 Diversity

The pLGIC family groups a variety of neurotransmitter-gated ion-channels that are differentiated by
their subunit composition, which directly influences the functional and pharmacological properties of
the receptor. The diversity of subunits in the whole animal kingdom can be explained by a collection of
genes encoding principal and complementary subunits, the number of genes being dramatically
different between the major animal branches. Indeed, the human genome contains 45 genes encoding

cationic receptors gated by ACh and serotonin and anionic channels gated by GABA and glycine
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(Jones et al., 2008). In contrast, insects conserve a relatively restricted number of subunit genes with no
more than 23 and 21 genes respectively reported in the model insect species Drosophila melanogaster
(Littleton et al., 2000) or the honeybee Apis mellifera (Jones et al., 2006). Among these insect genes,
some encode cationic subunits forming AChRs, both anionic and cationic GABA-gated and anionic
receptors responding to glutamate and histamine. The diversity of nematode pLGIC subunits is
remarkable, particularly in C. elegans, which possesses the highest number of subunit genes with a

total of 102 reported so far (Jones et al., 2008).

The cationic AChR subunit genes remain certainly the largest group of pLGICs subunits (Mongan et
al., 1998, Jones et al., 2007, Williamson et al., 2007, Holden-Dye et al., 2013) involved in the
formation of many different receptors driving major biological functions in nematodes. The C. elegans
genome contains up to 29 genes encoding AChR subunits (Mongan et al., 1998, Jones et al., 2007). The
main gene groups are composed of either a-type subunits (unc-38 and acr-8 groups) or non-a (unc-29

group) or both (acr-16, acr-26 and deg-3 groups) (Jones et al., 2007) (Figure 1.7).
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Figure 1.7: Maximum likelihood phylogeny of AChR subunits from C. elegans and H. contortus.
Based on a protein sequence alignment excluding the signal peptide, intracellular loop and C-terminal
tail. Scale bar represents substitution per site.

The clade I nematode Trichinella spiralis and the clade III species B. malayi, both possess a restricted
number of pLGIC subunit genes compared to C. elegans. All the different main gene subgroups are
represented in both species but 7. spiralis and B. malayi only have 8 and 9 AChR subunit genes
respectively (Williamson et al., 2007). The reason for the limited number of subunits is different
between the clade I and clade III nematodes. Gene expansion is observed in the nematodes following
divergence from clade I. It seems that the clade I nematodes persist with an original smaller set of
subunits, while the clade I1I nematodes have lost subunits present in their common ancestor with the

clade V nematodes (Neveu et al., 2010, Beech et al., 2014, Duguet et al., 2016).

The actual distribution of subunit genes observed in nematodes involve complex evolutionary
mechanisms that correspond to the adaptation of species to specific biological contexts. Understanding
these processes from the origin of pLGICs to the current day family of receptors will provide insight
into the mechanisms responsible and the details of cell physiology that leads to an environment in

which the diversification and appearance of new receptors classes is favoured.

1.5.2 Gene duplication

The appearance of duplicated genes, otherwise known as paralogs, is believed to be a principal process
responsible for the origin of biochemical diversity (Ohno 1970). There are many possible consequences
of duplicated genes that include a general increase in expression levels, an alteration in location and
timing of expression, a change in biochemical function and the separation of tasks for a multifunctional
protein among the gene copies (Hahn 2009, Beech et al., 2015). Two specific scenarios are particularly

relevant for expansion of the nematode pLGICs family.

First, a change in the location and/or timing of subunit expression can lead to new biology. For
example, subunits unc-29 and lev-1 are found within the muscular L-AChR, whereas the paralogous
copies, acr-2 and acr-3, are found in the motor neuronal ACR-2R of C. elegans (Jospin et al., 2009).
Similarly, the glc-1 and avr-15 genes encoding glutamate-gated chloride channels (GluCls) subunits in
C. elegans take both their origin from a duplication that occurred after the split of C. elegans from
Caenorhabditis briggsae (Beech et al., 2015). Being notably involved in the sensitivity to the

anthelmintic ivermectin (Dent et al., 2000), avr-15 is mostly expressed in pharyngeal muscles (Dent et
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al., 1997) whereas glc-1 expression is observed in a variety of tissues and from embryos to adult stages

(Ghosh et al., 2012), suggesting a divergent biological function.

Second, changes in subunit function can involve binding of new ligands, a switch in ion selectivity,
differences in subunit interactions leading from homomeric to heteromeric receptors and as a
consequence changes in ligand affinity and gating properties. Indeed, the large library of pLGIC
subunits offers a variety of cases exhibiting changes in function that are subsequent to gene duplication
events. For example, ion-selectivity remains a major feature of pLGICs as it directly contributes in
maintaining excitation or inhibition of post-synaptic cells. However, a switch of electrical properties
has been reported and highlights a phenomenon that dramatically changes receptor function. For
example, the GABA-gated C. elegans EXP-1 (expulsion defective protein) homomeric receptor
belongs to the ligand-gated chloride channel (LGCC) family and is involved in enteric muscle
contraction (Beg et al., 2003). While sharing similarity with the nematode GABA-gated chloride
channels, this receptor contains the anion-selectivity amino acid motif "PAR" (Jensen et al., 2005)

within the TM2, which indicates a switch into cation selectivity.

Ligand specificity represents another important feature that can be the subject of particular
evolutionary processes. For example, the affinity for glutamate appears to be very ancient as it is shared
by GluCls found in the Ecdysozoan (Cully et al., 1994, Cully et al., 1996), Molluscan (Kehoe et al.,
2009) and Platyhelminths species (Dufour et al., 2013). However, a recent study revealed that from
these three group of organisms, the amino acids involved in glutamate binding are different and
suggests a polyphyletic origin of these ancient pLGICs that all converged towards glutamate
recognition (Lynagh et al., 2015). Similarly, calculation of the substitution rate along the phylogenetic
branches leading to the nematode LGCC-like subunit groups MOD-1 (serotonin-gated), GGR-3
(GABA/Glycine-gated) and ACC-1 (acetylcholine chloride channels)(Jones et al., 2008), shows a
significant increase particularly for residues in close contact with the ligand (Beech et al., 2015). In
other words, this suggests a propensity for a switch in ligand specificity and a convergent evolution

towards binding new molecules.

Another common fate of subunit evolution is the ability to form new interactions with adjacent subunits
to form, in some cases, heteromeric receptors that are required for maintaining a function. For example,
the unc-29 clade provides subunits forming the neuronal ACR2R and the L-AChR which are complex
heteromeric receptors composed of both a and non-a subunit types (Boulin et al., 2008, Jospin et al.,
2009). The muscular nematode a-type ACR-26 and non-a. ACR-27 AChR subunits both belong to the

ACR-16 clade and are absent from free-living and parasitic nematodes (Bennett et al., 2012, Courtot et
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al., 2015). In H. contortus, ACR-26 and ACR-27 form a obligate heteromeric channel called M-type
ACHhR responding to ACh and the anthelmintic morantel but none of these subunits assemble on their
own to form homomeric channels (Courtot et al., 2015). In contrast, other subunits can participate in
forming heteromeric receptors while adjusting pLGIC function. For example, within the unique group
of invertebrate acetylcholine-gated chloride channels (ACCs), the C. elegans ACC-1 and ACC-2
subunits form homomeric channels responding to ACh in Xenopus laevis oocytes (Putrenko et al.,
2005). However, ACC-3 subunit forms obligate heteromeric receptors when combined with ACC-1 and
induces a faster desensitization of the receptor whereas the ACC-4 subunit seems to combine with both
ACC-2 and ACC-3 but this association seems to negatively regulate ACC-2 expression (Putrenko et al.,
2005).

The conditions favouring the persistence of duplicate genes and the sequence changes that follow these
events and lead to specific functional changes remains poorly understood as most of the pLGIC
subunits appears hundreds of millions of years ago followed by long periods of subsequent sequence
change. Examples of more recent duplication are needed to establish a model for deciphering the
diversification mechanisms. In this thesis I am proposing that duplicate copies of the non-alpha unc-29

L-AChR subunit in the sheep parasite, H. contortus, can serve as such a model.

1.5.3 Acetylcholine receptor subunits

The nematode AChR subunits are particularly diversified and may be classified into six groups, the
deg-3, acr-26, acr-16, acr-8, unc-38 and unc-29, each taking the name of a well characterized gene
(Jones et al., 2007). The deg-3, unc-38 and acr-8 groups are exclusively composed of a type subunits
(Mongan et al., 1998, Jones et al., 2007). The unc-29 group contains only non-a type subunits, whereas
acr-16 and acr-26 include both types (Jones et al., 2004, Jones et al., 2007, Bennett et al., 2012,
Courtot et al., 2015) (Figure 1.7). Each group traces back to one or two subunits inherited from the
common ancestor with insects that have then undergone expansion within the nematodes (Dent 2006,
Beech et al., 2015). The genes composing these groups can therefore be quite different between
nematode clades and also among species from the same clade (Jones et al., 2007, Williamson et al.,
2007, Holden-Dye et al., 2013). Important AChRs from each clade have been successfully
reconstituted in Xenopus oocytes and characterized. The deg-3 group contains subunit genes that are
unique to nematodes and some of them, such as Cel-acr-23, Cel-acr-20 and Hco-mtpl-1 are involved in
sensitivity to anthelmintics from the amino-acetonitrile derivatives family (Rufener et al., 2009,

Rufener et al., 2013, Baur et al., 2015). Interestingly, other genes appear to be unique to specific groups
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of nematode species such as the acr-26 (o) and acr-27 (non-a), which encode subunits forming a
morantel-sensitive receptor in H. contortus (Bennett et al., 2012, Courtot et al., 2015). Indeed, both
genes have been detected in human/animal parasitic nematodes but seem absent from free-living and

plant parasitic nematode species (Courtot et al., 2015).

The muscular ACR-16 forms a homomeric receptor defined as an N-AChR for its particular sensitivity
to nicotine (Touroutine et al., 2005, Boulin et al., 2008, Abongwa et al., 2016) and is expressed by
nematodes from clade III to clade V (Holden-Dye et al., 2013). Subunits from the acr-8, unc-38 and
unc-29 subunits combine to form an L-AChR that is specifically sensitive to levamisole. The N-AChR
and L-AChR of C. elegans are both found within the same synaptic junctions and both respond to
acetylcholine and activate muscle contraction, forming a redundant ACh signalling pathway
(Richmond et al., 1999). It is surprising that while ACR-16 forms a homopentamer, the L-AChR of C.
elegans requires five different subunits and so represents the maximum diversity of subunits possible
and yet both perform similar physiological roles in the same physical location. As yet, we have no

explanation for why this might be the case.

The emergence of diversity within the acr-8, unc-38 and unc-29 clades predates the origin of
ecdysozans as the most recent phylogenetic studies show that insects possess an unc-38-like a, a unc-
29-like non-a subunit and that the acr-8 group existed before the split between insects and nematodes
(Beech et al., 2015). In other words, this may indicate that the ancestors of ecdysozoans were already
able to form heteromeric receptors. In the common ancestor of nematodes, gene duplications gave rise
to unc-38, unc-63 and acr-6 and acr-8 and acr-12 in the two o subunit clades (Beech et al., 2015)
(Figure 1.7). A similar expansion of the unc-29 group produced four non-a subunits, unc-29, lev-1, acr-
2 and acr-3 (Beech et al., 2015) (Figure 1.7). Gene duplications continued throughout the evolution of
the Nematoda phylum as illustrated by the acr-13 gene (also called /ev-8 within the acr-8 group),
which appeared after separation from clade I and has subsequently been lost from all but the rhabditid
worms in clade V and the pig parasite Ascaris suum in clade III (Holden-Dye et al., 2013, Beech et al.,

2015).

The particular interest of these groups of subunit genes relies on their ability to form receptors
exhibiting complex and unique subunit composition that play different functional roles such as the C.
elegans muscular L-AChR, that contains unc-38, unc-63, acr-13, lev-1 and unc-29 and motor neuronal
ACR-2R that contains unc-38, unc-63, acr-12, acr-2 and acr-3 (Boulin et al., 2008, Jospin et al., 2009).
The recent identification of four paralogs of unc-29 within the trichostrongylid nematodes and

particularly in H. contortus, together with multiple independent duplications of unc-29 throughout the
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strongylid nematodes indicates that the process of diversification through gene duplications within the
L-AChR clade is still ongoing (Neveu et al., 2010, Duguet et al., 2016). It is interesting to speculate
whether these recent duplications represent events similar to those that created the four members of the
unc-29 clade early in nematode evolution and, if so, they provide an ideal opportunity to investigate the

mechanisms that determine this process in general.

1.6 Levamisole-sensitive AChRs

The identification and functional characterization of the nematode L-AChR represents over half a
century of research and has remained a strategical receptor for understanding neuromuscular control
and anthelmintic activity and resistance in targeted nematode species (Martin et al., 2012). Many

different approaches have combined to provide a remarkably detailed picture if this receptor.

1.6.1 L-AChR research milestones

Levamisole is one of the first generations of veterinary anthelmintics broadly introduced to the market
in the late 1960’s (James et al., 2009) and mostly used as a broad-spectrum deworming agent,
particularly efficient against sheep, pig, cattle lung and gastrointestinal worms such as H. contortus and
other trichostrongylid nematodes (Thienpont et al., 1966, Walley 1966). As a drug specifically known
to target AChR signalling, LEV was used to screen for resistant mutants in the, then, newly available
C. elegans model for genetic analysis (Brenner 1974, Lewis et al., 1980). This work led to the
discovery of 12 loci among which are five genes that encode AChR subunits: the 3 a-type unc-63, unc-
38, acr-13 and 2 non-a-type lev-1 and unc-29 (Figure 1.7). Throughout the subsequent decades, several
studies demonstrated the co-assembly of some of these subunits and their expression in muscular
tissues (Fleming et al., 1997, Richmond et al., 1999, Culetto et al., 2004, Towers et al., 2005). Attempts
to reconstitute a functional C. elegans L-AChR in Xenopus oocytes, were largely unsuccessful, leading
to receptors that conducted only minimal currents (Fleming et al., 1997, Richmond et al., 1999, Culetto
et al., 2004, Towers et al., 2005). A major breakthrough was achieved using the five AChR subunits,
UNC-63, UNC-38, ACR-13, LEV-1, UNC-29 along with three chaperons RIC-3, UNC-74, UNC-50
(Boulin et al., 2008), which led to robust ACh induced currents. This study paved the way for a
renewed research interest in the L-AChR subunit genes and receptors from a variety of strategic

parasitic nematode species.
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1.6.2 Diversity of L-AChR genes

A new era of parasitic nematode genome sequencing has made it possible to directly clone specific
genes reliably, which together with injection and expression of heterologous cRNA in Xenopus laevis
oocytes to express functional pLGICs has generated information on the L-AChR of several different
nematode species (Bianchi et al., 2006, Millar 2009). In each case, parasitic nematodes for which an L-
ACHhR has been reconstituted are different in subunit composition from the C. elegans model
(Williamson et al., 2007, Holden-Dye et al., 2013, Buxton et al., 2014, Li et al., 2015, Duguet et al.,
2016). Unlike C. elegans, these parasite subunits may combine in several combinations to produce a

variety of different receptors that display different pharmacological properties (Martin et al., 2012).

The first parasitic L-AChR reconstituted was from the clade III pig parasite A. suum. While the same
L-AChR subunits, with the exception of lev-1, present in C. elegans are also found in the 4. suum
genome, only subunits unc-38 and unc-29 have been examined so far (Williamson et al., 2009). Two
receptor subtypes could be reconstituted depending on ratio of cRNA injected in oocytes (Figure 1.8).
The receptor produced with unc-29 in excess of unc-38 responds preferentially to LEV and pyrantel
(PYR), an anthelmintic from the tetrahydropyrimidine family. Conversely, with unc-38 in excess of
unc-29, the receptor responds primarily to nicotine and oxantel, another member of the pyrantel group.
Interestingly, in contrast with the C. elegans L-AChR reconstitution, the co-expression of accessory

proteins was not required (Williamson et al., 2009).

The clade V strongylid nematode O. dentatum possesses the unc-63, unc-38, acr-8 and unc-29 L-AChR
subunit genes (Buxton et al., 2014). Again, several different subunit combinations form functional
receptors in Xenopus oocytes, each with different pharmacological characteristics. A minimal subunit
combination required to form a functional receptor from O. dentatum subunits includes only UNC-63
and UNC-29, which induces larger responses to PYR than to LEV (Buxton et al., 2014) (Figure 1.8).
Also, including UNC-38 generates a receptor responding to ACh and strongly to PYR but Ca**
permeability remained very low. In contrast, including ACR-8 produces a larger response to ACh and
the receptor becomes sensitive to LEV. A receptor composed of all UNC-63, UNC-38, ACR-8 and
UNC-29 subunits produced the biggest response to ACh and LEV (Buxton et al., 2014) (Figure 1.8).
The conductance of this receptor subtype (35 pSieverts) expressed in oocytes (Buxton et al., 2014)
corresponds to the conductance obtained from in vivo muscular electrophysiology (Robertson et al.,

1999). It would appear that while functional receptors can be produced from combinations lacking
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certain subunits, this may be an artefact of Xenopus oocytes and that the receptor produced from the

full complement of subunits represents the receptor found in vivo.

The genome of H. contortus encodes a similar subunit complement to O. dentatum (Laing et al., 2013,
Laing et al., 2016). Indeed, unc-63, unc-38 and acr-8 were identified and cloned for the purpose of L-
AChR reconstitution in Xenopus oocytes (Fauvin et al., 2010, Neveu et al., 2010). H. contortus lacks
the a-type subunit acr-13 whereas this subunit in O. dentatum is not essential, it is in the C. elegans L-
AChR (Boulin et al., 2008) (Figure 1.8). In C. elegans, acr-8 is expressed mostly in the L1 larval stage
but seems normally excluded from formation of a functional receptor despite evidence it is able to
complement acr-13 in vivo (Hernando et al., 2012). Of particular interest for my thesis research, the
trichostrongylid nematodes H. contortus, T. circumcincta and T. colubriformis, each encode four
paralogous copies of unc-29 that have appeared since divergence from the Caenorhabditis group,

named unc-29.1, unc-29.2, unc-29.3 and unc-29.4 (Neveu et al., 2010).
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Figure 1.8: L-AChRs reconstituted in Xenopus oocytes and their respective pharmacology. adapted
from (Boulin et al., 2008, Williamson et al., 2009, Boulin et al., 2011, Buxton et al., 2014). Brackets
indicate nematode clade. Agonists correspond to acetylcholine (ACh), tribendimidine (TBD), nicotine
(NIC), pyrantel (PYR), oxantel (OXA) and levamisole (LEV)
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1.6.3 Duplication of unc-29 - a new model

The origin of pLGICs remains largely obscure as their emergence predates the Cambrian explosion and
most likely the split of eukaryotes and prokaryotes (Tasneem et al., 2005, Dent 2006). The
identification of specific sequence changes following duplication that are responsible for changes in

function, and ultimately the persistence of the new subunit types, is greatly limited.

The recent duplication of the unc-29 gene was first identified in trichostrongylid nematodes where both
genomic and transcriptomic information allowed the successful cloning of the corresponding genes
(Neveu et al., 2010). A phylogenetic analysis of the unc-29 genes present in clade III and clade V
nematodes revealed the presence of at least 9 recent duplication events of unc-29 within the
Strongylida suggesting the duplications in H. contortus are representative of a wider phenomenon
(Duguet et al., 2016). The four H. contortus paralogs share approximately 74 % protein sequence
identity with their ortholog from C. elegans (Figure 1.9) and from 74 % to 92 % amino acid identity
between paralogs (Neveu et al., 2010). This compares to 61% identity between the two non-alpha

subunits of C. elegans, lev-1 and unc-29.

The four copies of unc-29 meet the first criteria required for a good model of pLGIC subunit
diversification in that sequence divergence is limited between copies and that they are representative of
a larger phenomenon of unc-29 gene duplication in the strogylid nematodes. Through the work
described in this thesis I show, in chapter I, that the functional characteristics of each copy have
indeed changed and, in chapter 111, that the ability of different subunit combinations to combine into
functional receptors represents one major difference in functionality. In chapter IV, I demonstrate that
only one specific quaternary arrangement of the five different subunits in the C. elegans L-AChR
produces a functional channel. Taken together, this work shows that the duplication of unc-29 subunits
in the trichostrongylid nematodes fulfills the requirements of an effective model of pLGIC subunit
duplication and divergence and provides the necessary details on the physical interaction between
subunits in the C. elegans L-AChR. This lays the foundation for future work to specifically identify the

mechanisms and specific amino acid changes that determine this process.
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Figure 1.9: Alignment of C. elegans, H. contortus and O. dentatum UNC-29 proteins.
Colors represent signal peptide (pink), the cys-loop (yellow), the transmembrane domains (blue) and
positively selected residues (green). Adapted from (Duguet et al., 2016).
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Chapter II - Functional divergence of Hco-unc-29 subunit copies.

2.1 Introduction

The major classes of nematode pentameric ligand-gated ion-channels trace their origins back to the
period prior to the cambrian explosion from which the major classes of animal life appeared (Smith et
al., 2013). Since movement is critical to animal life, the role that the diversification of pLGICs played
in this process is of great concern. Over the last 600 million years, gene duplication and subsequent
specialization of subunits has produced a great diversity of cell-to-cell signalling mechanisms as well
as the emergence of new heteromeric receptors from presumably homomeric ancestral receptors

(Ortells et al., 1995, Dent 2006, Dent 2010, Beech et al., 2015).

These events are old, followed by a long period of evolution that limits our ability to identify the
critical mutational events responsible for functional change and the mechanisms responsible.
Interestingly, the duplications of the unc-29 gene in trichostrongylid nematodes are a rare example of
ongoing gene expansion and represent a potentially ideal model for investigating the mechanistic

details of this critical process.

In order to establish whether duplications of unc-29 could serve as model, it is critical to determine if
the limited sequence divergence among the four paralogs corresponds to experimentally verifiable
functional change. The approach used here is to replace each unc-29 paralog, in turn, and determine
whether this leads to any identifiably different physical characteristics of the receptors produced. This
is done in transgenic C. elegans, to complement the function of the native C. elegans unc-29 and in
various admixtures of the H. contortus L-AChR1 and C. elegans L-AChR. There is no assumption that
the reconstituted receptors correspond to any real receptor produced by the parasite in vivo. The
technique is used simply to determine any physical characteristics associated specifically with the
paralogous UNC-29 proteins. Although each copy of UNC-29 retained generally similar
characteristics, and could functionally replace the C. elegans UNC-29 in vitro and in vivo, I was able to
demonstrate that each had distinguishing functional characteristics in terms of ligand affinity and
channel response. The most striking difference was that the subunit UNC-29.2 was able to reconstitute
a functional receptor in combination with other C. elegans subunits but not those from H. contortus.
This could suggest that compatibility between subunits is a feature that evolves rapidly and involves

coadaptation with other subunits of the receptor.
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2.2 Results

2.2.1 Reconstitution and characterization of L-AChRs with each Hco-UNC-29 copy.

The presence of four distinct functional copies of unc-29 would suggest they may each produce a
different L-AChR that would be functionally divergent. To explore this possibility, different subunit
combinations were used to reconstitute receptors in Xenopus oocytes and characterized by

electrophysiology.

The previously described L-AChR1 containing subunits Hco-unc-63, Hco-unc-38, Hco-acr-8, Hco-
unc-29.1 (Boulin et al., 2011) was considered a positive control for the other combinations. Sequential
replacement of Hco-unc-29.1 by each of Hco-unc-29.2, Hco-unc-29.3 and Hco-unc-29.4 in the cRNA
mixture was carried out. For clarity, a nomenclature of these new subunit combinations was adopted is
follows. The original L-AChR1 (Boulin et al., 2011) is referred to as L-AChRI1.1. Replacement of Hco-
UNC-29.1 with Hco-UNC-29.2, Hco-UNC-29.3 and Hco-UNC-29.4 in turn are referred to as L-
AChR1.2, L-AChR1.3 and L-AChR1.4 (Figure 2.1). These four subunit combinations were
individually expressed in Xenopus oocytes. After 4 days, LA range currents were recorded on exposure
to 100 uM ACh (Figure 2.1 A-C) and the LEV response at equimolar concentration corresponded to
125.4 £13.0 % of the ACh currents for the L-AChR1.1 (Figure 2.1A, G). The relative affinity (ECso)
obtained for ACh was 2.4 + 0.2 uM and LEV, 4.9 + 0.4 uM (Figure 2.1G, Table 2.1). These results

were consistent with those of Boulin ez. al. (Boulin et al., 2011).

The injection of the cRNA mix corresponding to L-AChR1.2 did not generate any detectable currents
with either 100 uM of ACh or LEV application (Figure 2.2). These data were repeated (n=18) by
testing at least three independent oocyte batches under the same conditions. Since the other paralogs
were able to assemble with the remaining subunits (see below), it may be the case that UNC-29.2 also
assembles into a receptor that is non-functional. If so, then the presence of UNC-29.2 may interfere
with the ability of UNC-29.1 to produce a functional receptor and effectively "poison" the receptor
similar to the effect of the truncated H. contortus UNC-63b (Boulin et al., 2011). Alternatively, if a
functional receptor could be produced by co-assembly of both UNC-29.1 and UNC-29.2, the functional
characteristics of this new receptor should be distinct. To test these hypotheses, the L-AChR1.1 was
used as a model template in the presence of increasing amounts of Hco-unc-29.2 cRNA at ratios of 0.2,
1 and 5 times compared to Hco-unc-29.1 cRNA. These mixes were injected in oocytes but the different

ratios did not reveal any detectable change in the pharmacology of the L-AChR1.1 (Figure 2.3, Table
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2.2). Concentration-responses assays were performed with both ACh and LEV but the respective ECso
remained unchanged (Figure 2.3, Table 2.2). While not conclusive, these data provide no evidence that

UNC-29.2 can co-assemble with the other L-AChR subunits.

In contrast, reconstitution of two new L-AChRs was achieved by expressing L-AChR1.3 and L-
AChR1.4. Measurable currents were observed with 100 uM ACh (Figure 2.1B, C). However, the
maximum response to both ACh and LEV were significantly different from each other and constituted
one of the specific pharmacological signature of these two receptors compared to the L-AChR1.1
(Figure 2.1B, C). Indeed, the L-AChR1.3 LEV response of 65.2 = 9.9% of the ACh current at 100 uM
made LEV a partial agonist of this receptor (Figure 2.1B, C, Table 2.3). In contrast, L-AChR1.4
responded to LEV similarly to ACh at the same concentration with a relative current of 94.7 + 2.9 %
(Figure 2.1B, C, Table 2.3). Concentration-response assays with ACh and LEV on both the L-AChR1.3
and L-AChR1.4 found the potency for ACh was similar to L-AChR1.1, with an ECso of about 3.2 uM
(Figure 2.1G-I, Table 2.1). The ECso for LEV was slightly lower for L-AChR1.4 than L-AChR1.3 with
1.15+0.1 uM and 2.5 £ 0.35 pM respectively (Figure 2.1G-I, Table 2.1).

A panel of both cholinergic agonists and antagonists were used to evaluate channel response. Among
these, dimethylpiperazine (DMPP), a cholinergic agonist, produced lower currents than both ACh and
LEV but remained a common agonist of L-AChR1.1, L-AChR1.3 and L-AChR1.4 (Figure 2.1A-C,
Table 2.3). Anthelmintics such as pyrantel (PYR), bephenium (BEPH) and nicotine (NIC) produced
very weak responses compared to ACh at the same concentration (Figure 2.1A-C, Table 2.3).

Antagonist d-tubocurarine (dTC) (100 uM) completely inhibited the ACh currents from all three H.

contortus L-AChRs (Figure 2.1 D-F, Table 2.3), whereas the non-competitive antagonist dihydro-[1-

erythroidine (DHLIE) (10 uM), showed a very low inhibition of ACh response (Figure 2.1D-F, Table

2.3). Finally, the allosteric antagonist mecamylamine (Meca) (30 uM) induced almost complete
inhibition of the L-AChR1.1 and L-AChR1.4, corresponding, respectively, to 99.9 = 0.1 % and 96.4 +
1.9 % of the AChR response (Figure 2.1D-F, Table 2.3). The action of Meca was characteristically
different on the L-AChR1.3, with only 56.9 + 3.2 % inhibition of ACh-evoked currents (Figure 2.1E,
Table 2.3), a clear signature of the L-AChR1.3 pharmacology.

Altogether, three new receptors were reconstituted in Xenopus oocytes: Hco-UNC-29.1, Hco-UNC-
29.3 and Hco-UNC-29.4 that were characterized by very high affinity for ACh and LEV and each

possessed distinctive pharmacological properties that made each receptor unique. The failure of L-
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AChR1.2 to reconstitute a functional channel remains an unanswered question but is surprising given

the high level of similarity between copies.
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Figure 2.1: Response of H. contortus reconstituted receptors in Xenopus oocytes
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Two-electrodes voltage-clamp experiments were performed on oocytes injected with Hco-unc-63, Hco-
unc-38, Heco-acr-8, and Hco-ric-3.1, Hco-unc-74, Hco-unc-50 cRNAs. Hco-unc-29.1, unc-29.3 and
unc-29.4 were combined independently with the cRNA mixture. A), B) and C) Representative
recording traces from single oocytes perfused with 100 uM of the following cholinergic agonists:
acetylcholine (ACh), Dimethylpiperazinium (DMPP), Pyrantel (PYR), Nicotine (NIC), Bephenium
(BEPH) and Levamisole (LEV). D), E) and F) Representative recording traces from single oocytes
continuously perfused with 100 uM ACh. Oocytes were perfused with the following cholinergic
antagonists: D-tubocurarine (dTC, 100 uM), Dihydro-B-erythroidine (DHBE, 10 uM) and
Mecamylamine (MECA, 30 uM). Black horizontal bars show the time period of agonist and or
antagonist application. G), H) and I) Concentration-response curves for the L-AChR1.1, L-AChR1.3
and L-AChR1.4 for ACh (black circles) and LEV (white squares). All responses are normalized to 100
uM ACh, which corresponds to the saturating dose. The ACh and LEV 50% effective concentration
(ECs) values as well as Hill coefficients are indicated in Table 2.1. Maximum responses to agonists
and antagonists are shown in Table 2.3. Error bars represent SE. Receptor diagrams do not correspond
to the real subunit position and stoichiometry, "X" represents the unidentified L-AChR subunit present
twice in the receptor.

ACh LEV

ECso (uM) Hill n | ECso(uM) Hill n

L-AChRLL | 73840.16 | 0.88+0.05 | 8 | 491+044 @ 0.84+0.05 | 8

L-AChR1.3 319+022 | 0.89+0.05 | 7 | 1.15+£0.08 | 1.13+£0.09 | 6

L-AChR14 | 303:004 @ 1.12+004 4 | 248+035 | 090+0.12 | 4

Table 2.1: ACh and LEV response profiles of the reconstituted L-AChR1.1, L-AChR1.3
and L-AChR1.4. Values * standard error.
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Figure 2.2: Reconstitution and pharmacological characterization of L-AChR1.2 in Xenopus oocytes.
Two-electrode voltage-clamp were applied on Xenopus oocytes injected with Hco-unc-63, Hco-unc-38,
Hco-acr-8 and Hco-unc-29.2 cRNAs along with the Hco-unc-50, Hco-unc-74 and Hco-ric-3.1 cRNA
encoding accessory proteins. Diagram representing top view of the putative receptor. The trace is a
representative recording from single oocytes perfused with 100 uM of the following cholinergic
agonists: acetylcholine (ACh), Dimethylpiperazinium (DMPP), Pyrantel (PYR), Nicotine (NIC),
Bephenium (BEPH) and Levamisole (LEV). Black horizontal bars show the time period of agonist
application.
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Figure 2.3: Changing ratio of Hco-unc-29.1 : Hco-unc-29.2 cRNA in Xenopus oocytes.

cRNA mixture corresponding to the L-AChR1.1 was prepared and Hco-unc-29.2 cRNA was added to
the mixture at 0.2, 1, 5 times the concentration of Hco-unc-29.1 cRNA. cRNA preparation were
injected in Xenopus oocytes and TEVC experiments were performed. Graphs show dose-response
curves with ACh (black circles) and LEV (white squares) for each ratio. All responses are normalized
to 100 uM ACh, which corresponds to the saturating dose. The ACh and LEV 50% effective
concentration (ECso) values as well as Hill coefficients are indicated in Table 2.2. Errors bars represent



ACh Lev
cRNA . .
Ratio ECso (uM) Hill n ECso (nM) Hill
[1:0.2] 6.82 +£0.69 0.91 £0.08 6 3.05+0.49 0.69 +£0.09
[1:1] 6.33 £0.92 0.96 £0.13 7 2.41+0.52 0.71+£0.13
[1:5] 5.96 £0.57 1.09 £0.1 6 3.7+0.84 0.77+£0.13

Table 2.2: ACh and LEV response profiles for increasing addition of UNC-29.2 to the L-AChR1.1

from Figure 2.3. Values * standard error.

L-AChR1.1 L-AChR1.3 L-AChR1.4
s Max. Current + i Max. Current + n Max. Current +
S.E. (%) S.E. (%) S.E. (%)
Acetylcholine 100 12 100 11 100

DMPP 41.98 +1.41 9 36.93 £ 3.93 8 31.63 +£1.00
Pyrantel 11.85+0.99 12 13.79 £1.26 9 7.32+£0.98
Nicotine 4.7+1.05 12 6.79 = 1.46 8 1.52 +£0.47
Bephenium 13.92+1.70 12 9.59+0,83 7 6.45+0.84
Levamisole 125.4 £3.76 12 65.18 £3.50 8 94.71 £2.93

Antagonists Max. inhibition I Max. inhibition n Max. inhibition
= S.E. (%) + S.E. (%) + S.E. (%)
D-tubocurarine 99.63 +£0.35 11 99.98 £0.02 6 97.52 +1.09
DHBE 1598 +2.16 11 23.55+1.94 7 16.51 £5.73
Mecamylamine 99.91 +£0.09 8 56.87 £3.18 5 96.4 +1.92

Table 2.3: Pharmacological response of L-AChR1.1, L-AChR1.3 and L-AChR1. S.E: standard error.
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2.2.2 Expression of H. contortus / C. elegans subunit admixtures in Xenopus oocytes.

Subunit composition of the C. elegans and H. contortus differs in that the C. elegans L-AChR requires
ACR-13, while no acr-13 ortholog has been identified in H. contortus. The H. contortus L-AChR1
does not require LEV-1 and four different copies of unc-29 are present in H. contortus. To test whether
the Hco-UNC-29 copies retained their fundamental role as an unc-29 subunit and replace Cel-UNC-29
in the C. elegans L-AChR, a similar approach proposed by Sloan ef al., (Sloan et al., 2015) was
applied. Indeed, admixtures of cRNA were prepared combining Cel-unc-63, Cel-unc-38, Cel-acr-13
and Cel-lev-1 along with each Hco-unc-29 cRNA copy in turn as well as the cRNAs Hco-unc-50, Hco-
unc-74 and Hco-ric-3.1 encoding L-AChR ancillary proteins (Boulin et al., 2008, Boulin et al., 2011).
The native C. elegans L-AChR exhibited similar maximum responses to both acetylcholine ACh and
LEV at 100 uM as reported by Boulin et a/ (Boulin et al., 2008) (Figure 2.4). This also confirmed that
H. contortus accessory proteins were able to function properly between species. The omission of Cel-
unc-29 led to no significant current confirming this subunit is essential. Replacing Cel-unc-29 with
Hco-unc-29.1 produced a receptor generating an average of 500 nA currents with 100 uM ACh (Figure
2.4). Replacement with Hco-unc-29.3 or Hco-unc-29.4 led to similar responses to ACh with currents
below 200 nA and, perhaps surprisingly Hco-unc-29.2 also produced currents in response to ACh,
although, the lowest, with an average of 28.6 £ 5.2 nA (Figure 2.4). The relative response to 100 uM

LEV was almost identical for all four receptors containing the H. contortus unc-29 copies (Figure 2.4).

These data confirm that each of the Hco-UNC-29 copies can functionally replace Cel-UNC-29 in
Xenopus oocytes, although with different efficiencies. Despite the low currents observed with Hco-
UNC-29.2, these results confirm that this copy is functional and suggests that interactions between
UNC-29.2 and other subunits within the L-AChR are responsible for its inability to produce a

functional receptor.
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Figure 2.4: LEV response relative to 100 uM ACh currents of H. contortus / C. elegans subunit
admixtures reconstituted in Xenopus oocytes

Two electrode voltage clamp experiments were performed on oocytes injected with Cel-unc-63, Cel-
unc-38, Cel-acr-13, Cel-lev-1 cRNAs and co-expressed with H. contortus accessory proteins, ric-3,
unc-50 and unc-74. The addition of cRNAs encoding Cel-unc-29, unc-29.1, unc-29.2, unc-29.3 or unc-
29.4 were tested independently. LEV response values were normalized to those elicited after perfusion
of 100 uM ACh. Error bars indicate SE.

2.2.3 Expression of the Hco-unc-29 paralogs in transgenic C. elegans

Each H. contortus paralog was able to reconstitute a functional receptor in Xenopus oocytes but in
order to test if this same ability occurs in vivo, each copy was expressed as a transgene under control of
the body muscle myo-3 promoter, in a C. elegans mutant background carrying a defective unc-29 gene
and exhibiting LEV resistance (Fleming et al., 1997). Expression of transgenes may lead to very high
levels of expression (Mello et al., 1995) and distorted ratios of pLGIC subunits have been shown to
alter the functional characteristics of reconstituted receptors (Williamson et al., 2009, Rufener et al.,
2010, Charvet et al., 2012). A phenotypic assay that depends on normal regulation of movement, such
as thrashing, may be sensitive to the precise nature of the reconstitute receptor and its ability to
function within narrow parameters. For this reason, sensitivity to LEV was evaluated by measuring the
fraction of moving transgenic animals over time after exposure. This phenotype depends only on
whether a receptor is produced that is sensitive to LEV and allows cations to enter the muscle cell and

would not require the receptor to function accurately in the regulation of coordinated movement.

Exposure of wild-type N2 worms to 200 uM LEV produced a very quick paralysis that was complete

after less than an hour of treatment, whereas the unc-29(el072) mutant worms were still moving over
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two hours after exposure (Figure 2.5). Transfection of the unc-29(el1072) strain with Cel-unc-29
elicited a complete rescue of the LEV sensitive phenotype, with kinetics of paralysis very similar to the
wild-type N2 animals (Figure 2.5). An increased sensitivity to LEV was observed for all unc-29(e1072)
worms transfected with unc-29 paralogs from H. contortus, which were almost completely paralyzed
after 2 hours of exposure to the anthelmintic (Figure 2.5). These results confirm the observations made
in Xenopus oocytes that all four copies of H. contortus unc-29 are functional within the C. elegans L-

AChHR and have each retained their ability to combine into an L-AChR responsive to LEV.
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Figure 2.5: Rescue of LEV sensitivity in transgenic C. elegans

Hco-unc-29 gene copies were transfected into C. elegans unc-29(e1072) mutant strain (CB1072). The
number of moving animals under exposure to 200 uM LEV every 15 min are shown on the Y axes. N2
Bristol wild-type (black circles) and CB1072 unc-29(e1072) (black squares) controls are shown for
comparison. Two independent transfected worm lines (white circles and triangles) were examined for
each experiment. This assay was repeated three times on 12 animals per worm line. A) Transfection of
Cel-unc-29. B-E) Transfection of unc-29.1, unc-29.2, unc-29.3 and unc-29.4 respectively. Data are
plotted as mean + SE. A Two-way ANOV A with Bonferroni’s multiple comparison post test was
performed. In every case, both transfected lines were significantly more LEV sensitive than the
CB1072 unc-29(e1072) mutants (p < 0.001).
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2.2.4 In situ localization of Hco-UNC-29.1 and Hco-UNC-29.2

The heterologous expression of AChR subunits identified unc-29.2 as unusual in that no functional
receptor could be reconstituted along with the other subunits from H. contortus, unlike unc-29.1. No
evidence was seen in reconstituted receptors that the subunits competed with each other for
incorporation into a receptor but if this is a consequence of functional adaptation, it becomes important
to understand if the subunits are co-expressed. To investigate this point, specific polyclonal antibodies
were generated against both Hco-UNC-29.1 and Hco-UNC-29.2 peptides, designed from the
intracellular domain. This loop is highly variable and is located between the TM3 and TM4 domains.
The specificity and lack of cross-reactivity of both sets of antibodies were verified by ELISA.
Immunofluorescence assays on Xenopus oocytes that were previously injected with either L-AChR1.1
or L-AChR1.2 were used confirm the reactivity and specificity of the antibodies against the whole,

mature subunit protein (Figure 2.6).

Localization of both Hco-UNC-29.1 and Hco-UNC-29.2 was performed on transversal 10 pm sections
of male and female adult H. contortus (Figure 2.7E, F and M, N). The immunolabelling of myosin
heavy chain identified body muscles of male and female worms and the uterus muscles of females with
both subunits (Figure 2.7G, H and O, P). Then, a closer observation also revealed fluorescent signals
from the uterus muscles of females. For both subunits and worm sexes, the signals were localized in the
same area and any unspecific staining as observed in the intestinal lumen was identifiable using the

peptide pre-adsorbed antibodies.

In conclusion, the localization of Hco-UNC-29.1 and Hco-UNC-29.2 confirms the potential role of
these respective subunits in the worm locomotion and a unsuspected function in the reproductive
system of female worms. In addition, the possibility that both subunits may co-assemble or compete for
assembly with other subunits of the L-AChR can not be ignored despite the lack of confirmation from

electrophysiology experiments.
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Figure 2.6: Cross-reactivity assay between Anti-Hco-UNC-29.1 and anti-Hco-UNC-29.2 primary
antibodies.

cRNA mixtures corresponding to the L-AChR1.1 and L-AChR1.2 were prepared and injected in
mature Xenopus oocytes. After 5 days, oocytes were checked for expression using the TEVC technique
(when applicable). Oocytes were then fixed and incubated with affinity-purified antibodies raised
against Hco-UNC-29.1 and Hco-UNC-29.2 specific peptides. Alexa 488-labeled secondary antibodies
(green) were used to localize subunits. Controls consisted in un-injected oocytes incubated in anti-
UNC-29.1 antibodies and L-AChR1-expressing oocytes incubated with the secondary antibodies only.
Confocal microscopy was performed on the whole oocytes. All slides were observed under 20x
magnification. Scale bars correspond to 100 pum.
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Figure 2.7: Immunolocalization of UNC-29.1 and UNC-29.2 in adult H. contortus

Adults were fixed and incubated with affinity-purified antibodies raised against UNC-29.1 or UNC-
29.2 specific peptides. The localization of both subunits were performed using Alexa 488-labeled
secondary antibodies (green). A—H) Confocal microscopy performed on female 10 um transversal
cryosections. A) and B) Transmitted light imaging performed on two separate sections. Letters indicate
body muscles (b.m.), uterus (u) and intestine lumen (i). C) and D) Localization of the muscles using
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primary antibodies raised against myosin protein and stained with secondary, Alexa 594-labeled
antibodies (red). E) Staining of UNC-29.1 showing expression in the body muscle as well as the uterus
external muscular layer. F) Staining of UNC-29.2 revealing a similar localization to UNC-29.1. G) and
H) Merge of green (UNC-29.1 or UNC-29.2) and red (myosin) signals. I-P) Confocal microscopy
performed on male 10 um transversal cryosections. I) and J) Transmitted light imaging performed on
two separate sections. K) and L) Localization of the muscles with Alexa 594 secondary antibody (red).
M) Staining of UNC-29.1 showing exclusive expression in the body muscles. N) Staining of UNC-29.2
revealing a similar localization. Q) and P) Merge of UNC-29 copy (green) and myosin (red) signals.
All slices are representative of the middle of the worm body and scale bars correspond to 100 pm.

2.3 Discussion

The unc-29 group of AChR subunits, despite a variability in subunit composition, is represented in
every nematode clade including clade V, in which a specific, ongoing gene expansion is observed.
Bioinformatic analysis suggests that the unc-29 gene is often duplicated within the strongylid parasitic
nematodes. The four paralogs present in the trichostrongylids experienced positive selection pressure
that suggests they may have diverged in function (Duguet et al., 2016). In this chapter, expression of
the four H. contortus unc-29 copies in transgenic C. elegans provided strong evidence that functional
AChRs integrating the subunit copies can be assembled in vivo and confer LEV sensitivity, including

the UNC-29.2 subunit.

Expression and reconstitution of different L-AChR subunit combinations in Xenopus oocytes provided
evidence that the four Hco-unc-29 paralogs have indeed diverged in function, each one possessing
unique characteristics. The L-AChR1.1, 1.3 and 1.4 were characterized by distinct relative responses to
LEV and 1.4 by a substantially lower maximal current overall. L-AChR1.3 was only partially
antagonized by the non-competitive antagonist meca. It is possible to speculate that the very similar
ECso values of each functional H. contortus L-AChR for ACh may be due to the fact that each paralog
must produce receptors that respond correctly to ACh, in vivo and may reflect evolutionary pressure to

preserve ACh response in vivo.

The most striking functional discrepancy was the failure to reconstitute a functional L-AChR1.2 in
oocytes despite the successful rescue of LEV sensitivity in transgenic C. elegans and reconstitution of a
functional admixture C. elegans L-AChR in oocytes. This chapter and the most recent bioinformatic
data (Duguet et al., 2016) are consistent with a hypothesis that evolutionary pressure may have led to
exclusion of UNC-29.2 from interfering with the other H. contortus L-AChR subunits. In other words,

such a theory would indicate that the sequences of L-AChR subunits contain features that determine
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compatibility between subunits in the receptor but that this may break down in the interaction between
subunits from different species. The next chapter will focus on these subunit interactions between
subunits from C. elegans and H. contortus in order to understand their effects on reconstitution of a

functional receptor.
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Chapter III - Subunit interaction in the levamisole sensitive acetylcholine

receptor from H. contortus and C. elegans.

3.1 Introduction

We have put forward duplication of the L-AChR non-a subunit unc-29 in the trichostrongylid
nematodes as a model of subunit diversification more generally. The previous chapter demonstrated
that the selectively accelerated sequence changes determined from analysis of the sequences (Duguet et
al., 2016) correspond to changes in function between the copies. Of particular interest was the
difference between unc-29.1 and unc-29.2 in terms of their ability to produce a functional receptor,
with other subunits, that depended on which other subunits were present. Both these genes were
expressed in adult muscular tissue but no evidence was found that UNC-29.1 and UNC-29.2 could be
present in the same receptor. It is possible to speculate that some mechanism may evolve to specialize
individual subunits for their ability to take part in assembly of specific receptors. Such a mechanism
would also require changes in the other subunits forming the receptor, leading to co-adaptation in a
particular system. Combining subunits from different closely related species into admixture receptors

might be expected to disrupt this and provide a means to define them.

Each of the five subunits present in the C. elegans L-AChR is required (Boulin et al., 2008). In other
words, removal of any one subunit can not be compensated by another taking its place. The L-AChRs
identified from parasitic nematodes exhibit more flexible subunit arrangements. For example, an A.
suum L-AChR can be reconstituted from only subunits encoded by unc-38 and unc-29 (Williamson et
al., 2009). Two different L-AChRs can be reconstituted from either three or four different subunit types
from H. contortus and from O. dentatum a total of four different L-AChRs have been produced from
either two, three or four different subunits (Boulin et al., 2011, Buxton et al., 2014). In each case, the
receptor produced from the largest number of subunits produces the largest current in response to
ligand activation and likely corresponds to a receptor present in vivo (Buxton et al., 2014). This
flexibility coincides with two important evolutionary changes that occurred during the evolution of the
parasitic species. First, according to recent phylogenetic analyses, the lev-1 gene appeared before the
divergence of clade III and clade V nematodes but has subsequently been lost from clade 11, requiring

a change in receptor composition (Beech et al., 2014). H. contortus encodes lev-1 in its genome but it is
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not required for the formation of the H. contortus L-AChR1.1 in vitro. In addition, the LEV-1 protein
does not contain a signal peptide, which likely explains its lack of function in Xenopus oocytes (Neveu
et al., 2010, Boulin et al., 2011). Second, the acr-13 and acr-8 genes correspond to a duplication event
after divergence of the clade I nematodes but in the common ancestor of the other clades (Beech et al.,
2014). The acr-13 subunit, also known as lev-8 (Jones et al., 2007), is absolutely required to produce
the C. elegans L-AChR (Boulin et al., 2011) while C. elegans acr-8 expression is only detected in L1
larvae and is not an essential component. In contrast, trichostrongylid nematodes appear to have lost
acr-13 and the most recent functional data shows that acr-8 has been recruited in to the L-AChR
(Boulin et al., 2011, Beech et al., 2015). It would appear that the loss of subunits is associated with the
ability of others to occupy different positions within the pentameric receptor and a change in the

compatibility of subunits to combine into functional receptors.

In the context of evaluating subunit compatibilities that have arisen, combining subunits from different
species to create an admixture receptor is an approach that has already been used for a variety of
applications (Millar 2009). The expression "admixture" here refers to combinations of subunits from
different species as opposed to "chimera’ that typically refers to a protein where regions have been
exchanged with a related protein. The heterologous expression of insect and arthropod AChRs remains
challenging, particularly in Xenopus oocytes. An alternative is their co-expression with vertebrate
subunits to establish a functional hybrid receptor (Lansdell et al., 2012, Lees et al., 2014). In
nematodes, the characterization of a GABA-gated chloride channel subunit from H. contortus was
achieved in combination with a subunit from C. elegans (Feng et al., 2002). Similarly the identification
of the morantel-sensitive AChR in H. contortus and P. equorum has been complemented by the co-
expression of ACR-26 and ACR-27 subunits from both species. Only the receptor mixing Peq-ACR-26
and Hco-ACR-27 exhibited detectable currents and a reduced sensitivity to ACh and morantel (Courtot

et al., personal communication).

In this chapter, admixtures of various combinations of C. elegans and H. contortus L-AChR subunits in
Xenopus oocytes have been used to define which subunit combinations are able to reconstitute
functional receptors. This will, in turn provide information on features of the mechanisms that

determine this compatibility.
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3.2 Results

3.2.1 Admixtures in a C. elegans L-AChR subunit background

In order to compare subunit admixtures and validate their function, the C. elegans L-AChR was used as
a positive control and expressed in Xenopus oocytes. Thus, under exposure to 100 uM ACh and LEV,
RLA range currents were successfully recorded (n=10) and corresponded to those observed by Boulin et

al., (Boulin et al., 2008) (Figure 3.1A, 3.6).

As observed in Chapter II, the replacement of Cel-UNC-29 by the Hco-UNC-29 copies exhibited
recordable signals for each, after activation by the same agonists (Figure 3.1B, 3.6). However, removal
of Cel-LEV-1 from the same subunit mixtures produced an increase in response for Hco-UNC-29.1,
29.3 and 29.4 but in contrast, UNC-29.2 produced no significant response to 100 ACh or LEV in the
absence of Cel-LEV-1 (n=8) (Figure 3.1E, 3.6). Similar admixtures with UNC-29.3 and UNC-29.4
produced functional receptors with responses to 100 uM ACh of 337.4 = 72.9 nA (n=9) and 346.9 £
206.0 nA (n=6) for Hco-UNC-29.3 and Hco-UNC-29.4 respectively (Figure 3.1G, I, 3.6). The response
to LEV produced 38.3 + 2.9 % and 50.3 £ 4.9 % of the ACh responses, respectively (Figure 3.1G, I,
3.6). Only the UNC-29.2 appears to require the presence of LEV-1 to produce a functional receptor.
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Figure 3.1: Replacement of Cel-LEV-1 and Cel-UNC-29 with the Hco-UNC-29 copies in a

C. elegans L-AChR background.

Two-electrodes voltage-clamp experiments were performed on Xenopus oocytes injected with C.
elegans and H. contortus L-AChR subunit cRNA mixes combined with the H. contortus cRNAs: ric-3,
unc-50 and unc-74 encoding accessory proteins. Diagrams represent L-AChR subunits from C. elegans
(orange) and H. contortus (green). Traces are representative of single oocytes perfused with 100 uM
ACh and LEV. Black horizontal bars show the time period of agonist application.

The two a-type subunit genes acr-8 and acr-13 derive from a duplication that occurred within the
common ancestor of nematodes not found in clade I and acr-13 has then been lost prior to the
emergence of trichostrongylid nematodes (Blanchard-Letort ef al., 2017 submitted). Whereas
replacement of ACR-13 by Cel-ACR-8 produced hardly detectable currents (n=9) (Figure 3.2A, 3.6),
the replacement of ACR-13 by Hco-ACR-8 produced robust inward currents of 955.5 £ 108.4 nA with
oocytes perfused with 100 uM ACh (n=9) (Figure 3.2B, 3.6). The same concentration of LEV
produced responses corresponding to 105.5 = 0.9 % of ACh-evoked signals (Figure 3.2B, 3.6). It
appears that Hco-ACR-8, unlike Cel-ACR-8, can functionally replace Cel-ACR-13.

The two non-a subunits of the C. elegans L-AChR are both required to produce a functional receptor
and can not substitute for one another. This argues for some evolved mechanism conferring specificity
that acts through interaction with other subunits in the receptor. To investigate whether loss of the Cel-
ACR-13 subunit plays a role in this mechanism, admixture combinations of the C. elegans L-AChR
subunits, replacing ACR-13 with Hco-ACR-8, were evaluated. With this combination, Cel-UNC-29
was able to function as the only non-a subunit, with ACh dependent average currents (n=14) were
observed with an average of 432.8 +£ 67.3 nA and a LEV response corresponding to 128.5 + 1.6 % of
the ACh-evoked currents (Figure 3.2C, 3.6). Cel-LEV-1 was not able to serve as the only non-a subunit
and no currents were observed (n=13) (Figure 3.2D, 3.6). The H. contortus UNC-29.1, UNC-29.3 and
UNC-29.4 were each similar to the C. elegans UNC-29 in that they could each serve as the only non-a
subunit. Interestingly, Hco-UNC-29.2 was the only paralog that required the presence of Cel-LEV-1 in
order to produce a functional receptor, with induced ACh-sensitive inward currents of about

156.1 +39.8 nA (n=7) and LEV responses corresponding to 141.0 + 5.1 % of the ACh signals (Figure
3.3B, 3.6). In summary and according to previous observations, the replacement of ACR-13 with Hco-
ACR-8 removes the requirement that the LEV-1 subunit be present for all C. elegans and H. contortus
UNC-29 subunits with the exception of UNC-29.2.
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Figure 3.2: Replacement of Cel-ACR-13 with Hco-ACR-8 in a C. elegans L-AChR background.
Two-electrodes voltage-clamp experiments were performed on Xenopus oocytes injected with C.
elegans and H. contortus L-AChR subunit cRNA mixes combined with the H. confortus cRNAs: ric-3,
unc-50 and unc-74 encoding accessory proteins. Diagrams represent L-AChR subunits from C. elegans
(orange) and H. contortus (green). Traces are representative of single oocytes perfused with 100 uM
ACh and LEV. Black horizontal bars show the time period of agonist application.
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Figure 3.3: Replacement of Cel-ACR-13 and Cel-UNC-29 with Hco-ACR-8 and Hco-UNC-29.2 in a
C. elegans L-AChR background.

Two-electrodes voltage-clamp experiments were performed on Xenopus oocytes injected with C.
elegans and H. contortus L-AChR subunit cRNA mixes combined with the H. confortus cRNAs: ric-3,
unc-50 and unc-74 encoding accessory proteins. Diagrams represent L-AChR subunits from C. elegans
(orange) and H. contortus (green). Traces are representative of single oocytes perfused with 100 uM
ACh and LEV. Black horizontal bars show the time period of agonist application.
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Subunit combination

ACh currents

LEY response relative to

(nA + S.E) ACh (% + S.E)
(C%fggg.gg:éigm 1016.8 = 128.6 54.7+2.4 10
C63-C38-C13-C1-H29.1 471.1 £51.5 64.2+ 1.9 9
C63-C38-C13-H29.1 1766.1 +85.6 92.1+1.7 10
C63-C38-C13-C1-H29.2 28.6+5.2 46.2+2.8 10
C63-C38-C13-H29.2 N/A N/A N/A
C63-C38-C13-C1-H29.3 109.6 = 20.9 65.3 £2.3 9
C63-C38-C13-H29.3 337.4£72.9 38.3+2.9 9
C63-C38-C13-C1-H29.4 77.1+34.2 60.4 + 6.0 7
C63-C38-C13-H29.4 346.9 + 84.1 50.3 +4.9 7
C63-C38-C8-C1-C29 50.9 = 15.8 56.2+17.6 9
C63-C38-H8-C1-C29 955.5 + 108.4 105.5 +0.9 9
C63-C38-H8-C29 432.8 673 128.5+ 1.6 11
C63-C38-H8-C1 N/A N/A N/A
C63-C38-H8-C1-H29.2 156.1 +39.8 141.0 £5.1 7
C63-C38-H8-H29.2 N/A N/A N/A

Table 3.1: ACh and LEV responses of C. elegans / H. contortus subunit admixtures in a C. elegans

subunit background
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3.2.2 Admixtures in a H. contortus L-AChR subunit background

H. contortus L-AChRs that were reconstituted in chapter II contained a single type of non-a subunit.
Replacing Hco-UNC-29.1 by Cel-UNC-29 in the L-AChR1.1 produced a maximum current of 527.2 +
157.9 nA (n=8) in response to 100 uM ACh (Figure 3.4A, 3.6). The response to LEV was 124.0 +

7.6 % of the ACh-evoked current. Unlike with the C. elegans background, if Cel-LEV-1 was present
alone, a functional receptor produced maximal currents of 119.4 = 25.6 nA in response to an identical
concentration of ACh (n=8) (Figure 3.4B, 3.6). LEV induced 26.7 + 2.4 % of the ACh currents at

equimolar concentrations (Figure 3.4B, 3.6).

In the H. contortus background, replacement of Hco-ACR-8 with Cel-ACR-13 produced functional
receptors responding at an average of 1223.8 + 185.1 nA to 100 uM ACh (n=7) whereas equimolar
concentration of LEV induced 80.1 £ 2.3 % of ACh-evoked currents (Figure 3.4C, 3.6).

Similar replacement of Hco-ACR-8 with Cel-ACR-13 into a L-AChR1.2 background did not allow the
recording of any detectable current (n=6) (Figure 3.5A, 3.6). The same absence of functional receptor
was also reported by successively swapping Hco-UNC-63 (n=5) and Hco-UNC-38 (n=5) with their C.
elegans homologs (Figure 3.5B, C, 3.6). However, including Cel-LEV-1 as a supplementary non-o
subunit into the L-AChR1.2 restored the functionality of the receptor as 281.2 + 50.3 nA (n=13) currents
were observed under ACh exposure (Figure 3.5D, 3.6). These signals were significantly higher than H.
contortus receptor containing Cel-LEV-1 as the sole non-a subunit (Figure 3.5A) (Student's t-test,

p=0.011)
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Figure 3.4: Replacement of Hco-ACR-8 and Hco-UNC-29.1 in a L-AChR1.1 background.
Two-electrodes voltage-clamp experiments were performed on Xenopus oocytes injected with C.
elegans and H. contortus L-AChR subunit cRNA mixes combined with the H. contortus cCRNAs: ric-3,
unc-50 and unc-74 encoding accessory proteins. Diagrams represent L-AChR subunits from C. elegans
(orange) and H. contortus (orange). Traces are representative of single oocytes perfused with 100 uM
ACh and LEV. Black horizontal bars show the time period of agonist application.
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L-AChR1.2 background.

Two-electrodes voltage-clamp experiments were performed on Xenopus oocytes injected with C.
elegans and H. contortus L-AChR subunit cRNA mixes combined with the H. contortus cRNAs: ric-3,
unc-50 and unc-74 encoding accessory proteins. Diagrams represent L-AChR subunits from C. elegans

(orange) and H. contortus (orange). Traces are representative of single oocytes perfused with 100 uM
ACh and LEV. Black horizontal bars show the time period of agonist application.
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Subunit combination ACh currents LEY response relative to n
(nA = S.E) ACh (% = S.E)

H63-H38-H8-C29 527.2+157.9 124.0£7.6 7

H63-H38-H8-C1 119.4 +£25.6 26.7+2.4 8

H63-H38-C13-H29.1 1223.8 £ 185.1 80.1 +2.3 7
H63-H38-C13-H29.2 N/A N/A N/A
C63-H38-H8-H29.2 N/A N/A N/A
H63-C38-H8-H29.2 N/A N/A N/A

H63-H38-H8-C1-H29.2 281.2+£50.3 98.6 £5.7 13

Table 3.2: ACh and LEV responses of C. elegans / H. contortus subunit admixtures in a H.
contortus subunit background
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Figure 3.6: Summary of the C. elegans/H. contortus subunit admixtures expressed in Xenopus
oocytes.

Xenopus oocytes were injected with the corresponding cRNA mixtures represented per columns in the
bottom table. C. elegans and H. contortus subunits are shown in orange and green respectively. Top
graph shows current amplitude under 100 uM ACh perfusion. Error bars indicate SE.
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3.3 Discussion

The duplication of the unc-29 L-AChR subunit gene in H. contortus shows potential as a model for
understanding the mechanisms involved in the appearance of new types of subunits and novel receptor
classes. Chapter II compared the effect of substituting each copy into a common subunit receptor
combination and identified conservation of maximum response for the natural ligand, ACh (Table 2.1),
and minor differences in response to the agonist LEV (Figure 2.1A-C) and the antagonist meca (Figure
2.1D-F). The most striking differences were in the greatly reduced maximal current of the L-AChR1.4
(Figure 2.1C) and the absence of a response for L-AChR1.2 (Figure 2.2). The fact that Hco-UNC-29.2
could function in combination with subunits from C. elegans suggested that compatibility among
subunits to produce a functional receptor is a feature that may change rapidly following subunit
duplication and may provide a means of identifying the mechanisms involved. In this chapter, various
admixture combinations of C. elegans and H. contortus subunits were evaluated to establish these

patterns of compatibility.

The non-a subunits, Cel-UNC-29 and Cel-LEV-1, in the C. elegans L-AChR are each required to
produce a functional receptor. Each of the three paralogs, Hco-UNC-29.1, Hco-UNC-29.3 and Hco-
UNC-29.4 can serve as the only non-a subunit in either an H. contortus (Figure 2.1) or C. elegans L-
AChR (Figure Figure 3.1C, G, I). Since only four subunit types are present in these cases, two subunits
in the pentameric receptor must be identical. We can not, as yet, know for certain which subunit is
represented twice but all the data produced for this thesis and what is known about the vertebrate
AChRs is consistent with there being at least two non-a subunits in any functional receptor. In fact, no
evidence for a heteromeric receptor containing either one or four non-a subunits has been reported in
any organism so far. Indeed, a 3:2 or 2:3 a:non-a stoichiometry is often observed and can lead to
receptors involved in different functions (Millar et al., 2009). A possible explanation would be the
essential role of o type subunits required to form a sufficient number of functional ligand binding sites
(Kao et al., 1984). However, even within homopentameric receptors the occupation of two to three
binding sites seems to be an absolute requirement for a efficient gating (Rayes et al., 2009, Mowrey et

al., 2013).

Based on this assumption we could interpret these observations as the ability of these three H.
contortus UNC-29 paralogs to function as Cel-UNC-29 as well as Cel-LEV-1. The fact that Cel-UNC-
29 and Cel-LEV-1 must both be present in the C. elegans L-AChR implies that they each fulfill
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specific requirements for their structural role and that each is limited to that role by their interaction

with other subunits of the receptor.

The paralogous o subunits Cel-ACR-13 and Cel-ACR-8 in C. elegans are distinct, with Cel-ACR-13
contributing to a robust L-AChR (Figure 3.1A) while Cel-ACR-8 leads to a receptor with only a
minimal response to ACh (Figure 3.2A). The Cel-ACR-13 subunit appears absent from the H.
contortus genome and is replaced by Hco-ACR-8 in the Hco-L-AChR (Neveu et al., 2010, Beech et al.,
2015). Replacing Cel-ACR-13 in the C. elegans L-AChR with Hco-ACR-8 produces a robust channel
(Figure 3.2B). Interestingly, this new channel no longer requires Cel-LEV-1 (Figure 3.2C). The
specificity of Cel-UNC-29 that normally prevents it from replacing Cel-LEV-1 appears dependent on
an interaction with the Cel-ACR-13 subunit. No functional receptor is produced when Cel-LEV-1 is the
only non-a subunit, which implies that the mechanism that confers specificity on the Cel-LEV-1
subunit remains intact in the presence of Hco-ACR-8. An admixture containing Hco-UNC-38, Hco-
UNC-63 and Hco-ACR-8 does a functional receptor in combination with the Cel-LEV-1 subunit alone
(Figure 3.4B). This suggests that the mechanism that confers specificity on Cel-LEV-1 is distinct from
that of Cel-UNC-29 and involves an interaction with UNC-38, UNC-63 or both.

These results suggest that subunits within the L-AChR become specialized over time in their specific
roles in the functional receptor. The L-AChR of C. elegans represents an extreme example of this,
where each subunit is restricted to a single role (Boulin et al., 2008). Loss and duplication of subunits,
likely involves a disruption of previously evolved inter-subunit specificity and may explain why
different combinations of subunits from H. contortus and O. dentatum are able to produce functional

receptors (Boulin et al., 2011, Buxton et al., 2014).

Duplication of subunits initially creates identical copies that, if co-expressed, will be indistinguishable
and should combine equally into functional receptors. In the case of Hco-UNC-29.1 and Hco-UNC-
29.2, both are expressed in the same muscular tissue (Figure 2.7) and could theoretically co-assemble
into the same receptor complex. No evidence in support of this was observed in chapter II where the
addition of excess Hco-unc-29.2 cRNA had no effect on the expression or pharmacology of L-
AChRI1.1, suggesting that Hco-UNC-29.2 does not interact nor affect assembly of receptors containing
Hco-UNC-29.1 (Figure 2.3, Table 2.2). This could be explained by a mechanism that has evolved to

prevent interference between these duplicate subunits allowing them to diverge independently.

Hco-UNC-29.2 requires the presence of Cel-LEV-1 to form a functional receptor. The lev-1 gene

encoded in the H. contortus genome lacks the 5' sequence corresponding to a signal peptide, a typical
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requirement for proteins embedded in the ER membrane during synthesis. Recently, the Hco-LEV-1
with an artificially added signal peptide has been shown to form a functional L-AChR with Hco-UNC-
29.2 and the three H. contortus o subunits (Charvet ef al., personal communication). Without
eliminating the fact that Hco-LEV-1 may be assembled but not transported to the plasma membrane,
we could also speculate that inclusion of Hco-LEV-1 in an H. contortus L-AChR occurs via an
assembly pathway that is physically distinct from that normally followed by AChRs and that such a
pathway may have a specific requirement for Hco-UNC-29.2.

It is not yet possible to know why no functional receptor is produced from certain admixture
combinations. One possibility is that subunits are physically incompatible and simply do not assemble.
A second is that the subunits do indeed co-assemble, but the complex produced is either incapable of
conducting ions across the membrane or of binding an activating ligand. A third is that the complex
formed during assembly is identified and targeted for degradation (Fu et al., 2016). We can still
conclude, however, that the ability to produce a functional receptor depends on interactions between

different subunits within the receptor.

The restriction of Cel-UNC-29 and Hco-UNC-29.2 from acting as the sole non-a subunit is dependent
on the Cel-ACR-13/Hco-ACR-8 subunit. Similarly, restriction of the Cel-LEV-1 subunit is dependent
on the UNC-38/UNC-63 subunits. One obvious question is whether the Cel-UNC-29 subunit is
physically adjacent to the Cel-ACR-13 subunit in the C. elegans L-AChR and similarly whether Cel-
LEV-1 is physically adjacent to Cel-UNC-38 and/or Cel-UNC-63. If the precise order of subunits
within the L-AChR were known it may be possible to say whether direct physical contact could explain
these data. It would also be highly valuable to have an insight into the process by which individual
subunits are assembled into a finished receptor to know if this could play a role. The next chapter
focuses specifically on using subunits physically joined into concatamers specifically to determine the

quaternary structure and assembly pathway of the C. elegans L-AChR..
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Chapter IV - Quaternary structure of the C. elegans levamisole receptor.

4.1 Introduction

The major premise of this thesis is that the four copies of the L-AChR non-a subunit unc-29 in the
trichostrongylid nematode parasite of sheep, Haemonchus contortus, represents a tractable model for
the appearance of novel pLGIC subunits more generally. Chapter II was able to show that the copies of
unc-29 are functionally distinct, diverging in terms of the pharmacological response of reconstituted L-
AChRs produced in Xenopus oocytes. A prominent feature was the different ability of the copies, with
the exception of Hco-UNC-29.2 to combine with other subunits to produce a functional receptor. In
chapter III, various admixture combinations of subunits from C. elegans and H. contortus demonstrated
that interactions between o and non-a type subunits were involved in determining whether a functional
receptor could be produced. This highlights the need to understand the quaternary organization of the
pentameric receptor and hence which subunits are in physical contact. This is the goal of the work
presented in this chapter.

The muscular L-AChR of the nematode C. elegans is composed of five different subunits, encoded by
different genes, each of which is required to produce a functional receptor (Boulin et al., 2008). The
decision to focus on the structural organization of this receptor was based on the fact that with five
distinct subunits, there would be no ambiguity regarding composition of the receptor and this would

remove one complicating factor for this challenging project.

Assembly of pLGICs is a finely controlled process, beginning in the endoplasmic reticulum, that

represents a critical step of receptor biosynthesis (Fu et al., 2016). For example, the most abundant

form of vertebrate GABAA4 receptors are composed of a, § and Y-type subunits and their assembly

consists of combining two heterodimers of a and B subunits followed by the insertion of a y-type

subunit, completing the pentameric structure (Luscher et al., 2011). In contrast, assembly of vertebrate
AChRs seems to proceed differently between muscular and neuronal receptor subtypes and between
native and recombinant receptors (Fu et al., 2016). In skeletal muscle cells, the AChRs initially
described in the electric ray Torpedo californica are composed of the a-type subunit al, and the non-a

subunits called B1, vy, and 6 and are represented in a 2:1:1:1 ratio (Reynolds et al., 1978). Interestingly,
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the 2 + 2 + 1 assembly model has also been described with an initial association of two dal:yal dimers

and completion with a B-type subunit (Saedi et al., 1991, Kreienkamp et al., 1995). Alternatively, the

alBy trimer can also be formed and combined subsequently with the 6 then the al monomer, which

corresponds to the sequential model 3 + 1 + 1 (Green et al., 1993, Green et al., 1998). Interpretation of
these results is complicated in that they depend on the measured molecular weight of protein
complexes. A large group of chaperon proteins, including RIC-3, play a central role in subunit
assembly of the L-AChR (Boulin et al., 2008, Boulin et al., 2011) and it has been shown that RIC-3
physically interacts with individual subunits of an AChR during assembly (Cohen Ben-Ami et al.,
2009).

A variety of technical approaches exist to validate subunit position within pLGICs. For example, the
assembly of the human o482 AChR was visualized by expression of fluorescently labeled subunits in
cultured mammalian cells and midbrain neurones using fluorescence resonance energy transfer
(Nashmi et al., 2003). This method is technically demanding and caution must be used with
interpretation of the results (Day et al., 2012). Coupling subunits through artificial disulphide bonds,

the so-called "disulphide trapping" method, has notably been used to characterize benzodiazepine

modulation between the a1 and Y2 subunits of the vertebrate GABAA receptor (Hanson et al., 2011).

The relative high number of cysteines within nematode AChR subunits and the fact that four of these
per subunit, two in the cys-loop and two in the C-loop, are required for function of the channel, would
make this technically difficult. The method chosen here involves concatenation of subunits into a single
protein chain such that the distance between TM4 of the first subunit, anchored in the cell membrane,
and the N-terminal of the second subunit is restricted and limits the subunits to one specific
configuration. The stop codon of all but the final subunit and the signal peptide sequence of all but the
first subunit were removed, fusing them into a single open reading frame. This method offers
significant advantages including a developed literature establishing the technique (Minier et al., 2004,
Ericksen et al., 2007, Millar 2009), straight forward manipulation of the subunits and more importantly,
a way of testing single subunit arrangements among multiple possible combinations expressed in
oocytes. This technique has potential in the future for examination of specific structural combinations
and for evaluation of the effects of substituting subunits from different species at specific positions in

the receptor.
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4.2 Results

4.2.1 Construction and expression of dimers of L-AChR subunits

All subunits, with the exception of UNC-63 were determined to have a tail, post TM4, of the
appropriate length to serve as the linker between concatameric subunits. This was based on a low
resolution 3D model of the structure using the human alpha4/beta2 AChR (PDB: 5KXI) as a template
(Beech, personal communication). UNC-63 required the addition of an artificial linker of five copies of
the sequence Thr-Ala-Ser fused to the C-terminal. This modified monomer of UNC-63 was expressed
with other L-AChR subunits to verify that the linker addition did not affect the normal function of the
subunit. Responses to 100 uM ACh and LEV were similar to the native L-AChR (Figure 4.5), which
suggests that addition of the linker to UNC-63 had no affect on its normal function.

The number of different possible subunit arrangements in the the C. elegans L-AChR totals 24 (4 * 3 *
2 *1). Given the complexity of producing any pentameric combination, an initial strategy beginning
with two subunits combined into dimers was chosen. Even the number of possible dimers is large (20)
and so only combinations (12) in which the first subunit was an o subunit were evaluated in Xenopus
oocytes, in combination with the remaining three subunits as monomers. Given these combinations, at
least three dimers would contain subunits in the correct relative position, no matter the real
organization of the receptor. Among the total of 12 dimers tested, only oocytes expressing the UNC-
38:LEV-1 dimer responded to 100 uM ACh and LEV (Figure 4.1). Indeed, an average of 1148.8 +
121.3 nA currents (n=9) were recorded with ACh. LEV induced signals corresponding to 52.5 + 1.9 %
of the ACh-evoked currents (Figure 4.1 and 4.5). The LEV response of the native L-AChR were about
54.7 £ 2.4 % (Figure 4.5). A working hypothesis was formulated that UNC-38:LEV-1 is one of the
initial steps of receptor assembly. Subunits present in dimers with the correct organization that were not

functional may need to join the growing receptor complex as individual subunits.
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Figure 4.1: Expression of C. elegans L-AChR subunit dimers in Xenopus oocytes.

I
"
@

| By

£

-
i
T

()
@

67



Mature Xenopus oocytes were injected with different C. elegans cRNA mixtures corresponding to
dimers and monomers of subunits. The H. contortus UNC-50, UNC-74 and RIC-3.1 were used as
accessory proteins for the heterologous expression. Concatenated subunits are represented in form of a
diagram and visualized in dark orange. Dashed line represents the limit between the two subunits. The
red dashed line corresponds to the artificial linker that was added to the C-terminal of Cel-UNC-63.
Monomers are showed in light orange The perfusion of 100 pM ACh and LEV was applied to test the
functionality of the concatamers. Electrophysiology traces are representative of a single oocyte. Black
horizontal bars show the time period of agonist application.

4.2.2 Construction and expression of trimers of L-AChR subunits

Subunits UNC-63 or ACR-13 were fused to the UNC-38:LEV-1 dimer at the first or third position in
the trimer. UNC-29 was only fused at the first position since it seemed unlikely that the two non-a type
subunits in a receptor would be adjacent. The five trimeric constructions were then expressed in
Xenopus oocytes along with the remaining two subunits as monomers. As with the dimers, only one
combination produced a response under the perfusion of 100 uM ACh. Indeed, ACh produced 655.4 +
43.2 nA average currents with the UNC-38:LEV-1:UNC-63 trimer (n=10) and LEV responses
corresponded to 44.7 + 2.1 % of the ACh currents (Figure 4.2 and 4.5), which appeared not to be
significantly different from the native L-AChR (unpaired Student's t-test, p>0.05). The data so far were
consistent with a 3 + 1 + 1 assembly model that would predict a functional receptor should be produced
using the LEV-1:UNC-63 dimer that had not been tested in the original screen. In fact, the LEV-
1:UNC-63 dimer produced measurable currents corresponding to an average of 597.7 £ 97.7 nA on
exposure to ACh at 100 uM and the same concentration of LEV induced responses at about 49.4 +

1.5 % of the ACh-evoked signals (n=12) (Figure 4.3 and 4.5). Comparatively, the native L-AChR
exhibited 1016.8 = 128.6 nA ACh-currents that were significantly higher (p=0.018, unpaired Student’s
t-test).
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Figure 4.2: Expression of C. elegans L-AChR subunit trimers in Xenopus oocytes

Mature Xenopus oocytes were injected with different C. elegans cRNA mixtures corresponding to
trimers and monomers of subunits. The H. contortus UNC-50, UNC-74 and RIC-3.1 were used as
accessory proteins for the heterologous expression. Concatenated subunits are represented in form of a
diagram and visualized in dark orange. Dashed line represents the limit between the two subunits. The
red dashed line corresponds to the artificial linker that was added to the C-terminal of Cel-UNC-63.
Monomers are showed in light orange The perfusion of 100 uM ACh and LEV was applied to test the
functionality of the concatamers. Electrophysiology traces are representative of a single oocyte. Black
horizontal bars show the time period of agonist application.
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Figure 4.3: Expression of the LEV-1::UNC-63 dimer in Xenopus oocytes

Mature Xenopus oocytes were injected with a C. elegans cRNA mixtures corresponding to the LEV-
1:UNC-63 dimer and the ACR-13, UNC-29 and UNC-38 monomers. The H. contortus UNC-50, UNC-
74 and RIC-3.1 were used as accessory proteins for the heterologous expression. Concatenated subunits
are represented in form of a diagram and visualized in dark orange. Dashed line represents the limit
between the two subunits. Monomers are showed in light orange The perfusion of 100 uM ACh and
LEV was applied to test the functionality of the concatamers. Electrophysiology traces are
representative of a single oocyte. Black horizontal bars show the time period of agonist application.
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4.2.3 Identification of the pentameric structure of the C. elegans L-AChR

Successful reconstitution of the UNC-38:LEV-1:UNC-63 trimer offered the possibility to identify the
complete quaternary structure of the L-AChR. Only two possible arrangement of the subunits remained
with either ACR-13 followed by UNC-29 or vice versa. The dimers UNC-63:ACR-13, ACR-13:UNC-
29, UNC-63:UNC-29 and ACR-13:UNC-38 were all found to be non-functional, which suggested that
ACR-13 and UNC-29 must join the growing receptor complex as monomers but provided no clue to
which was adjacent to UNC-63. Therefore, two tetramers based on the UNC-38:LEV-1:UNC-63
trimer, were constructed, with either ACR-13 or UNC-29 in the last position, and expressed in Xenopus

oocytes with the fifth subunit included as a monomer and their functionality was tested as before.

Expression of the UNC-38:LEV-1:UNC-63:UNC-29 tetramer produced no detectable current (n=14)
when ACh or LEV were applied on the oocytes (Figure 4.4B). The UNC-38:LEV-1:UNC-63:ACR-13
tetramer produced weak currents that did not exceed 20 to 30 nA under ACh and LEV perfusion (n=18)
(Figure 4.4A and 4.5), which corresponded to a loss of 96 + 0.6 % of the ACh-evoked currents
exhibited by the native L-AChR (Figure 1.5). Finally, expression of the two pentamers: UNC-38:LEV-
1:UNC-63:ACR-13:UNC-29 or UNC-38:LEV-1:UNC-63:UNC-29:ACR-13, produced no detectable
response (Figure 4.4C, D).
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Figure 4.4: Expression of C. elegans L-AChR subunit tetramers and pentamers in Xenopus oocytes
Mature Xenopus oocytes were injected with different C. elegans cRNA mixtures corresponding to
tetramers, pentamers and monomers of subunits. The H. contortus UNC-50, UNC-74 and RIC-3.1 were
used as accessory proteins for the heterologous expression. Concatenated subunits are represented in
form of a diagram and visualized in dark orange. Dashed line represents the limit between the two
subunits. The red dashed line corresponds to the artificial linker that was added to the C-terminal of
Cel-UNC-63. Monomers are showed in light orange The perfusion of 100 uM ACh and LEV was
applied to test the functionality of the concatamers. Electrophysiology traces are representative of a
single oocyte. Black horizontal bars show the time period of agonist application.
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Figure 4.5: Summary of L-AChR concatamer responses to 100 uM ACh and LEV.

Subunit concatamers were expressed in Xenopus oocytes in combination with monomers and co-
expressed with the H. contortus accessory proteins UNC-50, UNC-74 and RIC-3.1. Two-electrode
voltage clamp experiments were performed these oocytes in order to record electric signals produced
under ACh or LEV perfusion at 100 uM. Columns show current amplitude (nA) produced by ACh
(black columns) and LEV (light grey columns) exposure. "C" and "H" correspond to the abbreviations
of C. elegans and H. contortus respectively. Brackets represent subunit concatamers. Error bars

indicate SE. N.S: non-significantly different according to a unpaired Student’s t-test with a P-value >
0.05.
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4.3 Discussion

The strict requirement for five different subunits to reconstitute the pentameric C. elegans L-AChR
simplified the problem of determining subunit positions uniquely given that there is no ambiguity
involved with any one subunit being present more than once. Given the high risk that this technique

would work at all, a stepwise approach based on the C. elegans L-AChR was used.

Low resolution structural models of the various dimeric concatamers, produced by Dr Beech, were
used to evaluate that the length of each C-terminal tail beyond TM4, anchored in the membrane was
sufficient to fuse to the N-terminal of the second subunit without serious distortion of the structure but
short enough to require the second subunit to be physically adjacent in the receptor. This assumed the
presence of no significant secondary structure in this tail region (Minier et al., 2004). The lengths were
consistent with physical distances verified for other receptors such as the human a4p2 AChR, which
exhibits a distance of 70 to 80 A (Morales-Perez et al., 2016). Only the UNC-63 C-terminal tail that
was too short required the addition of five copies of the repeat, Ser-Ala-Thr, chosen as small, non-
branched, hydrophylic amino acids. Addition of this linker had no effect on the function of the UNC-63
subunit (Figure 4.5).

An initial list of dimeric constructs was synthesized to establish if the technique had the potential to
work at all. With twenty possible dimer permutations, an arbitrary decision was made to only use
combinations where the first subunit was an a-type. This limited the number of combinations to twelve
and guaranteed that no matter which of the 24 permutations of five subunits in the final receptor, three
of the dimers would have subunits in their correct relative positions. Surprisingly, only the dimer UNC-
38:LEV-1 produced a strong response (Figure 4.1). This meant that two dimers with subunits in their
correct relative positions failed to reconstitute any functional receptor. If this were due to some
technical failure then it would not be possible to continue with this technique. Alternatively, the
assembly pathways inferred for other receptors require addition of subunits in a specific order (Green et
al., 1993, Green et al., 1998, Wanamaker et al., 2003). It may be that failed dimer combinations

blocked the normal receptor assembly process.

Of the trimeric constructs that included the dimer UNC-38:LEV-1, only the combination UNC-
38:LEV-1:UNC-63 produced a strong response (Figure 4.2). One of the other trimers, with either
UNC-29 or ACR-13 before UNC-38 should be in the correct configuration and yet neither produced
any response to ACh (Figure 4.2). This result confirmed that the concatamer strategy had potential and

could provide valuable information. The "sequential model" (Green et al., 1993, Green et al., 1998,
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Wanamaker et al., 2003) where an initial trimer of three subunits forms rapidly followed by sequential
addition of single subunits to this complex would account for the fact that two dimers and one trimer
failed to produce a functional receptor despite having subunits in the correct configuration. The
prediction that the LEV-1:UNC-63 dimer, that was not tested initially, should produce a functional

receptor was subsequently confirmed (Figure 4.3).

The only tetramer that produced any response to ACh was UNC-38:LEV-1:UNC-63:ACR-13 plus
UNC-29 as a monomer (Figure 4.4A). The fact that this could produce a functional receptor supports
the quaternary structure of the C. elegans L-AChR as UNC-38:LEV-1:UNC-63:ACR-13:UNC-29
(Figure 4.6). The small current observed with the tetramer was in contrast to the large ACh-specific
currents (655.4 = 43.2 nA) observed with the trimer (Figure 4.2) and is a cause for concern. Evaluation
of the two pentameric constructs with ACR-13 and UNC-29 in either position produced no observable

current (Figure 4.4C, D).

@‘
v ?
®0-Goy
Figure 4.6: Putative subunit arrangement of the C. elegans L-AChR

The success of the two dimers, UNC-38:LEV-1 and LEV-1:UNC-63, and the trimer UNC-38:LEV-
1:UNC-63 supports a model of assembly in Xenopus oocytes similar to that of the vertebrate muscular
AChR where an initial trimer forms rapidly, followed by sequential addition of the final two subunits
(Wanamaker et al., 2003). The fact that no current was observed for the dimers UNC-63:ACR-13 and
ACR-13:UNC-29 (Figure 4.1) and trimer UNC-29:UNC-38:LEV-1 (Figure 4.2) is in agreement with
this model that would require the ACR-13 and UNC-29 subunits to join the complex individually. In
vertebrates, only 30 % of translated AChR subunits are properly assembled and exported in the form of
functional pentamers (Wanamaker et al., 2003). The tetrameric and pentameric versions of the C.

elegans L-AChR may pose particular problems for the assembly and processing machinery of the
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Xenopus oocyte and result in redirection of mis-assembled complexes for breakdown. Examples exist
of pentameric concatenated vertebrate pLGIC subunits exhibiting reduced response to ligands in
oocytes despite the insertion of artificial linkers (Zhou et al., 2003, Groot-Kormelink et al., 2006,
Carbone et al., 2009, Shu et al., 2012).

Another interesting possibility is a model in which assembly requires addition of UNC-29 to the initial
trimer before addition of ACR-13 that would insert between the UNC-63 and UNC-29 subunits.
Synthesis of a concatamer proceeds in the endoplasmic reticulum, in order, from the N-terminal subunit
first to the C-terminal last. A tetramer with ACR-13 last plus monomeric UNC-29, leaves the
possibility that before completion of the ACR-13 subunit there may be monomeric UNC-29 present
that could join the growing complex in the ER during synthesis. Completion of ACR-13 would then
allow insertion between UNC-63 and UNC-29. A tetramer with UNC-29 in the last position and
monomeric ACR-13 would not function because UNC-29 would be forced adjacent to UNC-63 by the
linker length, in the wrong configuration. In the case of a pentamer in the correct configuration, there
would be no free UNC-29 able to join the growing complex and so would explain the lack of response.
If true, it would imply that initial assembly of all five subunits occurs in the ER before transport away
from the site of active protein synthesis. Further work is required to investigate this possibility. One
testable prediction of this model is that addition of a long linker between the last two subunits could
produce a functional receptor only for the pentamer in which UNC-29 comes before ACR-13. UNC-29
during synthesis would be available to join the growing complex before ACR-13. Synthesis of ACR-13
last in combination with the long linker may allow insertion of ACR-13 between the UNC-63 and
UNC-29 subunits. In the other combination, the lack of UNC-29 to join the growing complex before
production of ACR-13 would mean that even though a long linker would physically allow the subunits

to occupy their correct physical positions, the required assembly pathway would be blocked.

Interestingly, the in silico study carried out by Hernando et al., (Hernando et al., 2012) on different
possible subunit arrangements of the C. elegans L-AChR revealed an optimal orientation and binding
energy of ACh and LEV into the ACR-13(+)/UNC-29(-) and UNC-38(+)/LEV-1(-) interfaces.
However, this study was only based on a few possible subunit arrangements, most of which are
incorrect based on the data presented here.

The model proposed here is that UNC-38, LEV-1 and UNC-63 form an initial complex to which UNC-
29 and ACR-13 are added individually. Of particular interest is the admixture of C. elegans UNC-38,
UNC-63 and UNC-29 together with ACR-8 from H. contortus that produces a functional channel
(Figure 3.2B). This implies that UNC-38, UNC-29 and UNC-63 can form an initial complex which
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becomes functional if ACR-8 is ultimately included, but not if ACR-13 takes its place. This would
imply either that inclusion of UNC-29 in the initial complex normally results in a large fraction of non-
functional receptors that may be targeted for degradation, or that it is possible for the initial trimer to

disassemble into its component subunits once more and subsequently reassemble.

Taken together, the use of admixtures of subunits from different species and the creation of
concatenated subunits represent an informative and robust strategy to understand subunit evolution
according to their position and functional interaction with adjacent subunits. A plethora of alternative
techniques exist to decipher the subunit arrangement of pLGICs. Among these, subunit cross-linking
approaches coupled with electron microscopy or atomic force microscopy have notably demonstrated
their efficacy on the 7. californica AChR (Karlin et al., 1983), the vertebrate GABAAa 0430 (Barrera et
al., 2008) and 5-HTj3 receptors (Barrera et al., 2005). Coupled with mass spectrometry, subunit cross-
linking represents a new alternative as the technology becomes more adaptable to membrane multi-
protein complexes (Barrera et al., 2011). Alternatively, anti-subunit antibodies may represent a suitable
approach in identifying subunit position and pLGIC-interacting chaperons through tandem affinity
purification of in vivo receptors (Gottschalk et al., 2005). Unfortunately, altogether these techniques
remain technically difficult in terms of preparation, material or interpretation of data compared to
concatenation of subunits. In contrast, the disulphide-trapping approach used on the GABA receptor
(Hanson et al., 2011) may represent a suitable technique for validating subunit position. It consists of
inserting cysteines by mutagenesis on either side of the ligand-binding pocket. Therefore, adjacent
subunits would expose cysteines to the formation of disulphide bonds that would theoretically induce a

measurable change of channel gating properties only if the cysteine residues are sufficiently close.

Applied to native AChRs, the major interest of concatenated subunits will be to decipher the subunit
position within the parasitic nematode L-AChRs. This will be able to determine, for example, if the
ACR-8 from H. contortus 1s a simple physical substitution for the C. elegans ACR-13 or if it is
associated with some rearrangement of the other subunits. Similarly, the same approach will confirm
the position and the stoichiometry of the Hco-UNC-29 copies. Indeed, taking the C. elegans L-AChR
as a model and according to the different functional subunit admixtures, a similar pattern of
concatenation could also be transposed to parasitic nematode receptors and will represent a ideal way

for addressing their mode of assembly.

Taken as a whole, the identification of the quaternary structure of the C. elegans L-AChR as UNC-
38:LEV-1:UNC-63:ACR-13:UNC-29 represents the final step in the search for the structure of this
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receptor since the initial screen for LEV resistant mutants of C. elegans in the early 1980°s (Lewis et

al., 1980).
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Chapter V: General Discussion.

The search for an explanation of how muscle movement is controlled in response to an electrical
stimulus has driven research in this field since the original observation by Luigi Galvani in 1780 that
direct application of electricity to a frog's leg caused movement. Dale and Loewi shared the Nobel
prize in 1936 for the discovery of the first neurotransmitter, ACh, that it is released by activated nerve
cells and that its application on heart muscle produces a slowing of contraction. The effects of ACh in
the central nervous system and skeletal muscle are mediated by pLGICs present in the post-synaptic
membrane that respond rapidly to the binding of ACh by opening a channel for Na* and Ca?* ions that
depolarize the post-synaptic cell membrane and trigger a response. The search for different
neurotransmitters and various compounds that target the pLGICs has revealed a large family of
subunits that combine into homo- or heteropentameric receptors that regulate membrane potential in
response to molecules including ACh, serotonin, dopamine, histamine, glycine, GABA, glutamate,

biogenic amines and protons among others.

Phylogenetic reconstruction of the origin of pLGICs reveals that the major classes of subunit type arose
during the early evolution of animal life some 700 MYt ago (Dent 2006). The specific mechanistic
details of how these classes arose can reveal the underlying biology of their function but since these
events occurred so long ago, the amino acid changes responsible for their functional differences are
obscured by hundreds of millions of years of subsequent random sequence change. In order to study
this process in any detail, much more recent events that produce novel pLGIC subunits must be found
to minimize the degree of sequence change, allowing the use of bioinformatic and experimental
techniques to reveal the pattern of functional adaptation. This approach has revealed an adaptive
change of the human CHRNA10 AChR subunit that forms a heteromeric AChR in the cochlea, with
CHRNADJ, likely explains the acute sense of hearing in mammals via a specific increase in the
conductance of Ca** (Franchini et al., 2006). In this case, re-adaptation of a specific gene is involved
but events where recent gene duplications create novel subunits and thus mimic the origin of pLGIC

diversity would ideal.

The nematodes characteristically encode many pLGIC subunit genes in their genomes and the ongoing
Helminth Genome Initiative provides a rich data source that allows identification of pLGIC subunit
genes in up to 70 different species. A search for recent duplication events identified an expansion of the

unc-29 AChR subunit gene in the trichostrongylid nematodes (Neveu et al., 2010). This thesis develops
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these duplications as a model for pLGIC subunit duplication and diversification in general. One major
advantage of investigating the L-AChR of nematodes is that an L-AChR has been reconstituted in
Xenopus oocytes from C. elegans and a variety of related parasitic nematodes and so methods of
experimental assessment of subunit function are available. It is particularly interesting that the L-AChR
is expressed in the same synaptic junctions as the N-AChR encoded as a homopentamer of the ACR-16
subunit. It is not at all clear why the N-AChR should be homopentameric while the L-AChR of C.
elegans should require five distinct subunits. It suggests that some aspect of the biological role the L-

AChR plays, favours the retention and diversification of subunit duplications.

An evolutionary instability of the L-AChR is reflected in the fact that subunit composition is different
among the nematode species for which the L-AChR has been reconstituted. The C. elegans L-AChR
requires five different subunits UNC-38, UNC-63, ACR-13, UNC-29 and LEV-1 (Boulin et al., 2008).
The L-AChR of the pig parasite O. dentatum does not require either the ACR-13 or LEV-1 subunit, but
functional receptors can be produced using ACR-8 in various combinations of two, three or four
different subunits (Buxton et al., 2014). The sheep parasite H. contortus does not appear to encode a
copy of the acr-13 gene, the lev-1 gene lacks a signal peptide and in addition encodes four copies of the
unc-29 subunit gene. Functional L-AChRs with either three or four different subunits have been

reconstituted in Xenopus oocytes (Boulin et al., 2011).

A successful model of subunit duplication and diversification should meet several criteria. First, the
model should be representative of a more general phenomenon and so be useful in a broad context.
Second, the degree of sequence divergence among duplicate copies should be sufficiently small that the
effects of selective pressure acting on the sequence should be detectable and it should be feasible
ultimately to match functional changes to specific amino acid replacements. Third, the different
duplicate subunits should possess different functional characteristics that correlate with sequence

change.

The first of these requirements is met by duplication of the unc-29 L-AChR subunit gene. The filarial
clade I1I nematodes and the Caenorhabditis group all retain a single copy of unc-29. The parasitic
strongylid nematodes display at least nine different unc-29 duplication events since divergence from
the Caenorhabditis group. The duplications within H. contortus are clearly part of the same, more
general, pattern of ongoing instability within the L-AChR of strongylid nematodes. The second
requirement is also met since the sequence divergence among copies of unc-29 is no more than 25 %,
most of which lies within the intracellular loop of the receptor. Analysis of codon substitution rates

among the different copies of unc-29 reveals a signature of altered selection pressure and is able to
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identify specific amino acids sites experiencing positive, directional selection (Duguet et al., 2016).
The third requirement, for divergent function between the copies remained an open question and was

addressed in Chapter II.

5.1 Heo-UNC-29 copies are functionally divergent

Expansion of the unc-29 genes occurred through multiple, independent events within the Strongyloidea
(Duguet et al., 2016) suggests that particular circumstances of the L-AChR in these nematodes favour
this phenomenon. It is technically very challenging to identify the composition of and characterize
native pLGICs in vivo. As a result it is not known what the composition of the native L-AChR of H.
contortus might be in vivo. Faced with this technical challenge, the question of whether the normal
function of the different UNC-29 paralogs had changed was restricted to whether any observable
difference between them could be identified at all. Substituting each paralog in turn, in the different
experimental systems, while holding everything else constant, would mean that any differences must be

due only to differences in the amino acid sequence of the different proteins.

Reconstituting functional receptors with H. contortus UNC-29.1, UNC-29.3 and UNC-29.4 in turn
revealed very similar ECso values for ACh (Figure 2.1G-I). This may result from from the fact that any
receptor produced in vivo would have to respond to the same ACh signal and therefore we might expect
purifying selection to maintain the response to the natural neurotransmitter among subunit copies. The
response to a variety of other agonists and antagonists, relative to the ACh response, was largely
similar. The response to levamisole was slightly different between the three successfully reconstituted
receptors (Figures 2.1A-C) and the response of L-AChR1.3 to mecamylamine was also different
(Figure 2.1E). The great majority of anthelmintic compounds and other modulators of AChR function
are not normally encountered by nematodes in their natural environment leaving no opportunity for
functional adaptation of their principal target receptors. The anthelmintic ivermectin may be a rare
exception to this (Ghosh et al., 2012). Random substitutions within the amino acid sequence may

therefore account for the few functional differences observed for channel response.

The more striking difference among the four copies of UNC-29 was their ability to produce a
functional receptor. UNC-29.1 and UNC-29.3 both produced receptors in Xenopus oocytes with a
robust response to ACh. UNC-29.4 produced smaller currents (Figure 2.1C) and no currents were

observed for UNC-29.2 at all (Figure 2.2). UNC-29.1 and UNC-29.2 co-localize in adult muscle tissue
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(Figure 2.7) and it would seem reasonable that this has persisted since the original duplication event.
Immediately following duplication, both proteins would be identical and would almost certainly take
part in assembly of functional L-AChRs along with the same pool of other subunit proteins. Any
functional adaptation by one or other of the subunits would lead to an uncertain mix of L-AChRs with
different functional properties unless assembly of the two subunits into the L-AChR complex were
regulated differently. For both subunit copies to persist, it makes sense for such assembly regulation to
evolve. Functional adaptation in response to selection pressure could therefore explain why differences
in production of a functional receptor were more marked that differences in response to a variety of

artificial ligands.

It is not clear why the UNC-29.2 subunit failed to produce a functional receptor in combination with
the remaining H. contortus subunits. Immunolocalization of UNC-29.2 at the oocyte surface suggests
that the protein is exported to the surface (Figure 2.6) but given the sensitivity of antibody detection,
only a fraction of the total protein synthesized may explain this signal. Another possibility is that UNC-
29.2 requires another non-o subunit as is the case for UNC-29 and LEV-1 in C. elegans. No evidence
was found to suggest that in the presence of UNC-29.1 that UNC-29.2 altered the reconstituted receptor
in any way (Figure 2.3). Either UNC-29.2 was not incorporated, or it did not change the properties of
the final receptor in any detectable way. The fact that all four copies of H. contortus UNC-29 could
rescue a C. elegans knock-out of UNC-29 and could replace UNC-29 in the C. elegans L-AChR shows
that UNC-29.2 is indeed functional (Figure 2.5).

One remaining possibility is that UNC-29.2 requires the presence of LEV-1. In the C. elegans L-
AChR, a functional receptor is produced by UNC-29.2 only if the C. elegans LEV-1 is also present. H.
contortus encodes lev-1 in its genome but lacks a signal peptide. Addition of an artificial signal peptide
to the Hco-LEV-1 produces a subunit that successfully combines with other subunits into a functional
L-AChR in Xenopus oocytes. Mechanisms do exist to install proteins into the cell membrane
independent of the pathway followed by proteins with a signal peptide sequence (Kuchler et al., 1992).
It is interesting to speculate that UNC-29.1 lost the requirement for LEV-1 to produce a functional
receptor at around the time that the /ev-1 gene lost the signal peptide sequence. If some alternative
mechanism were available to import LEV-1 into the membrane, UNC-29.2 may have co-adapted with
this to avoid competition for assembly with the UNC-29.1 subunit. This hypothesis raises many

technical questions that will require future research to answer.

The four paralogous copies of unc-29 in H. contortus met the three requirements set out for a good

model of pLGIC duplication and diversification. The next step was therefore to investigate aspects of
82



functional divergence among copies, define their characteristics and interpret these observations in the
context of evolutionary changes in the composition of the L-AChR. This was achieved in Chapter 111

using admixture combinations of subunits from different species.

5.2 Sequence dependent mechanisms determine production of a functional L-AChRs

The subunits UNC-29.1 and UNC-29.2 differ in their ability to produce a functional L-AChR in
combination with the other L-AChR subunits evaluated from H. contortus. In contrast, both were able
to produce functional L-AChRs in combination with the other L-AChR subunits from C. elegans in
Xenopus oocytes, although UNC-29.2 produced smaller maximal currents (Figure 2.4). Both subunits
were also able to rescue a defective unc-29 gene in vivo in transgenic C. elegans. This difference
highlights the fact that amino acid changes between UNC-29.1 and UNC-29.2 are responsible for the
difference in compatibility, and that interactions with other subunits in the receptor also play a critical

role.

In combination with other C. elegans subunits, UNC-29.1 did not require the presence of C. elegans
LEV-1 to produce a functional receptor while UNC-29.2 did. If the receptor requires two non-a
subunits, which seems likely, then this difference could be explained by an ability of UNC-29.1 to
occupy both non-a positions of the receptor, while UNC-29.2 was limited only to one of these. A
similar mechanism can explain the requirement for both UNC-29 and LEV-1 in the C. elegans L-
AChR. Sequence specific difference prevent either one from fulfilling the role of the other. The most
obvious difference in the gene complement of C. elegans and H. contortus is the lack of any acr-13 in
the H. contortus genome. ACR-8 from H. contortus could replace ACR-13 in the C. elegans L-AChR
and vice versa, (Figure 3.2B) the subunits appearing in many ways to be functionally equivalent. In the
presence of ACR-8, however, the C. elegans UNC-29 now no longer required the presence of LEV-1,
much like the UNC-29.1 of H. contortus (Figure 3.2C). UNC-29 was able to fill the role of the second
non-a subunit, something that was not true for LEV-1 (Figure 3.2D), which could not produce a
functional receptor without UNC-29. The specificity of UNC-29 therefore depended on some form of
interaction with ACR-13, a mechanism that was disrupted when ACR-8 from H. contortus was present.
Replacing UNC-38 and UNC-63 with their orthologs from H. contortus allowed LEV-1 to function as
the only non-a subunit (Figure 3.4B). This implies that the mechanism to limit the role of LEV-1
depended on an interaction with UNC-38 or UNC-63.
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Analysis of admixture receptors from the two model nematode species proved to be a valuable
technique in deciphering the functional specialization of different subunit and their evolution between
two closely related species. The interaction between subunits to determine compatibility appears to be a
major feature of the diversification of subunits following duplication. The C. elegans L-AChR
represents an extreme example where each subunit is limited to one specific role in the receptor.
Changes in subunit availability due to gene loss (acr-13) or modification (lev-1) appear to lead to a
disruption of the mechanisms determining specificity and allow subunits the ability to serve multiple
roles in a functional receptor. This could explain the observation that several different combination of
subunits can produce a functional AChR in O. dentatum (Buxton et al., 2014) and H. contortus (Boulin
et al., 2011).

These admixture combinations led to a speculation that compatibility between subunits may involve
physical contact, particularly between UNC-29 and ACR-13 and between LEV-1 and UNC-38 and
UNC-63. This hypothesis is consistent with the fact that a majority of positively selected residues of
the H. contortus unc-29 paralogs were principally located in regions involved in contact with adjacent
subunits (Duguet et al., 2016). Whether these subunits are in physical contact in the L-AChR was not

known and this was addressed in Chapter IV.

5.3 Assembly of the C. elegans L-AChR subunits form a unique quaternary structure

Contact between pLGIC subunits is a structural feature that is essential for the formation of a channel-
shaped protein but also for ensuring ligand specificity and receptor activation. The L-AChRs, as
heteromeric receptors, exhibit complex subunit organizations that directly affect channel function and
pharmacology. The observations made throughout this thesis brought consistent evidence that subunit
interaction is an important feature of the L-AChR that responds to evolutionary pressure and that such a
phenomenon likely depends on physical contact and therefore the precise order of subunits within the

L-AChR.

The identification of the quaternary structure of the C. elegans L-AChR was an ambitious project that
integrated scientific knowledge collected during the past decades of research on L-AChRs in general.
Many years of research, following the initial screen for LEV resistance mutations (Lewis et al., 1980)

were needed to identify the various individual genes that play a role in producing the L-AChR of C.
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elegans. Successful reconstitution of the C. elegans L-AChR in Xenopus oocytes (Boulin et al., 2008)
confirmed the minimal set of C. elegans required proteins to produce the receptor and defined its
functional properties. Establishing the relative position of the five subunits within the L-AChR

represented a final and essential step in determining the structure of this important receptor.

The synthesis and expression of concatenated subunits represented a suitable methodological approach
that is based on an rich literature establishing all the aspects and interpretations of results (Groot-
Kormelink et al., 2004, Ericksen et al., 2007, Carbone et al., 2009, Steinbach et al., 2011). The stepwise
approach, beginning with dimers followed by systematic testing of trimers, then tetramers and finally
pentamers reduced the complexity of this work to make it manageable. This approach also revealed

important results that allowed a model of receptor assembly to be put forward.

The success of only one dimeric construction, UNC-38:LEV-1 (Figure 4.1), implied two things. First,
that the successful dimer likely represented one of the first steps in the assembly process and second
that dimerization of other pairs of subunits in their correct physical organization prevented their
successful integration into the growing receptor complex. The 3+1+1 assembly model from vertebrates
(Green et al., 1993) suggested that extending the successful dimer by an additional subunit had the
potential to produce a functional trimer. This indeed proved to be the case. A trimer of UNC-38:LEV-
1:UNC-63 was able to produce efficiently a functional receptor when ACR-13 and UNC-29 were
provided as monomers (Figure 4.2). Interpretation of this result in terms of the 3+1+1 model predicted
that a dimer of LEV-1:UNC-63 should also be functional, as was indeed the case (Figure 4.3). The final
addition of subunits one by one to the growing receptor complex predicted by the model could explain

why dimers involving these subunits did not produce any functional receptor.

Only two possible configurations remained for the final two subunits. Either ACR-13 followed by
UNC-29 or the reverse. While the initial trimer is believed to form so rapidly that it may not matter
which dimer forms first (Green et al., 1993), the final subunits are believed to join the complex in a
specific order. If the subunits join the complex in the same order in which they appear in the physical
organization of the receptor, then production of the subunits during protein synthesis in the ER would
follow the required assembly sequence. Otherwise, production of the subunits from the ribosome would
be in the wrong order for assembly. The small maximal currents observed for oocytes injected with
UNC-38:LEV-1:UNC-63:ACR-13 and monomeric UNC-29 (Figure 4.4A) suggest a problem with
production of a robust L-AChR. It may be the case that production of such a complex protein aggregate
in the form of a single polypeptide chain leads to many failed receptors that are never expressed on the

cell surface. On the other hand, the suggestion that the physical order of the final two subunits was
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ACR-13:UNC-29 but that the subunits join the growing complex in the reverse order is compelling.
This would also explain why the tetramer plus monomeric UNC-29 could produce a few functional
receptors but the pentamer could not. In this last case, there would never be any free UNC-29 available

to join the growing complex at the appropriate point.

UNC-38:LEV-1:UNC-63:ACR-13:UNC-29 appears to be the quaternary structure of the C. elegans L-
AChR (Figure 4.6) with the first three subunits forming a trimeric complex to which UNC-29 followed
by ACR-13 may be added. This will require further experimentation to establish beyond doubt. This
structure is consistent with the idea the ACR-13 and UNC-29 interact physically in a way suggested by
the admixture combinations from Chapter III. LEV-1 also interacts physically with both UNC-38 and
UNC-63.

5.4 Remaining questions and prospects

Expansion of subunit diversity in trichostrongylid nematodes compared to the rhabditid group poses
legitimate questions about the reasons for such a complex number of AChR subunits. The homomeric
ACR-16 (N-type) receptor and the heteromeric L-AChR both contribute in transmitting excitatory
signals to the muscle cells at the C. elegans neuromuscular junction (Richmond et al., 1999, Touroutine
et al., 2005, Boulin et al., 2008). The reasons for such a contrast between a structurally conserved and a
diversified receptor remain obscure. The N-AChR produces a rapid inward flux of cations in response
to ACh when the receptor rapidly desensitizes and the ion flow is terminated even in the presence of
ACh. The L-AChR on the other hand, responds rapidly but does not desensitize in the same way,
remaining open as long as ACh is present (Boulin et al., 2008). It is tempting to speculate that the N-
ACHhR is responsible for an "all or nothing" response at the synapse whereas the L-AChRs and its
diversified subunit composition allow specific fine tuning of the response that is transmitted to the
muscles. Adaptation to a parasitic lifestyle may require a finer degree of control over muscular
movement and may go some way to explain the increased complexity of the L-AChR in strongylid
parasitic nematodes. The work presented in this thesis provides initial groundwork for a means to

investigate this question.

Xenopus oocytes represent an invaluable system for the heterologous expression of pLGICs and ion-
channels in general. It allows a better understanding of subunit interactions and a precise functional

characterization of new receptors. However, this thesis highlights the crucial need for in vivo research
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that could validate our knowledge obtained over the past decades on nematode L-AChRs. Indeed, the
reconstitution of receptors remains an artificial method that may reflect the reality of the worm muscle
in only a limited way. Moreover, the oocyte machinery and the AChR biosynthesis pathway are not
necessarily identical to the situation in the worm in vivo and may lead to misinterpretation (Krashia et
al., 2010). Subpopulations of receptors that have been produced in oocytes may not faithfully represent
those in nematodes, for example, only one of the possible combinations for the L-AChR of O.
dentatum appears to correspond to the receptor found in vivo (Buxton et al., 2014). More extensive
investigation of L-AChRs in parasitic nematodes directly, in vivo, would avoid these issues. Alternative
approaches that will have to be considered include genetic manipulation such as transgenesis, RNAi or
the recently developed CRISPR-Cas9 system that has been used extensively in C. elegans (Dickinson
et al., 2013, Waaijers et al., 2013, Dickinson et al., 2016) but remains poorly developed in parasitic
nematodes. One interesting approach is that of extracting, purifying and transferring nematode
receptors or membrane extracts directly at the protein level into Xenopus oocytes (Morales et al., 1995,

Miledi et al., 2006, Crespin et al., 2016).

Analysis of admixtures presented in Chapter III highlighted changes in compatibility between units as a
principal result of diversification of subunits following duplication. The restriction of the non-a
subunits to one specific role in the L-AChR is a result of interactions with specific a subunits and
depends on the specific sequence of those subunits. The next step will be to determine precisely those
amino acid residues responsible. This could be achieved by mutually exchanging sections of the UNC-
29.1 and UNC-29.2 sequences, for example, and determining which part of the sequence determines
their behaviour. Progressively shorter segments of the protein could be exchanged, leading ultimately
to site directed mutagenesis and a demonstration of a causal relationship between the specific sequence

and its effects.

Establishing the quaternary structure of the C. elegans L-AChR represents a major advance in this field
and represents a reference for similar studies regarding the structure of the L-AChR from parasitic
nematodes including H. contortus. The failure to produce a functional fully pentameric receptor is a
concern. Further work is required to establish the cause and hopefully achieve a means of more robust
expression. Manipulation of the length of the linker between the last two subunits of the pentamer may
indicate if the order of subunit addition to the trimer is reversed from the order of subunits in the
quaternary structure. If this is the case, there is a clear prediction that a sufficiently long linker before
the last subunit should produce a functional receptor with UNC-38:LEV-1:UNC-63:UNC-29:ACR-13
but not for UNC-38:LEV-1:UNC-63:ACR-13:UNC-29. Concatamers may provide additional
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information for observations made with the admixtures in Chapter I11. For example, Hco-UNC-29.2
can functionally replace Cel-UNC-29 but not LEV-1, ACR-8 can functionally replace ACR-13, Hco-
UNC-29.1 can replace both UNC-29 and LEV-1. Concatamers may help to reveal if this functional
replacement is achieved by direct physical substitution of the subunit in the quaternary structure or if a

more extensive rearrangement of the structure is involved.

In conclusion, this PhD project has established the duplicate copies of unc-29 in H. contortus as a
model of the process by which novel pLGIC subunits appear, persist and acquire new characteristics.
Using this model it was possible to show that interactions between subunits within the receptor were
responsible for their ability to produce functional receptors and that this is a characteristic that evolves
rapidly following subunit duplication. Establishing the order and physical interactions of the subunits
within the L-AChR using concatamers provides a powerful technique that will accelerate our ability to
decipher those evolutionary changes critical for the origin of novel neurotransmitter signalling and
understand the origin and implications of the differences in receptor composition between parasitic

species of nematode and the C. elegans model.
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Chapter VI: Material and methods.

6.1 Animals

Animals (sheep and frogs) used in the present study were maintained and manipulated by certified
personnel under conditions laid out in the Animal Use Protocols (AUP), which had been preliminarily
validated and approved by the Macdonald Campus Facility Animal Care Committee of McGill
University. Every accepted protocols strictly respected the rules and guidelines set out by the Canadian

Council on Animal Care in Science.

6.1.1 Caenorhabditis elegans

The different strains used throughout the study were obtained from the Caenorhabditis Genetics Center
(CGC), funded by the National Institute of Health National Center for Research Resources. The Bristol
N2 and the CB1072:e1072 animals were respectively used as wild-type and mutant strains. Worms
were maintained on NGM (Nematode Growth Medium) plates at 20°C seeded with Escherichia coli
OP50 according to standard culture methods (Brenner 1974).

6.1.2 Haemonchus contortus

Approximately 5,000 L3 stage larvae of the laboratory anthelmintic sensitive isolate PF23, were
administered to sheep by oral gavage. Sheep were maintained, infected and treated under the Animal
Use Protocol #AUP3845. During the maintenance of sheep, eggs were regularly collected from faeces
and cultured into L2 and L3 larvae at 18°C.

30 days after infection, the abomasal mucosa of sheep was dissected at necropsy to collect adult male

and female nematodes.

6.1.3 Xenopus laevis

All procedures regarding housing, handling, surgery and recovery were applied regarding the Animal

Use Protocol #AUP2584.
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6.2 AChR cDNA/cRNA library

The C. elegans and H. contortus cDNA clones used in this study were obtained as integrated in the
bacterial expression vector pTB207 (Boulin et al., 2008, Boulin et al., 2011) The C. elegans cDNA
were initially cloned and kindly provided by Dr. Thomas Boulin (Institut NeuroMyoGéne - INMG
CNRS UMR 5310 - INSERM U1217 - Université Claude Bernard Lyonl, Villeurbanne, France). The
H. contortus cDNAs encoding subunits and ancillary proteins were cloned and also kindly provided by
Dr. Cédric Neveu , Dr. Claude Charvet and Dr. Aymeric Fauvin (INRA, UMR1282, Infectiologie Santé

Publique, Tours, France).

6.2.1 Accession numbers

Every cDNA clone sequences are identifiable with the following accession numbers: Cel-unc-63
(NP491533), Cel-unc-38 (NP491472), Cel-acr-13 (or Cel-lev-8) (NP509932), Cel-lev-1 (NP502534),
Cel-unc-29 (NP492399), Hco-unc-63a (GU060985), Hco-unc-38 (GU060984), Hco-acr-8
(EU006785), Hco-unc-29.1 (GU060980), Hco-unc-29.2 (GU060981), Hco-unc-29.3 (GU060982),
Hco-unc-29.4 (GU060983), Hco-unc-50 (HQ116822), Hco-unc-74 (HQ116821), Hco-ric-3.1
(HQ116823).

6.2.2 Linearization

Plasmids containing subunit and chaperon sequences were linearized prior to in vitro transcription. A
minimum of 6 pg of plasmid were digested with the FastDigest Nkiel (ThermoFisher Scientific,
Waltham MA) restriction enzyme at 37°C for at least two hours. The digestion product was then
purified using a GeneJET gel extraction kit (ThermoFisher Scientific, Waltham MA).

6.2.3 In vitro RNA transcription

The Nhel-linearized plasmids were used as template for in vitro transcription, which was carried out
with the mMESSAGE mMACHINE T7 kit (Ambion). Newly synthesized cRNA were then precipitated
with lithium chloride according to the manufacturer’s instructions and dissolved in RNAse-free
distilled water. The concentration of the purified cRNAs was measured using a Nanodrop
spectrophotometer (ThermoFisher Scientific, Waltham MA) and the integrity and quality was verified
by electrophoresis through a 0.8 % nuclease-free agarose gel mixed with the nucleic acid dye GreenGlo

(Denville Inc.).
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Individual cRNA types were initially diluted at a concentration of 500 ng/uL in nuclease-free water.
Then, the desired subunit combinations were prepared by mixing cRNAs encoding AChR subunits and
ancillary proteins. Nuclease-free water was added to adjust the final concentration to 50 ng/uL for each

cRNA.

6.3 Xenopus laevis oocytes - electrophysiology

6.3.1 Oocyte extraction

Mature female Xenopus laevis were anesthetized according to the AUP2584 procedure and an incision
on one side of the abdomen was performed in order to collect lobes of ovaries containing oocytes. The
lobes were then placed into a solution of Ca**-free OR2 (Goldin 1991) and manually divided in smaller
pieces with thin tweezers. A final incubation of the oocytes was carried out for 75 min in 40 mg/mL
collagenase 1A (Sigma-Aldrich Co.) in order to separate the oocytes and eliminate their follicular
envelop. A final control of the digestion was visually confirmed under a dissecting scope. The oocytes
were then washed at least five times in Ca®'-free OR2 and finally placed into a ND96 solution (NaCl
96 mM, KCI 2 mM, CaCl, 1.8 mM, MgCl, 1 mM and HEPES 5 mM, pH 7.3) supplemented with
sodium pyruvate 2.5 mM (Forrester et al., 2003) and incubated at 19°C until injection.

6.3.2 Oocyte injection

After the collagenase treatment, oocytes were injected in the animal pole (dark side) with
approximately 36 nL of a designated cRNA mix prepared beforehand. Oocytes were placed on a
suitable plastic support immersed in ND96 and injected with a Nanoject system (Drummond Scientific,
Broomall, PA). Immediately after injection, oocytes were incubated at 19°C for at least three days

before measurements were recorded, the ND96 buffer being changed once or twice a day.

6.3.3 Pharmacological compounds

The electrophysiological experiments required the use of different cholinergic agonists: acetylcholine

chloride (ACh), bephenium hydroxynaphtoate (BEPH), 1,1-dimethyl-4-phenylpiperazinium iodide
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(DMPP), (-)-tetramisole hydrochloride (LEV), (-)-nicotine hydrogen tartrate (NIC), pyrantel citrate
(PYR).

Cholinergic antagonists were also tested: (+)-tubocurarine chloride hydrate (dTC), mecamylamine

hydrochloride (Meca) and dihydro-[l-erythroidine hydrobromide (DHLIE).

All compounds were purchased from Sigma-Aldrich and DHLIE was obtained from Tocris Bioscience.

6.3.4 Two-electrode voltage clamp

Oocytes were preliminary incubated into ND96 supplemented with 100 uM of the calcium chelator
BAPTA-AM four hours before the recording process. This treatment prevents the activation of
endogenous calcium-activated chloride channels as noticed by Boulin et al. (2008).

Single oocytes were placed in a RC3Z chamber (Harvard Apparatus) filled with a recording solution
(NaCl 100 mM, KC1 2.5 mM, CaCl> 1 mM, HEPES 5 mM, pH 7.3). This chamber was connected to a
perfusion system supplying both recording buffer and drug solutions by gravity. The perfusion chamber
was grounded through a 3 M KCl 1% agar bridge.

B150F-4 borosilicate glass capillaries (World Precision Instruments, Sarasota, FL) were pulled to make
electrodes. Then, the tips were broken with a pair of thin tweezers and the electrodes were filled with 3
M KCl before being installed into their respective holders. The electrode were checked for a resistance

between 0.5 and 3 MQ.

Measurements were carried out using a Geneclamp 500B amplifier and Digidata 1322M (Axon
Instruments, Sunnyvale, CA) and the voltage was clamped at -60 mV. Recording and analysis of the
data were respectively performed with Clampex 9.2 and Clampfit 9.2 softwares (Axon Instruments,
Sunnyvale, CA). The final traces were filtered at 10 Hz and the intensity of the peak currents
corresponding to responses to the different drugs were measured and collected through Excel
(Microscoft, USA) software. The GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) was
used to make final graphs and calculate the mean + SE of the different drug responses. The same
software was ran to establish concentration-response relationships by applying the Hill equation as

previously described (Boulin et al., 2008).
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6.4 Caenorhabditis elegans - Transgenesis

6.4.1 Molecular biology

The expression of H. contortus or C. elegans genes into C. elegans specific tissues required to make

suitable expression vectors that would be directly injected in mature hermaphrodite C. elegans.

The backbone of the bacterial pPD96.52 plasmid (Addgene L2534) containing the myo-3 promoter was
used as a template for the insertion of the five following genes: Cel-unc-29, Hco-unc-29.1, Hco-unc-

29.2, Hco-unc-29.3 and Hco-unc-29.4.

In order position the genes correctly into the vector, every subunit sequence in pTB207 were re-

amplified by PCR with primers containing restriction sites (Table 6.1).

The PCR products were digested with the corresponding FastDigest (ThermoFisher Scientific,
Waltham MA) restriction enzymes (Table 5.1) for two hours at 37°C. In parallel, the pPD96.52 vector
was digested with the same enzymes. All the digestion products were purified (GeneJET gel
extraction kit - ThermoFisher Scientific, Waltham MA) and the T4 DNA Ligase (New England
Biolabs) was used to ligate the vector and the inserts (1:3 ratio) for one hour at room temperature. The
quality of the insertion was checked by sequencing the new plasmid constructs at the McGill

University and Génome Québec Innovation Centre.

6.4.2 Microinjection

The pPD96.52 plasmids containing both the C. elegans and H. contortus genes were diluted at a
concentration of 30 ng/uL in water and mixed with the #zx-3::GFP-expressing plasmids (Hobert et al.,
1997) that was used as a transformation marker at identical concentration. This marker drives the

expression of GFP in the two AIY head neurons (Hobert et al., 1997).

The mixed plasmids were microinjected into the gonad syncytium of young hermaphrodite adults, as
described by Mello et al., (Mello et al., 1991). Two days later, the F1 transgenic fluorescent progeny

were selected and maintained as two separated worm lines for each injected construct.

6.4.3 Paralysis assay

This experiment was performed to assess the paralyzing action of LEV on the transgenic and wild-type

worms. 12 young fluorescent adults were picked and transferred on unseeded NGM plates containing

93



200 uM LEV. Every worm were prodded with a hair type as described by Hernando et al., (Hernando
et al., 2012) in order to observe movement. This procedure was carried out every 15 min for at least
two hours and the whole paralysis assay was repeated three times. Non fluorescent worms such as

wild-type and mutant strains were randomly picked at the young adult stage.

6.5 Immunohistochemistry

6.5.1 Antibodies

Synthetic peptides were selected from the two H. contortus subunits UNC-29.1 and UNC-29.2 and
corresponded to parts of the intracellular loop between the third and the fourth transmembrane domains
of the subunits. For UNC-29.1, the peptide sequences were: "EKTASPKTLNCAMELTTRDPQL" and
"PIPEPAPPEITQLP" whereas the UNC-29.2 peptide sequences were "VSIKVLNCGDDIPKDP" and
"MTKKKRGATVAKLP". The UNC-29.1

The UNC-29.1 peptides were used to immunized rabbits and the UNC-29.2 peptides were injected in
rats (21% Century Biochemicals - Marlborough, MA).

The specificity of the peptide-derived polyclonal antibodies was verified by enzyme-linked

immunosorbent assay (ELISA) and antibodies were titrated against both peptides.

6.5.2 Xenopus oocytes - whole cell immunochemistry

Oocyte collection, treatment, injection and current recordings was performed according to the previous
description to reconstitute receptors (§6.3). TEVC was applied in identical conditions to verify the

electrophysiological responses of the receptors to 100 uM ACh.

Overnight incubation of the oocytes in 4% paraformaldehyde (PFA) diluted in 1X phosphate buffered
saline (PBS) at 4°C was initiated and followed by five min washes with 1X PBS (repeated three times).
Unspecific sites were blocked overnight in a antibody diluent solution (AbD) containing 1X PBS,

0.2 % gelatin from the skin of cold water fish, 2 % Triton X-100 and 0.1 % sodium azide. Oocytes
were then incubated overnight at 4°C with the primary polyclonal antibodies diluted in AbD at a 1:100
ratio and washed three times, five min each, with the AbD solution. Corresponding secondary
antibodies conjugated with the Alexa Fluor 488 (Invitrogen, USA) were applied overnight at 4°C on
the oocytes and diluted in the AbD at a 1:500 ratio. The oocytes were finally washed two times with the
AbD and two times with a mix of 1X PBS and 0.1 % (v/v) Triton X-100. Water-injected oocytes as

well as AChR expressing-oocytes without the primary antibodies were considered as negative controls.
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The oocytes were placed on microscope slides designated for the observation of thick material
(Hanging Drop Slides - ThermoFisher Scientific, Waltham MA). Two drops of a mounting media

(Sigma Aldrich) was applied and a coverslip slide was added on the observation field.

A Zeiss LSM710 confocal miscroscope (Carl Zeiss Inc., Canada) was used to observe the membrane of

the oocytes and the Zeiss Zen 2010 software was run to analyze and control the imaging process.

6.5.3 H. contortus - cryosection immunochemistry

Freshly extracted adult male and female H. contortus from the PF23 strains were immediately fixed
overnight at 4°C in a solution of 4 % paraformaldehyde diluted in 1X PBS. Then, three washes with 1X
PBS were applied before incubating overnight at 4°C on a rocking platform in a solution of 1X PBS
mixed with 30 % of sucrose. The nematodes were placed in a metal mold filled with an optimal cutting
temperature compound (OCT) (ThermoFisher Scientific, Waltham MA). The whole mold was
immediately frozen on dry ice and 10 um cryosections were obtained using a Thermo Shandon
cryotome (ThermoFisher Scientific, Waltham MA) and assembled on cold microscope slides. The
transversal sections were blocked overnight at 4°C using the same AbD solution previously used on
Xenopus oocytes. The same dilution of primary antibodies were applied on the slides and left for
incubation overnight at 4°C. The sections were then washed 5 times with the AbD before being
incubated in identical conditions with the corresponding secondary antibodies conjugated with the
Alexa 488 fluorophore (Invitrogen, USA) at a dilution ration of 1:500. The final washing step was

similar as previously described and the same mounting media was applied on the worm slices.

Confocal microscopy was performed using the same material and software. Negative controls consisted
in using pre-adsorbed primary antibodies with 0.25 mg/mL of the corresponding peptide. Also, some

sections were observed without incubating the primary antibodies.

6.6 AChR subunit concatenation

The C. elegans L-AChR subunit sequences initially inserted into pTB207 were used as templates for
the construction of subunit dimers, trimers, tetramers and pentamers. In this configuration, the method
consists in fusing the C-terminal extracellular tail of a subunit to the extracellular N-terminal of a

second one. UNC-63 remained an exception as the C-terminal tail of this subunit was considered too
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short to be properly joined to the second subunit without affecting the structure of the receptor. In
consequence, an artificial linker made of five repeats of Threonine-Serine-Alanine was added at the C-

terminal of UNC-63 when this subunit was used.

This synthesis process required to amplify every subunits by PCR in order to add unique restriction
sites at both 5* and 3’ ends of the subunit sequences for an optimal assembly by ligation and to either
delete the signal peptide or the stop codon depending on the desired combinations. Figure 6.1 and
Table 6.2 respectively show the strategy designed to assemble subunit concatamers and a list of primers

used to generate compatible combinations.

Finally, cRNA corresponding to every concatamer in vitro synthesized and injected into Xenopus
oocytes along with the corresponding monomer cRNAs. The TEVC electrophysiological technique was
applied as previously described and the functionality of the constructions were tested with 100 uM of
both ACh and LEV.

6.6.1 Dimers

A total of 13 combinations were made in order to create two different subunit associations: the a type
subunits in first position (principal) with the non-a in second (complementary) and all the six possible
o/a combinations. The LEV-1:UNC-63 dimer was the only subunit combination consisting of a non-
o/a pair. PCRs were run using primer listed in Table 5.2. 20 uLL PCR reactions were prepared by
mixing 1 pL of each primer at a concentration of 10 uM, 10 to 20 ng of plasmid template, 0.5 pL of 10
mM dNTPs, 2 uL of 10X Buffer, nuclease-free water adjusted to 19.8 pL and 0.2 pL of Taq
polymerase (DreamTaq DNA polymerase - ThermoFisher Scientific, Waltham MA). The PCR program
was: 30 sec at 95°C, 30 sec at 56°C, 2 min at 72°C repeated 35 to 38 times. The PCR products were
run through electrophoresis in a 0.8 % agarose gel and the bands were cut under UV light. A gel
extraction column-based protocol was used to purify the DNA according to the instructions of the
manufacturer (GeneJET gel extraction kit - ThermoFisher Scientific, Waltham MA). Purified PCR
products were immediately ligated into the pGEM-T bacterial cloning vector (pGEM-T Easy Vector
Systems - Promega, Fitchburg WI) and incubated overnight at 4°C. Thermocompetent DH5-a
Escherichia coli (Subcloning Efficiency™ DH5a™ Competent Cells - ThermoFisher Scientific,
Waltham, MA) were then transformed with these ligation products.

The transfer of the PCR into a cloning vector allowed a better conservation of the subunit sequence in

bacteria and a better template for further digestion.
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pGEM-T plasmids containing the subunit sequences of interest were grown in bacterial liquid culture

and purified using the GeneJET gel extraction kit (ThermoFisher Scientific, Waltham MA.

For every dimer, the FastDigest Nofl, Xbal and Apal restrictions enzymes (ThermoFisher Scientific,
Waltham MA) were the six base cutters used to assemble subunits without changing the codon reading
frame. The whole amount of plasmid was digested at 37°C for minimum two hours with 2 uL of each
enzyme mixed to 5 puL of the 10X FastDigest buffer and water adjusted to a total volume of 50 uL. In
parallel, the empty pTB207 plasmid was digested under the same conditions with the Nofl and Apal
enzymes and was considered as the plasmid backbone receiving the ligated subunits. The digested
products were then run through a 0.8 % agarose gel by electrophoresis and the bands corresponding to
the subunit monomers (~1500 bp in size) or the linearized pTB207 (~3500 bp) were extracted and

purified using the gel extraction kit previously described.

A sticky end ligation of the pTB207 and the two subunits was immediately carried out for one hour at
room temperature using the T4 DNA Ligase (New England Biolabs, Ipswitch MA) and its related
protocol. Then, DH5-a were transformed with the purified digestion products while the remaining

material was stored at -80°C.

Few colonies were screened by PCR and checked for the presence of the dimers into pTB207 by using
different sets of primers such as T7 and SP6 universal primers which bind to the pTB207 vector on
either side of the insertion region. Subunit specific primers were also used to check the orientation and
the integrity of the newly constructed dimer. Positive clones were grown and their respective plasmids
were purified and sequenced as previously described.

cRNAs of the dimer were finally synthesized following the protocol detailed in §6.2.4.

6.6.2 Trimers

The reconstitution of the different dimers coupled with monomers in Xenopus oocytes opened the way
towards the synthesis of trimers of subunits. According to the electrophysiology results, the UNC-
38:LEV-1 dimer served as a backbone for the construction of 5 trimers by either inserting a subunit at
the third or the first position (version #1 and #2 respectively, Figure 6.1).

The version #1 trimer required to create a unique six base restriction site (Af/II) in order to insert the
third subunit in the right position. Primers listed in Table 6.2 were used to amplify unc-63, acr-13 and
unc-29 in order to insert changes required to form a complete trimer of subunits. The same methods

used in the "dimer" section were applied to amplify monomers, digest and ligate PCR products with the
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pTB207 and synthesize cCRNAs. The version #2 consisted in creating the Ptel site at the 5’end of unc-
38 and other sets of primers (Table 6.2) were used to amplify unc-63 and acr-13 in order to generate

compatible sticky end PCR products.

6.6.3 Tetramers

The UNC-38:LEV-1:UNC-63 trimer is the unique construction being functional in Xenopus oocytes
when co-expressed with corresponding monomers (acr-13 and unc-29). Consequently, two tetramers
were synthesized from this construct (Figure 6.1) by adding a fourth subunit (acr-13 or unc-29) at the
3’end of unc-63.

The approach consisted in digesting a version #1 trimer with the AfIIl and Apal restriction enzymes.
Then, unc-63, acr-13 and unc-29 were re-amplified by PCR with primers listed in Table 6.2 containing
specific restriction sites represented in Figure 6.1. A new six base restriction site (4vrll) was created at
the interface between unc-63 and the fourth subunit sequence. A final ligation was carried out to fuse

the pTB207 (containing unc-38:lev-1), unc-63 and acr-13 or unc-29.

5.6.4 Pentamers

Two pentamers UNC-38:LEV-1:UNC-63:ACR-13:UNC-29 and UNC-38:LEV-1:UNC-63:UNC-
29:ACR-13 were constructed from a tetramer that was digested with Avrll and Apal (Figure 6.1). acr-
13 and unc-29 PCR products were generated in order to adjust their respective position within the final
constructs (Figure 6.1 and Table 6.2). The final ligation consisted in assembling the UNC-38:LEV-
1:UNC-63 trimer already in pTB207 with a fourth and fifth subunit as described in Figure 6.1.
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Subunit Primer Primer sequence (5’-3°) Restriction
enzyme
Td-112
AAGCTAGCATGCGTTTCGAACTCCTGATT Nhel
(forward)
Hco-unc-29.1
Td-113 TGGCGGAAATCGTGATTAAACCGGTAA Agel
(reverse)
Td-114
AAAGCTAGCATGCGCCTACATCCACTTCT Nhel
(forward)
Hco-unc-29.2
Td-115 TGGTGGTATCCGTGATTAACTCGAGAAA Xhol
(reverse)
Td-116
AAGCTAGCATGCAAATCGGACATCTTG Nhel
(forward)
Hco-unc-29.3
Td-117 AATCTGGAGATAACAGTTAACTCGAGAAA Xhol
(reverse)
Td-118
AAAGCTAGCATGCTTTTCTATCAGCTTCTT Nhel
(forward)
Hco-unc-29.4
Td-119 GACACGAGGCAGTAGCTAGCTCGAGAAA Xhol
(reverse)
Td-120
AAGCTAGCATGAGGACCAACCGACTAT Nhel
(forward)
Cel-unc-29
Td-121 CAGCATCCAATATTCCCTGACTCGAGAA Xhol
(reverse)

Table 6.1: Primers used for the insertion of L-AChR subunits in the C. elegans expression vector
pPD96.52
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Concatamer Sul?um.t Primer Primer sequence (5°-3”) Restn:nctlon Slgn.al Stop
combination site peptide codon
(g)erlv;(;ié) GCGGCCGCATGCGCTCTTTTTGGTTATTCCT Notl Yes -
unc-38
(1st position) Cel-012
(forward) TCTAGAGAAACTAATTGGATTAGCAGATAA Xbal - No
(&i}%ﬂ) TCTAGAGGAAATGAAGATGCTAAACGGCTT Xbal No -
unc-38
(2nd position) Cel-022
(reverse) GGGCCCTCAGAAACTAATTGGATTAGCAGAT Apal - Yes
Cel-007
(o) GCGGCCGCATGGGACCAAATGACCACGG Notl Yes -
. unc-63
Dimers (Istposition) | 1003 | TCTAGAAGCCGTAGATGCGGTACTAGCGGTTGAAG No
CAGTAGATGCAGTGCTAGCAAGAGCCGGCGTGTTA Xbal - .
(reverse) T (+linker)
Cel-025
(i) TCTAGAGCGAACAGAGATGCGAATCG Xbal No -
unc-63
(2nd position) Cel-026
(reverse) GGGCCCCTAAGCAAGAGCCGGCGTG Apal - Yes
Cel-015 GCGGCCGCATGTGGATACCTCAACGGATAAG Nodl Yes :
(forward)
acr-13
(1st position)
Cel-016
(reverse) TCTAGAGGTGTTAAGAACGTTGATGGTTC Xbal - No
Concatamer corsnl:)t;:::iton Primer Primer sequence (5°-3°) Restriction site
Cel-023
(Eorward) TCTAGAGCCAACAAACATGTTTCGCAA Xbal
acr-13
(2nd position) Cel-024
(reverse) GGGCCCTCAGGTGTTAAGAACGTTGATGG Apal
ggkg;li GCGGCCGCATGATGTTAGGAGGTGGTGGAGG Notl
lev-1
(1st position) Cel-053
(reverse) TCTAGAGAAAATACCAAGAACTGTGTCGT Xbal
Dimers
(Ei];;lrg) TCTAGAGACATAGATGCCGAGGATCGC Xbal
lev-1
(2nd position) Cel-014
(reverse) GGGCCCTCAGAAAATACCAAGAACTGTGTC Apal
Ll TCTAGAT ATGATGAAGAACGATTGA Xbal
() CTAGATCGGATGATGAAGAACG G a
unc-29
(2nd position) Cel-010
(reverse) GGGCCCTCAGGGAATATTGGATGCTGTATC Apal

101




Subunit

Concatamer o Primer Primer sequence (5°-3’) Restriction site
combination
Cel-007
GCGGCCGCATGGGACCAAATGACCACGG Notl
(forward)
unc-63
(Ist position) Cel-031 | GCGCGCAGCCGTAGATGCGGTACTAGCGGTTGAAGCAGTAGATGCA il
(reverse) GTGCTAGCAAGAGCCGGCGTGTTAT €
Cel-035
CTTAAGGCGAACAGAGATGCGAATCG Aflll
(forward)
unc-63
(3rd position) Cel-026
GGGCCCCTAAGCAAGAGCCGGCGTG Apal
(reverse)
Cel-015 GCGGCCGCATGTGGATACCTCAACGGATAAG Nodl
acr-13 (forward)
Trimers .
(1st position) Cel-032
GCGCGCGGTGTTAAGAACGTTGATGGTTC Ptel
(reverse)
LRy CTTAAGGCCAACAAACATGTTTCGCAA AfII
(forward)
acr-13
(3rd position) Cel-024
GGGCCCTCAGGTGTTAAGAACGTTGATGG Apal
(reverse)
LIRS GCGGCCGCATGAGGACCAACCGACTATC Notl
(forward)
unc-29
(1st position) Cel-034
GCGCGCTCGGGGAATATTGGATGCTG Ptel
(reverse)
Concatamer Sul{um.t Primer Primer sequence (5°-3°) Restriction site
combination
LRt CTTAAGGCGAACAGAGATGCGAATCG Afll
(forward)
unc-63
(3rd position) Cel-046
CCTAGGAGCCGTAGATGCGGTACTAGCG Avrll
(reverse)
LRty CCTAGGGCCAACAAACATGTTTCGCAA Avrll
acr-13 (forward)
Tetramers .
(4th position) Cel-024
GGGCCCTCAGGTGTTAAGAACGTTGATGG Apal
(reverse)
CIEbe CCTAGGTCGGATGATGAAGAACGATTGA Avrll
(forward)
unc-29
(4th position) Cel-010
(reverse) GGGCCCTCAGGGAATATTGGATGCTGTATC Apal
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Subunit

Concatamer o Primer Primer sequence (5°-3°) Restriction site
combination
Cel-047
CCTAGGGCCAACAAACATGTTTCGCAA Avrll
(forward)
acr-13
(4th position) Cel-016
TCTAGAGGTGTTAAGAACGTTGATGGTTC Xbal
(reverse)
Cel-023
TCTAGAGCCAACAAACATGTTTCGCAA Xbal
(forward)
acr-13
(5th position) Cel-024
GGGCCCTCAGGTGTTAAGAACGTTGATGG Apal
(reverse)
Pentamers
CIR CCTAGGTCGGATGATGAAGAACGATTGA Avrll
(forward)
unc-29
(4th position) Cel-052
TCTAGAGGGAATATTGGATGCTGTATCGT Xbal
(reverse)
Cel-009
TCTAGATCGGATGATGAAGAACGATTGA Xbal
(forward)
unc-29
(5th position) Cel-010
(reverse) GGGCCCTCAGGGAATATTGGATGCTGTATC Apal

Table 6.2: Primers used for the concatenation of C. elegans L-AChR subunits.
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