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Abstract

Anthelmintic drugs are important tools for controlling the spread and intensity of parasitic
nematode infections. Many classes of these drugs target pentameric ligand-gated ion channels
(pLGICs), causing paralysis and inhibition of vital biological processes through perturbation or
cessation of neurotransmission. Specificity of pharmacodynamics protect the host from toxicity
against anthelmintics, but also acts as a variable in parasite susceptibility and thus warrant further
investigation to explain treatment failure and to identify potential novel drug target candidates. In
this thesis, [ investigated species- and subunit type-related aspects of amino acid sequence variance
as they pertain to pharmacodynamics of anthelmintics that target pLGICs. Comparing the structure
and function of a cholinergic ionotropic receptor (ACR-16) from two of the major species of
hookworms that infect Homo sapiens, 1 found that even closely related orthologs may possess
distinct pharmacological profiles which can affect anthelmintic efficacy and I used in silico
homology modelling to identify putative structural determinants for these differences. I next used
Caenorhabditis elegans as a model to describe how the anthelmintic ivermectin and the related
compound, moxidectin, activate glutamate-gated chloride channels (GluCls). One GluCl subunit,
Cel-GLC-2, 1s not susceptible to these drugs and I identified 2 residues in Cel-GLC-2 that dictate
moxidectin activity and distinguish these responses from ivermectin, previously believed to act
using the same mechanism. This thesis sheds light on genetic factors of anthelmintic susceptibility,
cautioning against extrapolating pharmacological data from one species to another. I provide much
needed information on pharmacodynamic differences between the ivermectin and moxidectin and

provide a rationale for differences in therapeutic effect.



Resumé

Les anthelminthiques sont des outils de contrdle de la propagation et de 1'intensité des infections
parasitaires causées par des nématodes. De nombreuses classes de ces médicaments ciblent les
canaux ioniques ligand-dépendants pentaméres, provoquant la paralysie et l'inhibition des
processus biologiques vitaux par perturbation ou arrét de la neurotransmission. Bien que la
spécificité¢ de la pharmacodynamie des anthelminthiques les rende non toxique pour I'hdte, la
sensibilité¢ aux antihelminthiques varie selon les parasites. Cela justifie par conséquent une enquéte
plus approfondie visant a expliquer les échecs thérapeutiques et identifier de nouvelles cibles
médicamenteuses. Dans cette thése, j'ai étudi¢ les aspects de la variance des séquences d'acides
aminés liés a l'espéce et au type de sous-unité vue que la pharmacodynamique des
anthelminthiques qui ciblent les canaux ioniques ligand-dépendants pentaméres en dépend. En
comparant la structure et la fonction d'un récepteur ionotrope cholinergique (ACR-16) entre les
deux espéces principales d'ankylostomes qui infectent les humains, j'ai trouvé que méme les
orthologues étroitement apparentés peuvent posséder des profils pharmacologiques distincts ce qui
en conséquence peut affecter leurs efficacité anthelminthique. De plus, j'ai utilisé une approche in
silico, basé sur la modélisation par homologie, pour identifier les déterminants structurels putatifs
de ces différences. J'ai ensuite utilisé Caenorhabditis elegans comme modele pour décrire comment
I'ivermectine anthelminthique et le composé associé, la moxidectine, activent les canaux chlorure
glutamate-dépendants (GluCls). Une sous-unit¢ GluCl, Cel-GLC-2, n'est pas sensible a ces
médicaments et j'ai identifié 2 résidus dans Cel-GLC-2 qui dictent l'activité de la moxidectine et
distinguent ces réponses de celles évoquées par I'ivermectine, que 1'on croyait auparavant agir en
utilisant le méme mécanisme. Cette thése expose les facteurs génétiques de la sensibilité aux
anthelminthiques, mettant en garde contre l'extrapolation des données pharmacologiques d'une

espece a ’autre. Je fournis des informations cruciales sur les différences pharmacodynamiques



entre I'ivermectine et la moxidectine, en proposant également une explication pour les différences

d'effet thérapeutique observées pour ces deux molécules.
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Chapter 1: General introduction & Literature
review

GENERAL INTRODUCTION

Pentameric ligand-gated ion channels (pLGICs) are the operational units of fast ionotropic
synaptic signal transduction. Because of their important physiological roles, many drugs have been
developed that target these proteins in humans, animals, and parasitic nematodes. However, there
is limited information of how these drugs interact with their target proteins, and there are many
factors that allow targeting of some species but not others. Two important classes of pLGIC that
are targets of anthelmintics are the glutamate-gated chloride channels (GluCls) targeted by the
macrocyclic lactones (MLs) ivermectin (IVM) and moxidectin (MOX), and the ionotropic
acetylcholine receptor, composed of the acetylcholine receptor subunit alpha-type acr-16 (ACR-
16) targeted by oxantel, and to a lesser extent, pyrantel. These proteins are generalized as being
homogenous among different parasites, but there is reason to suspect that species differences
contribute to treatment failure or lower efficacy. For instance, IVM is not used for human
hookworm infections because Necator americanus is 50-fold less susceptible than Ancylostoma
spp. (Behnke et al., 1993; Richards et al., 1995). These hookworms are targeted by pyrantel, but
not the structurally similar compound, oxantel, and this sensitivity profile is reversed for
whipworms (Keiser et al., 2013). The goal of this thesis was to investigate the role of amino acid
differences associated with species differences and subunit type that determine susceptibility to
anthelmintics. I hypothesize that minor differences in amino acid composition of orthologous or
related pLGICs are responsible for differences in anthelmintic efficacy, and that this can be tested

using electrophysiology and in silico modeling to compare pharmacologies of pLGICs.



To achieve these goals, in Chapter 2 I compared the function of homomeric ACR-16
receptors from N. americanus and A. ceylanicum, two closely related hookworm species that infect
humans. This receptor is formed from the assembly of 5 identical ACR-16 subunits, permitting the
direct comparison of function of a receptor between species in the absence of multiple subunit
interfaces. To investigate potential structural determinants of the functional differences in M.
americanus and A. ceylanicum ACR-16 receptors, I next used in silico homology modeling and

ligand docking of agonists into the predicted ligand-binding domain.

IVM and other MLs pseudo-irreversibly activate GluCls, but one GluCl subunit, the
glutamate-gated chloride channel subunit f (GLC-2), forms channels that are insensitive to these
drugs. Furthermore, there are 2 structurally distinct classes of ML, avermectins (including IVM)
and milbemycins (including MOX) that are believed to act on the same receptors, but the
pharmacological functions of MOX on GLC-2 have not been reported. The objective of Chapter 4
was to express GLC-2 from the free-living nematode Caenorhabditis elegans as a model of
hookworm receptors to measure the ability of MOX to interact with this GLC-2 and to identify
residues of C. elegans GLC-2 that are responsible for IVM-insensitivity and use site-directed

mutagenesis to probe their contribution to the ML response.

C. elegans is an important organism for the study parasitic nematode biology and anthelmintic
targets, but as described in Chapter 2, even small differences in the sequence of receptors between
species can have large effects, with important implications for the study of nematode physiology
and pharmacology. In the following literature review, I begin with C. elegans as a model organism

and highlight important attributes useful for the study of parasite biology.



1.0 LITERATURE REVIEW

1.1 Caenorhabditis elegans

Caenorhabditis elegans, named for the elegance of its movements, is a free-living, soil-dwelling
roundworm in the phylum Nematoda that is ubiquitously used as a model organism. Originating
from efforts by Dr. Sydney Brenner in the 1960s to “tame a small metazoan organism to study
development directly”, C. elegans has since become a vital tool for drug discovery and is used as
a eukaryotic system for the study of nearly every fundamental process in biology, including
neurotransmission (Brenner, 1974; Strange, 2006). Several important characteristics make C.
elegans well-suited for this role, including the availability of a large body of knowledge and
technical platforms, ease of genomic-level manipulation, a completely mapped nervous system
and a rapid and simple life-cycle. These characteristics will be elaborated upon, with specific
examples, in the following sections to rationalize why C. elegans was used as a model in this

thesis.

1.2 C. elegans life-cycle

These entirely free-living worms complete their full life-cycle in two weeks; maturation from eggs
to larval stages (L1-L4) to adults occurs rapidly within 3 days, after which an adult hermaphrodite
can self-fertilize with a fecundity of > 300 eggs in ideal conditions (Aprison and Ruvinsky, 2014).
C. elegans are androdioecious, and infrequently produce male offspring, which combined with a
rapid life-cycle, allows researchers the ability to grow large numbers of progeny in a short period

of time, while permitting control over self- or cross-fertilization for genetics studies.



C. elegans is an important model to study parasitic nematode biology, but many genetic
differences set parasitic nematodes apart from each other and their free-living relatives. For
instance, like C. elegans, the sheep parasite Haemonchus contortus also possess 5 pairs of
autosomal chromosomes, but instead of self-fertilizing hermaphrodites, has male and female
individuals that are obligate sexual organisms (Redman et al., 2008). Understanding species
differences is important for understanding the usefulness and limitation of C. elegans as a model
for parasitic nematodes. This will be exemplified in Chapters 2 and 3 in which I characterize

orthologous of ion channels from hookworm nematodes and compare them with that of C. elegans.

1.3 C. elegans is easily grown and manipulated in a laboratory setting

C. elegans can be grown inexpensively at room temperature (ideally 20 °C) in liquid or solid
media, requiring only Escherichia coli as a food source, and can be grown to high density in a
laboratory setting (Byerly et al., 1976). Adult hermaphrodites measure roughly 1-2 mm in length
and are readily distinguished from the smaller males and larval stages by simple stereomicroscopy.
These features allow large numbers to be grown on a single plate, while still facilitating facile
methods for observing feeding, behaviour, and movement phenotypes, of particular relevance for
high-throughput pharmacological screening assays. Furthermore, C. elegans is transparent, which
allows the use of proteins modified with green fluorescent proteins as probes to study cellular
processes in situ, as well as visual discrimination of internal structures. For instance, researchers
can express fluorescently-labelled ion channels cloned from parasitic nematodes (Glendinning et
al., 2011), or even human proteins (Link, 1995) in wild-type or orthologous knockout strains of C.
elegans by microinjecting plasmid DNA directly into the visible gonad and assaying for functional

expression in progeny. This technique is made more powerful because the genome of C. elegans



encodes proteins that often share high sequence similarity with proteins from parasitic nematodes
(Bird and Opperman, 1998; Gilleard, 2004; and to be further discussed in this thesis), and contains
many genes with orthologs in humans, as indicated by the database Ortholist 2:

http://ortholist.shaye-lab.org/ (Kim et al., 2018; Shaye and Greenwald, 2011). These techniques

are relevant to this thesis because I study the function of ion channels from nematodes, and
knowledge of their tissue expression provides important information on their physiological roles.
As will be discussed later, like their function, the tissue expression patterns of the ion channels

studied in this thesis vary in a species-dependent manner.

1.4 C. elegans: large body of resources, tools and knowledge

As previously noted, C. elegans is often used as a model, including in this thesis, because a large
body of resources, tools and knowledge is available for studying its biology. C. elegans was the
first multicellular organism to have its genome fully sequenced, occurring over 20 years ago (The
C. elegans Sequencing Consortium, 1998). Since this initial study, multiple whole organism
sequencing efforts, using more modern and sophisticated technologies, have independently
improved, validated and updated this genome to exceptionally high quality (Hillier et al., 2008;
Yoshimura et al., 2019). Collectively, these studies have determined that C. elegans contains 1 sex
chromosome (diploid in hermaphrodites and haploid in males) and 5 pairs of holocentric (lacking
a predefined site for the protection of cohesion in meiosis I) autosomal chromosomes containing
~100 million base pairs encoding ~21,000 genes (Hillier et al., 2008; The C. elegans Sequencing
Consortium, 1998; Yoshimura et al., 2019). Availability of these genomics datasets, in
combination with the readily available vast libraries of mutant strains of C. elegans (Thompson et

al., 2013; https://cgc.umn.edu/), has created an extremely manipulatable system for the study of


http://ortholist.shaye-lab.org/

an entire organism. Since the original sequencing efforts in the 1990s, very large amounts of
“omics” data have been published and, as illustrated by the Ortholist 2 database, scientists have
used bioinformatics to build easily accessible high-resolution databases and tools for the study of
C. elegans. These databases include transcriptomics (Hillier et al., 2009; Reboul et al., 2001;
Roach et al., 2020), a European nucleotide archive (https://www.ebi.ac.uk/ena), RNAi libraries
(Ashrafi et al., 2003; Kamath et al., 2003; Kamath and Ahringer, 2003), proteomics (Costanzo et
al., 2000; Waterston et al., 1992; https://www.uniprot.org/proteomes/UP000001940) and protein-
protein interactions (Simonis et al., 2009), numerous commercially available antibody libraries

(https://www.novusbio.com/celegansantibodies.html), gene ontology knowledgebase for the

information of function of genes (Ashburner et al., 2000; http://geneontology.org/), lipidomics
(Witting et al., 2017; Witting and Schmitt-Kopplin, 2016; Yang and Han, 2016), metabolomics
(Copes et al., 2015; Von Reuss et al., 2012), phenomics (McDiarmid et al., 2018) and behavioural

phenotypes (http://www.wormatlas.org/). In this thesis I use the knowledge resources described in

this section to mine the genome of C. elegans and other nematode species for the cloning and

analysis of pLGICs

1.5 C. elegans nervous system

Dr. Brenner originally proposed C. elegans as a model organism to study the biological
development of a nervous system (Brenner, 1974). In realization of this goal, C. elegans was the
first and still the only organism to have a complete map of the connectome of the nervous system
for both sexes generated (Cook et al., 2019). The adult hermaphrodite contains 302 neurons,
whereas males, which comprise a small portion of a given population, have 383 (Hodgkin and

Doniach, 1997; Ward and Carrel, 1979). In hermaphrodites, these neurons synapse at 4887


https://www.novusbio.com/celegansantibodies.html
http://www.wormatlas.org/

locations, of which 2000 represent chemical neuromuscular junctions (NMJ), and 1447 are gap
junctions. In addition to possessing more neurons, males also have a greater number of synapses
(5315), with 1755 gap junctions (Cook et al., 2019; White et al., 1986). A major reason for the
greater number of neurons and synapses in males is the presence of a highly innervated copulatory

apparatus in the posterior tail region (Garcia et al., 2001; Liu and Sternberg, 1995).

Because the architecture of its nervous system is known, C. elegans is used as a model to
study neurodegenerative disorders of humans, such as Alzheimer’s disease (Link et al., 2003) and
Parkinson’s disease (Braungart et al., 2004), and is used to screen for and characterize drugs that
target the nervous system of parasitic nematodes. This is especially relevant among nematodes
possessing orthologous protein drug targets that share high sequence identity with C. elegans, such

as hookworms and the important trichostrongyloid parasite of ruminants, H. contortus.

1.6 Parasitic nematodes

Parasites are eukaryotic organisms that have at least one obligate life stage in which they must live
inside (endo) or on (ecto) a living host organism from which they obtain food energy and
metabolites (Actor, 2011). This definition was originally meant to distinguish parasitic animals
from predacious organisms and bacteria, and as such distinguishes the noun “parasite” from the
verb “parasitic’, which can describe the behaviour of parasites and infective bacteria
(Swellengrebel, 1940). As this thesis is a study of parasitic nematode ion channels and how they
compare to those of C. elegans, I begin with a broad description of parasites as a group to give the
necessary context for these comparisons. Parasites are broadly classified as protozoa (e.g.,
trypanosomes, Plasmodium spp., etc.), ectoparasites (ticks, lice, flies, mites), or helminths.

Helminths, or parasitic worms, include a wide range of species, especially amongst the phyla
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Platyhelminthes and Nematoda, that parasitize plants (Baldwin et al., 2004), humans (Chandy et
al., 2011; Norhayati et al., 2003; Whittington, 1997) and animals (Hrckova and Velebny, 2013).
Nematodes are further categorized into 5 major clades (I-V) based on evolutionary relatedness
(Figure 1.1) (Blaxter, 2011; Meldal et al., 2007), of which clade V contains C. elegans and some
of the most socio-economically important parasitic nematodes including hookworms, which are a

focus of study in this thesis (Jourdan et al., 2018).
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Hookworms also belong to an important mixed-clade group of parasites called soil-transmitted
helminths (STH), which have a direct life-cycle not involving an intermediate host, and infect an
estimated 25% of all humans and are associated with significant morbidity worldwide (Jourdan et
al., 2018). This group of intestinal-dwelling parasites is comprised of the clade III Ascaris
lumbricoides and A. suum, clade I whipworm (7. trichiura), Clade IV Strongyloides spp., and clade
V hookworms (N. americanus, Ancylostoma duodenale, and to a lesser extent, Ancylostoma

ceylanicum). Of these, hookworms are considered the most pathologically significant.

1.7 Hookworms

Hookworms are blood-feeding intestinal parasitic nematodes that are found throughout the world,
primarily proximal to the equator. Hookworm species can infect a vast array of fauna, from Arctic
seals, North American bears, dingoes, to African and Asian elephants (Seguel and Gottdenker,
2017). Seguel and Gottdenker (2017) identified at least 68 different species of hookworms, which
infect > 111 different animals. In human and veterinary medicine, parasites in the genus
Ancylostoma are of most importance for causing disease and morbidity, estimated to have a

worldwide prevalence of roughly 230 million human infections (Dull et al., 2019).

Three main species of hookworms of veterinary importance are capable of zoonosis in
humans, namely the dog hookworm A. caninum, the cat hookworm A. braziliense, and A.
ceylanicum, which infects dogs, cats, hamsters and humans; the European dog hookworm
Uncinaria stenocephala and the cattle hookworm Bunostomum phlebotomum are more rarely seen
in humans (Blackwell and Vega-Lopez, 2001; Loukas and Prociv, 2001; Prociv, 1998; Prociv and
Croese, 1996; Traub, 2013; Traub et al., 2008). Of these, only 4. ceylanicum is considered capable
of achieving a patent infection in humans in which eggs are produced, but a recent study suggests
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that 4. caninum may also have this ability (Furtado et al., 2020). Larvae of the other species can
penetrate the skin of humans but are incapable of invading the basal membrane and transiently
cause as a syndrome known as cutaneous larva migrans (CLM), a local inflammatory response to
migrating larvae in the epidermis, which may also be caused by human hookworms (Feldmeier
and Schuster, 2012; Gillespie, 2004). This clinically presents as wavy line lesions under the skin
(representing the path of migrating larvae) that are red, extremely itchy, uncomfortable, and can
persist for months if left untreated (Blackwell and Vega-Lopez, 2001; Feldmeier and Schuster,
2012). Even a single larva can cause CLM (Sandground, 1939), and in large numbers these
parasites can cause significant pathology (Caumes et al., 1995; Hochedez and Caumes, 2007).
Presentation of CLM is primarily localized to the lower extremities resulting from barefoot
exposure to unsanitary soil or sand harbouring infective larvae shed in the feces of infected
animals, and for this reason is commonly called ground itch. As such, its incidence is most highly
associated with impoverished regions of developing countries (Heukelbach et al., 2003; McCrindle
etal., 1996; Reichert et al., 2018), and tourism in tropical regions where these species of hookworm
are endemic (Bouchaud et al., 2000; Heukelbach and Feldmeier, 2008; Sow et al., 2017). In rare
cases, A. caninum may infiltrate the gastrointestinal (GI) tract of humans and cause eosinophilic

enteritis (Croese et al., 1994).

Only 3 species of hookworm fulfill their life-cycle in humans: A. duodenale, N.
americanus, and the zoonotic 4. ceylanicum. Eggs are shed in the feces excreted from an infected
host and hatch in a process that takes 1-2 days (Bowman et al., 2010). Egg hatching and survival
of the emerging L1 larvae optimally occurs at a temperature range of 22-28 °C and with relative
humidity > 80% (Tandon et al., 1998). These rhabditiform larvae are non-parasitic and feed on

microbes in the soil for up to 2 weeks until they moult to the infective L3 stage (Hawdon and
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Hotez, 1996). L3 are highly mobile and actively search for a host in the soil, surviving up to 4
weeks in ideal conditions. Infective larvae enter their host percutaneously by puncturing the skin,
then secrete proteases and hyaluronidases, allowing them to migrate into blood vessels through
which they travel to the lungs (Hotez et al., 1994, 1990). From the lungs, they migrate into the
upper airway to be swallowed, passing into the small intestine as their final destination where they
molt to L4 and then again to sexually dimorphic adult life stages. Here, N. americanus are capable
of living up to 10 years inside a host, whereas 4. duodenale can achieve one-third that lifespan
(Hoagland and Schad, 1978). L3 larvae of some hookworm species, such as A. duodenale, are also
capable of full development after entering the host by being swallowed, while others, such as N.
americanus, cannot (Prociv, 1998). Adults orally latch onto mucosa of the intestinal villi where
they reproduce, lay eggs, and feed on blood and mucosa (Bowman et al., 2010). Another alternative
means of transmission is through the mother-child transplacental or transmammary route during

newborn breastfeeding in humans and canines (Budhathoki et al., 2008; Prociv, 1998).

Globally, human hookworm infections are found mostly in Asia, South America, and sub-

Saharan Africa (Figure 1.2).
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Figure 1.2 Global distribution and prevalence of human hookworm. With permission from ELSEVIER
[Advances in Parasitology] (Brooker et al., 2004), copyright (2020).
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Hookworm infections are most commonly heterogenous, with the predominant species being
highly region-specific (Adenusi and Ogunyomi, 2003; Labiano-Abello et al., 1999); recent studies
indicate that 4. ceylanicum constitutes a significant portion of the global hookworm burden, and
is more common than previously considered (Inpankaew et al., 2014; O’Connell et al., 2018;

Traub, 2013).

N. americanus is the most widespread of these species, concentrated primarily in Southern
China, India, Southeast Asia, sub-Saharan Africa and South America (Brooker et al., 2004). In
comparison, A. duodenale is more geographically restricted than N. americanus, but this species
is more resilient because it can be found in colder and drier climates. Adults may undergo
hypobiosis inside their host, becoming dormant during unfavorable seasons, and their eggs can
hatch at temperatures roughly 10 °C lower than those required by N. americanus (25-35°C) and

are more resistant to desiccation (Hoagland and Schad, 1978).

One challenge in identifying the composition of hookworm infections from field studies is
that the eggs from different species are indistinguishable and positive identification requires the
use of polymerase chain reaction (PCR) or hatching eggs and cultivating infective larvae (Verweij
et al., 2007). In contrast to the eggs, larvae exhibit very species-specific behaviour (reviewed by
Haas et al., 2005) and adults are easily distinguished, as A. duodenale has 4 visible teeth used for
latching onto the intestine, whereas A. ceylanicum only has 2, and N. americanus possesses 2
cutting plates; adult Ancylostoma spp. and N. americanus also differ in the location of the female

genital opening (Mehlhorn, 2016).

Positive species identification is important because susceptibility to drug targeting is highly
species-dependent and the intensity of an infection is directly related to egg count in feces. The

World Health Organization (WHO) has defined low intensity infection as < 2,000 eggs per gram
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(epg) of feces, moderate levels as 2,000-4,000 epg and heavy intensity as > 4,000 epg (Montresor
et al., 2002). This relates to species identification because adult female A. duodenale may produce
> 30,000 eggs per day, whereas N. americanus releases 9,000 eggs per day (Stoll, 1923; Soper,
1927). Additionally, not all hookworms cause equal degrees of blood loss; N. americanus are the
least voracious human blood feeders, while A. ceylanicum, whose contribution to human blood
loss have been previously discounted due to perceived rarity of infection, is potentially as severe

in this regard as 4. duodenale (Albonico et al., 1998; Traub, 2013).

In moderate to heavy infections, hookworms cause severe and chronic iron-deficiency
related anemia, protein deficiency and malnutrition directly proportional to the number of worms
in the host. These symptoms are a result of the feeding activity of adult worms, which secrete
protease inhibitors that inhibit host coagulation factors, causing additional bleeding (Diemert et
al., 2008; Harrison et al., 2002; Lee and Vlasuk, 2003). These effects become magnified because
worms often change the site of adherence and feeding, which increases the surface area of
damaged, bleeding, and inflamed intestine (Wei et al., 2017). Persistent inflammation and damage
to intestinal lining results in malabsorption of nutrients (Kilby et al., 2019), and wreaks havoc for
impoverished regions of the world where hookworm is endemic and anemia has been estimated to
affect half of all school-aged children (Stoltzfus et al., 1997). Infection in children can have serious
long-term health issues stemming from stunted growth and development. These children can have
lower body weight, muscle mass, physical activity, and reduced mental capacity (Adams et al.,
1994; Drake et al., 2000; Sakti et al., 1999). It has been estimated that 44 million pregnant women
are infected with hookworms; not only does this speak of the relative risk of infection for their
children, but pregnant women are among the highest risk group for hookworm-associated anemia

due to lower stores of iron (Bundy et al., 1995; Crompton, 2000; Montresor et al., 2002). As
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hookworm infection is rarely directly fatal (Lee et al., 2011), the true impact of the disease is often
expressed in term of disability-adjusted life year (DALYSs) lost (Anand and Hanson, 1997), which
is an estimate of the sum of the total and productive number of years of life lost due to impaired
health. From these metrics, researchers estimate that hookworms cause a loss of over 4 million
DALY and are responsible for tens to hundreds of billions of dollars in lost productivity (Bartsch
et al., 2016). By comparison, all filariases combined impose a reported burden of 2.78 to 5.09
million DALYs (Ton et al., 2015). One challenge in determining the impact of hookworm
infections is that most infected individuals are also host to multiple other parasites and pathogens,
especially among low socio-economic groups in developing countries (Akinbo et al., 2011;
Ndyomugyenyi et al., 2008). As such, monitoring programs are of utmost importance to determine
effective drug treatment plans (Giardina et al., 2019) as recommended by the WHO strategic plan

for STH (World Health Organization, 2012).

Programs designed to control hookworm prevalence are two-pronged, targeting the
parasite inside the host using mass drug administration (MDA) of anthelmintics, and in the
environment though improvement of sanitation and public awareness. This is exemplified by the
Rockefeller Sanitary Commission for the Eradication of Hookworm Disease campaigns, which
effectively eradicated hookworms in the Southern USA in the early 1900s by treating 400,000
individuals, heightening awareness, and improving sanitation (Bleakley, 2007). This region is no
longer endemic for hookworms, although some indications suggest a potential re-emergence
(Sanders and Goraleski, 2017). A factor limiting the effectiveness of MDA is that different species
of hookworm are differentially sensitive to anthelmintics. The next section discusses the
mechanism of action of different groups of anthelmintics and their effectiveness in the treatment

of hookworm disease, vital for understanding the rationale for studying the drugs and drug targets
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presented in this thesis. There are a limited number of chemotherapeutics for treating parasitic
nematode infections, and describing drug resistance and treatment failure in hookworms impresses
upon the reader the importance of understanding the reasons for the mixed success and failure of

drugs that share a common mechanism of action, or a common drug target.

1.8 Anthelmintic drugs

The primary means by which hookworm infection is controlled is through the administration of
anthelmintics, drugs that kill or remove worms from a host. To this end, in 2001 the WHO enacted
resolution 54.19 with the goal of reducing prevalence by treating 75% of all school-aged children
in regions at risk for hookworm through MDA of albendazole or mebendazole (Montresor et al.,
2002; World Health Organization, 2012); this goal was pushed back to 2020, and again more
recently to 2030 with the inclusion of IVM for treatment of Strongyloides stercoralis (World

Health Organization, 2020).

One rather large hurdle for the laboratory study of human hookworms is the ethical and
scalability considerations for infecting human volunteers in order to passage the worms and test
novel drug treatments (Carroll and Grove, 1986; Cline et al., 1984; Maxwell et al., 1987). In lieu
of mass human testing, scientists use the golden hamster, Mesocricetus auratus, as a model host
for N. americanus and A. ceylanicum to assess morbidity, drug activity, and treatment plans for

pre-clinical trials (Garside and Behnke, 1989; Rajasekariah et al., 1985).

Two classes of drugs approved by the WHO for the treatment of hookworms are
benzimidazoles (BZDs; albendazole and mebendazole) and nicotinic acetylcholine receptor

(nAChR) agonists (pyrantel and levamisole), but only the BZDs are used for MDA (Keiser and
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Utzinger, 2008). This is because few drugs have efficacy against all species of human hookworm
and other STH species. IVM and other MLs can clear Ancylostoma spp., but studies in hamsters
show that N. americanus is 300 times less sensitive (Behnke et al., 1993) and, in vitro, 40-50 times
less sensitive to paralysis than Ancylostoma spp. (Richards et al., 1995). Given the limited options
in the chemotherapeutic arsenal against hookworms, a better understanding of the mechanisms of
action of available anthelmintics and the limitations of their use is essential to meet the WHO 2030
goals and beyond. As such, in the next sections I list the classes of anthelmintics available, their

mechanisms of action and limitations of use.

1.9 Drugs: Benzimidazoles (BZDs)

As a drug class BZDs are characterized by the presence of a dicyclic moiety formed from the
fusion of an imidazole and a benzine ring (McKellar and Scott, 1990) and are currently the front-
line treatment for STH infections, including hookworms. The prototype BZD, thiabendazole, was
originally developed as an antifungal treatment before its adoption as an anthelmintic in human
and veterinary medicine; since then, subsequent BZD derivatives have been used extensively for
a wide range of ailments, including as proton pump inhibitors for gastroesophageal reflux disease,
antiviral, anticancer, as well as antiparasitic agents against protozoa and helminths (Yadav and

Ganguly, 2015).

By binding to B-tubulin, BZDs cause a local unfolding of the tubulin structure and inhibit
polymerization, which disrupts numerous essential microtubule-associated cellular functions,
including development of the mitotic spindle for cellular replication and glucose absorption
(Borgers and De Nollin, 1975; Lacey, 1988; Van den Bossche and De Nollin, 1973; Wood, 1982).

Loss of microtubule networks also results in loss of motility, causing paralysis and expulsion from
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hosts (Sutherland and Lee, 1990). BZDs bind to parasite B-tubulin with greater affinity than to
mammalian tubulin, contributing to a large therapeutic window for safety (Lacey, 1988; McKellar
and Scott, 1990). As a corollary, overdose toxicity usually presents in rapidly dividing cells,
including intestinal epithelia and hair follicles, causing stomach issues and hair loss (McKellar and
Scott, 1990). BZDs are not generally administered to children under two years of age and some

are also associated with teratogenicity (Bradley and Horton, 2001).

The first BZD anthelmintic for humans was thiabendazole, produced in the early 1960s
and used for the treatment of strongyloidiasis, CLM, and trichinosis, but it had limited efficacy
against adult hookworms (Cuckler, 1961; Gourgiotou et al., 2001; Harland et al., 1977; Huang and
Brown, 1963; Ishizaki et al., 1963). Thiabendazole has since been discontinued due to a relatively
high frequency of side effects (Grove, 1982; Huang and Brown, 1963) and potential teratogenicity
(Ogata et al., 1984). The primary BZD anthelmintics used today are carbamate derivatives, notably
albendazole, mebendazole and fenbendazole, the latter of which is approved for treatment of A.

caninum and U. stenocephala infections in dogs (Wiebe et al., 2015).

In humans, 400 mg albendazole or 500 mg mebendazole are the front-line therapy for acute
infections as well as MDA programs against STH, with albendazole generally showing better
efficacy (Steinmann et al., 2011). In MDA programs, a single dose of either drug annually or
biannually is provided in regions that meet endemicity thresholds for school children up to 12
years of age. Unfortunately, single dose treatment may be associated with low clearance of worms,
including hookworms (for reviews see Clarke et al., 2019; Keiser and Utzinger, 2008) and the
CDC recommendation for acute infection is a 3-day course of treatment with mebendazole;

albendazole is not FDA approved for treating hookworms in humans.
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Resistance to BZDs in veterinary parasites appeared shortly after their introduction
(Conway, 1964; Drudge et al., 1964) and has since become widespread in livestock (reviewed by
Kaplan, 2004). Definitive BZD resistance has not been reported in humans, despite long term and
intensive use, although few studies have been designed specifically to detect it. Resistance to BZDs
is a continuing and growing concern across the field of parasitology, with reports of resistance in
veterinary medicine rising, and is a looming threat over human control programs, where treatment
failure is becoming increasingly common (Albonico et al., 2004; De Clercq et al., 1997; Flohr et
al., 2007; Speich et al., 2016). Recent work has also identified an alarming increase in treatment
failure of hookworms of dogs in the United States and alternative pharmacological control

measures need to be explored (Castro et al., 2019).

1.10 Drugs: Anthelmintics that target pentameric ligand-gated ion channels (pLGICs)

Several drug families target ion channels in the nematode neuromuscular system (ion channels to
be discussed in section 1.11). Most of these drugs can be divided into those that target excitatory
signalling and those which target inhibitory signalling pathways. Unfortunately, these drugs
generally possess varying capabilities to target different species of parasites or are limited in use
due to acquired drug resistance. The largest group of drugs available for treatment of hookworm
infections are those that target receptors for the neurotransmitter acetylcholine, which induces
muscle contraction in nematodes and other organisms. Early electrophysiological studies
identified 3 distinct populations of nAChRs in the nematode body wall muscle, which are
distinguishable by drug sensitivity (Robertson et al., 2002) and are composed of different
combinations of nAChR subunits (Holden-Dye et al., 2013). One subclass was sensitive to nicotine

(in this thesis called the N-type or N-nAChR), but others are insensitive to nicotine and
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preferentially activated by levamisole (L-nAChR) (Boulin et al., 2008), morantel (M-nAChR)

(Courtot et al., 2015) or bephenium (B-nAChR) (Qian et al., 2006).

1.10.1 Imidazothiazoles

Levamisole is an agonist of a subset of excitatory acetylcholine-gated ion channels (L-nAChRs)
found in the somatic muscle of nematodes, and causes contractile paralysis and elimination from
hosts (Atchison et al., 1992). First introduced in the early 1960s by Janssen Pharmaceutica,
levamisole showed broad spectrum anthelmintic activity, especially against ascariasis (Lionel et
al., 1969; Miller, 1980) and microfilaria of Wuchereria bancrofti and Brugia malayi (McMahon,
1979; Zaman and Lal, 1973), and completely cleared hookworm infections of humans (Farid et
al., 1977; Kilpatrick et al., 1981; Miller, 1980; Page, 2008). Levamisole has since been withdrawn
from human use due to significant adverse effects including agranulocytosis and vasculitis
(Caldwell et al., 2012; Mouzakis et al., 2011). Despite adverse effects and the presence of drug
resistance (Giménez-Pardo et al., 2003), it is still used in veterinary medicine for treating
hookworms in cats and dogs (Caldwell et al., 2012; Page, 2008) (Caldwell et al., 2012; Page,
2008), and increasingly, for cattle infected with macrocyclic lactone resistant Cooperia oncophora

(Leathwick et al., 2016).

1.10.2 Tetrahydropyrimidines: pyrantel, oxantel, morantel

Tetrahydropyrimidines are an old class of broad-spectrum anthelmintics discovered in the 1950s
at Pfizer as cyclic amidines derived from lead compounds identified in a large screening assay in
a mouse model of multiple helminth infections (McFarland, 1982). Tetrahydropyrimidines activate

nematode neuromuscular acetylcholine receptors with 100-fold greater potency than acetylcholine,
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causing contractile paralysis (Harrow and Gration, 1985; Martin et al., 1996). This mechanism of
action is very similar to that of levamisole, and indeed these compounds share the same general
binding site; however, tetrahydropyrimidines interact with different residues of the binding pocket
and activate different subtypes of nematode nAChRs (Rayes et al., 2004; Martin et al., 2004,

Bartos et al., 2006, 2009).

A single dose of 10 mg/kg pyrantel, the prototype of this class (Figure 1.3A), has high
efficacy and prolonged activity against a broad range of nematodes, including Ascaris spp. and
hookworms of humans and animals (Becskei et al., 2020; Behnke et al., 1993; De Clercq et al.,
1997; McFarland, 1982), but lacks activity against whipworms (McFarland, 1982). Drug resistance
has been reported in hookworms in dogs (Castro et al., 2019; Kopp et al., 2007, 2008), and
although rarely used in humans, drug resistance remains a continuous threat due to the limited

options of efficacious alternative treatments (Reynoldson et al., 1997).
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Figure 1.3 Chemical structure of pyrantel (A) oxantel (B) and morantel (C).

Oxantel was developed as a consequence of the lack of activity of pyrantel in whipworm
infections. This drug was synthesized by an m-oxyphenol substitution of the thiophenol ring of
pyrantel, and is highly efficacious against whipworm infections (Figure 1.3B) (Barda et al., 2018;

Garcia, 1976; Howes Jr, 1972; McFarland, 1982), but lacks efficacy against hookworm (Bhopale
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and Bhatnagar, 1988; Keiser et al., 2013; Speich et al., 2014). Interestingly, oxantel appears to
show preference towards N-type nAChRs, in contrast to the L- and M-type targeted by pyrantel,

which might account for differences in resistance and spectrum of activity (Martin et al., 2004).

Morantel is an analog of pyrantel containing a 3-(ortho position)-methylation of the
thiophenol ring (Figure 1.3C). Although similar in structure to pyrantel (Courtot et al., 2015), it is
primarily used against helminths of sheep and goats for its potent larvicidal activity (McFarland,
1982), but is not generally used in humans or dogs and cats because of first pass metabolism and
poor GI absorption (Baggot, 2007). Morantel and pyrantel activate M-type nAChR composed of
ACR-26 and ACR-27 subunits (Courtot et al., 2015). Deviating from the pyrantel pharmacological
profile, morantel may also act as a channel blocker of N-nAChRs (Abongwa et al., 2016a; Evans
and Martin, 1996), and because it differs from pyrantel only by the presence of a methyl group, is

a useful tool to probe structure-function relationships at the level of drug targets.

1.10.3 Tribendimidine

The development of new anthelmintics is a rare event. As such, tribendimidine, which reached the
Chinese market in 2004, was met with great acclaim because of its very broad spectrum of activity,
efficacy with a single 300 mg dose, and safety profile in children (Coulibaly et al., 2019; Xiao et
al., 2005). Tribendimidine is unstable in aqueous solution and is a prodrug of amidantel, which
was released in the 1970s and showed great efficacy in canine hookworm infections, but lacked
efficacy against N. americanus and whipworm in humans (Thomas, 1979; Wollweber et al., 1979).
Concern was also raised about the potential carcinogenicity and mutagenicity of the aniline-
containing metabolite of the drug (Epe and Kaminsky, 2013). The National Institute of Parasitic

Diseases branch of the Chinese Center for Disease Control and Prevention undertook a large
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screening assay of synthetic derivativities of amidantel, to produce tribendimidine as a treatment
for human hookworm infections. It has efficacy against some trematodes, cestodes and numerous
nematodes that infect humans, including all species of hookworm as well as A. caninum in dogs
(Kulke et al., 2012; Moser et al., 2017; Steinmann et al., 2011; Tritten et al., 2012b; Xiao et al.,
2005). By generating amidantel in the host, tribendimidine belongs to the class of anthelmintics
that activate excitatory cholinergic receptors to cause contractile paralysis; these results are seen
even in the presence of levamisole resistance, suggesting receptor subtype specificity (Robertson
et al., 2015). Paralysis of worms is achieved in vitro within 1 hr of exposure (Ren et al., 1988) and
worsening physical degradation of internal organs and body muscle of adult hookworms is seen

from 6 hr onwards (Yang et al., 1988).

1.10.4 Spiroindoles: derquantel & paraherquamide

Derquantel (2-desoxoparaherquamide) is a cholinergic ion channel antagonist clinically used in
combination therapy with the macrocyclic lactone abamectin due to synergy in causing flaccid
paralysis of intestinal nematodes (Robertson et al., 2002; Zinser et al., 2002). Derquantel is used
the treatment of nematode infections in sheep, in which it possesses a wide safety profile, while
the related compound paraherquamide had poor efficacy and high adverse toxicity against dog

hookworms (Shoop et al., 1991).

1.10.5 Thiazolide: nitazoxanide
Nitazoxanide is notable for its activity against both intestinal protozoa, including Cryptosporidium

spp. in children, and STH, including A. duodenale (Abaza et al., 1998), but requires administrating
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500 mg doses to adults (200 mg or less to children) twice daily for more than 3 days (Fox and
Saravolatz, 2005), which creates issues of compliance; no data are available on its efficacy against
N. americanus. The proposed mechanism of action is by inhibition of pyruvate ferredoxin
oxidoreductase in protozoa and other microorganisms (Anderson and Curran, 2007). It has also
been proposed that, in nematodes, nitazoxanide activity relies on glutamate-gated chloride
channels (GluCls; Somvanshi et al., 2014) based on efficacy studies in mutant strains of C.
elegans, in these experiments, nitazoxanide demonstrated additional benefits when combined with

albendazole and pyrantel.

1.10.6 Cyclooctadepsipeptides: emodepside

Emodepside, a semisynthetic analog of a natural product derived from a fungal fermentation, was
released to market in the 1990s (Sasaki et al., 1992) and is used to treat GI nematodes, including
A. tubaeforme, in cats, and has also shown efficacy against N. americanus and A. ceylanicum in
laboratory animal models of human hookworm infection (Karpstein et al., 2019). The
emodepside/praziquantel combination product Profender® is approved for use for treatment of
parasites in dogs in Europe (Schimmel et al., 2009) and cats globally (Bohm et al., 2015).
Emodepside activates inhibitory potassium channels, specifically the Ca*"-activated potassium

channel slo-1 (SLO-1) of nematodes, causing paralysis (Martin et al., 2012).

1.10.7 Amino-acetonitrile derivatives (AADs): monepantel
Monepantel was discovered in a screen of over 600 synthetic AAD compounds for efficacy in a

mouse model of nematode infection and then in sheep (Kaminsky et al., 2008). Monepantel
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paralyzes worms by acting as a positive allosteric modulator of the DEG-3 (DEGeneration of
certain neurons subfamily 3) subfamily of ionotropic acetylcholine receptors, distinct from the
targets of spiroindoles, imidazothiazoles and tetrahydropyrimidines (Baur et al., 2015; Rufener et
al., 2013, 2010). These drugs display a large safety window and are administered as an oral drench
in sheep at a dose of 2.5 mg/kg for treatment of intestinal nematode infections (Kaminsky et al.,
2008). Tritten et al. (2011) identified in vitro efficacy against adult A. ceylanicum as well as worm
clearance in an in vivo model of hookworm infection. However, no effect against N. americanus
was seen up to a dose of 10 mg/kg, nor were infective larvae of either species affected.
Furthermore, trials for Trichuris suis and A. suum in swine, which are models of human STH, also

showed no efficacy, limiting its clinical use in humans or companion animals.

1.10.8 Macrocyclic lactones

Macrocyclic lactones (MLs) are a class of very potent, safe, broad-spectrum endectocides. The
prototype, IVM, was discovered at Merck in the 1970s in an assay of fermentation products; the
active fermentation was from Streptomyces avermitilis which was found in a Japanese golf course
sand bunker (Omura and Crump, 2004). This drug screen led to a Nobel Prize as a result of the
collaboration between Satoshi Omura of the Kitasato Institute and William Campbell and
colleagues of the Merck Institute for Therapeutic Research, who screened novel natural products
exhibiting anthelmintic activity in a Nematospiroides dubius mouse model (Burg et al., 1979). One
product, avermectin B1, was found to have potent anthelmintic activity (Egerton et al., 1979), and
the 22,23 dihydroavermectin derivative, IVM, was synthesized as a result (Campbell et al., 1983;
Omura & Crump, 2004). IVM was introduced in 1981 as having broad spectrum activity against

nematodes and ectoparasites of animals (Chabala et al., 1980) at low doses (6 to 200 pg/kg) and
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has since been used extensively in human and veterinary medicine (Campbell et al., 1983;

spectrum of activity reviewed by Crump and Omura, 2011).

The IVM molecular structure is characterized by a disaccharide attached to a spiroketal
and a cyclohexene (benzofuran) in a 80:20 mixture of avermectin Bla:B1b which differ by the
presence of a methyl group at carbon 25 proximal to the 23,24 dihydrogenated site created during
drug optimization for dosage form and spectrum of activity (Figure 1.4A) (Chabala et al., 1980).
Another class of MLs, derived from Streptomyces cyaneogriseus, is the milbemycins, including
MOX, which differ from the avermectins by the lack of a sugar moiety, may lack the C5
cyclohexene hydroxyl or replacement with a ketoxime (the oxime in milbemycin oxime), and have
an alkane or alkene modified C23 and C25 (C23 methoxime and a branched 6 carbon alkene at
position C25 in MOX). MOX generally has a longer biological half-life, and is used predominantly
in veterinary medicine (Figure 1.4B) (Shoop et al., 1995; Takiguchi et al., 1980), but has recently
been approved for the treatment of onchocerciasis in humans (de la Torre and Albericio, 2019).
All MLs share a common mechanism of action: targeting an invertebrate-specific class of GluCls

(Cully and Paress, 1991; Dent et al., 1997; Geary and Moreno, 2012).
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A

Figure 1.4. Molecular structure of (A) the two compounds that make up IVM and (B) MOX

One important characteristic of MLs is their wide therapeutic index in humans. This is a result of
two factors: the targeting of invertebrate-specific ion channels, and being a substrate for p-
glycoprotein (Pgp) efflux proteins in the host blood-brain barrier, protecting neurotransmission
(Schinkel et al., 1994). In mammals, adverse drug reactions are caused by off-target effects
primarily on GABA receptors (Ménez et al., 2012) and glycine receptors (GlyR) (Shan et al.,
2001). Active efflux across the blood-brain barrier is the more significant protector, illustrated by
the textbook example of IVM toxicity in collie breeds of dogs. IVM is used to prevent heartworm
(D. immitis) infections in companion animals, but certain breeds of dog, especially collies, have a
4 base pair deletion loss-of-function mutation in the multiple drug resistance gene mdrla that
encodes a Pgp, causing the accumulation of IVM in the brain (Mealey et al., 2001). These animals
can exhibit signs of toxicity at an oral dose of 100 pg/kg, whereas in beagles the LDso is 80 mg/kg
and they can safely tolerate doses up to 2.5 mg/kg (approved oral dose = 0.006 mg/kg) (Mealey,
2013). Neurotoxicity manifests as central nervous system depression including mydriasis, ataxia,

blindness, and comas, and in high concentrations MLs can cause death (Barbet et al., 2009; Neff
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et al., 2004). In the human mdr-1 gene, most single nucleotide polymorphisms are silent, and
mutations are not thought to play a role in IVM entry into the brain (Chandler, 2018). However,
the treatment of IVM for onchocerciasis co-infected with a large Loa loa microfilaremic burden
can cause serious neurological reactions including encephalopathy, coma and even death (Turner
et al., 2010). It is believed that serious adverse reactions involve an immune response to [IVM-
induced killing of L. loa microfilaria that have invaded the central nervous system (Mackenzie et
al., 2003), and therefore, IVM is not used to treat onchocerciasis in regions endemic for L. loa.
This highlights the importance of pharmacokinetics in the safety of IVM, but it also likely plays
an important role in IVM exposure and efficacy in the worm, as target tissue concentrations in the
host are related to the concentrations found in the parasite H. contortus (Lloberas et al., 2013,

2012).

IVM has a plasma half-life of ~18 hr in humans, with peak plasma concentration achieved
4 hr after oral administration (the only approved route in humans) (Canga et al., 2008). IVM is
extensively metabolized in the liver and almost exclusively eliminated by the fecal route (Chiu et
al., 1990). Attributable to its strong lipophilicity, IVM has a large volume of distribution (Canga
et al., 2008) but also binds avidly to plasma proteins (Krishna and Klotz, 1993), and can diffuse
across capillary endothelium into tissues inhabited by parasites. High concentrations of IVM are
detectable in fat tissue, skin, and the GI including the intestinal mucosa, greatly aiding targeting

of intestinal nematodes such as hookworms (Baraka et al., 1996; Lifschitz et al., 2000).

In comparison to the pharmacokinetics of IVM inside the infected host, very little is known
about how it is handled by parasites. IVM inhibits pharyngeal pumping, rapidly blocking feeding
behaviours in intestinal blood feeding helminths (Geary et al., 1993; Richards et al., 1995), causes

flaccid paralysis of somatic body muscles (Turner and Schaeffer, 1989), and persistently reduce
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egg counts of parasites, including hookworms (Awadzi et al., 1985; Wang et al., 1989). Disruption
of parasite Pgp activity by mutation or drug antagonism enhances sensitivity to IVM (Ardelli and
Prichard, 2013; Heckler et al., 2014), indicating a role in direct efflux. Nematodes possess a greater
diversity of Pgps than mammals, and multiple subtypes have been reported to be upregulated upon
exposure to IVM (Raza et al., 2016). Consequently, altered drug sensitivity has been associated
with allelic variation of Pgps in H. contortus and other important parasites (De Graef et al., 2013;
Mat¢ et al., 2018; Sangster et al., 1999; Williamson et al., 2011) associated with the emergence of
high levels of drug resistance (Demeler et al., 2009; Fiel et al., 2001). The genetic basis for [IVM
resistance is not completely known, and is likely multigenic, including modification in expression
or even the function of drug targets (Amanzougaghene et al., 2018; Blackhall et al., 1998; Feng et
al.,2002; Njue et al., 2004). Backcrossing two different [VM-resistant field isolates of H. contortus
with an [IVM-sensitive strain showed a lower proportion of resistance in their progeny, suggesting
multiple independent loci contributing to resistance (Redman et al., 2012). In this thesis I analyze
the pharmacology of IVM drug targets and identify amino acid residues related to drug sensitivity

and insensitivity.

Like the tetrahydropyrimidines, MLs target nematode pLGICs. However, MLs target
inhibitory, not excitatory, receptors called GluCls. The high lipophilicity of MLs allows them to
bind to their drug targets proximal to the cell membrane in a pseudo-irreversible manner,
essentially causing permanent activation of these inhibitory channels and inducing flaccid
paralysis in the parasite (GluCls reviewed in section 1.13). Despite having broad-spectrum activity,
there are species-related limitations of ML use. As noted, N. americanus is one of the few parasitic
nematode species insensitive to the paralytic effects of MLs. This is especially notable in light of

the fact that the closely related Ancylostoma spp. are 50-fold more sensitive (Behnke et al., 1993;
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Richards et al., 1995). IVM is not effective in paralyzing microfilariae or adult filariids at
pharmacologically relevant concentrations (Wolstenholme et al., 2016), but single doses of IVM
cause prolonged sterilization of adult filariids, greatly reducing microfilarial levels for many
months (Klager et al., 1993; Li et al., 2014). Interestingly, schistosomes or other flukes express a
family of GluCl that are non-orthologous and phylogenetically distinct from those of nematodes
that do not respond to IVM, and these species are not susceptible to the drug (Dufour et al., 2013;

Lynagh et al., 2014).

A common theme in many anthelmintics is the targeting of the nematode nervous system.
These organisms have evolved complex neurotransmission mechanisms sufficiently divergent
from those of their hosts to enable selective chemotherapy. The most important functional units of

the nematode neuromuscular system are ligand-gated ion channels.

1.11 Ligand-gated ion channels

Ligand-gated ion channels are a superfamily of membrane-spanning proteins that form a central
pore through the cell membrane, and when activated by a ligand, facilitate the selective movement
of ions down their electrochemical gradient (Thompson et al., 2010). These are represented by
trimeric ATP receptors (Dubyak, 2007; Valera et al., 1994), tetrameric excitatory glutamate
receptors (Rosenmund et al., 1998), and the large family of cys-loop pLGICs, which are the focus

of this thesis.

pLGICs are responsible for fast ionotropic synaptic neurotransmission in humans and
animals, but have also recently been discovered in prokaryotes, instead playing roles in pH and

environmental sensing (Tasneem et al., 2005). Only 3 prokaryotic pLGICs have been discovered,
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the pH-sensing proton channel, Gloeobacter ligand-gated ion channel (GLIC) (Bocquet et al.,
2007), the Erwinia ligand-gated ion channel (ELIC) receptor, activated by small molecules
containing a primary amine (such as GABA) (Zimmermann and Dutzler, 2011), and the recently
published DeCLIC from a Desulfofustis deltaproteobacterium which is inhibited by Ca*" (Hu et
al., 2020). This is highly implicative of an evolutionary lineage vital for success of biological

fitness and represents a model for studying and comparing pLGIC structure and function.

Much of our knowledge of the function of pLGICs comes from heterologous expression
studies in mammalian cells and oocytes of Xenopus laevis. These systems allow channel over-
expression for radiolabelled, fluorometric and electrophysiological assessment of their
pharmacology (Wagner et al., 2000; Yu et al., 2016). The crystal structures of ELIC (Hilf and
Dutzler, 2008) and GLIC (Bocquet et al., 2009; Hilf and Dutzler, 2009) were instrumental in the
advancement of structure-function relationship studies of pLGICs, and also indicated that
prokaryotic receptors are very similar to eukaryotic receptors in topology of quaternary structures,
despite low amino acid sequence similarity and the absence of the characteristic and highly

conserved 13 amino acid cys-loop (Hu et al., 2020; Limapichat et al., 2010).

The earliest X-ray crystal structure of pLGICs was not from a pLGIC at all, but rather of
an acetylcholine binding protein (AChBP), which is representative of the extracellular domain
(ECD) of pLGICs (Brejc et al., 2001). This was followed by two highly influential publications of
an entire pLGIC at 4 A resolution from the electric organ of Torpedo marmorata (Miyazawa et
al., 2003; Unwin, 2005). These discoveries were important because obtaining crystal structures of
transmembrane proteins is notoriously difficult (Torres et al., 2003), and previous knowledge of
the structure of pLGICs relied on mutagenesis (Backus et al., 1993) and other indirect (Langosch

et al., 1988) or low resolution techniques (Kubalek et al., 1987). Modern structural analysis of
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novel pLGICs often use these crystals as a template for 3-dimensional homology modeling (Sali

and Blundell, 1993), a technique utilized in this thesis.

pLGICs are composed of 5 individually translated subunits, each containing a large N-
terminal ECD, 4 transmembrane (TM) domains and a short C-terminal in the ECD. These subunits
assemble in membranes into ~300 kDa pLGICs in a ring-like structure around a central pore
formed by the TM2 of each subunit. Receptors can exist as homopentamers formed from 5
identical copies of a single gene product, or as heteropentamers containing subunits encoded by
multiple different genes. Different receptor stoichiometry resulting from different combinations of
subunits yields unique channel properties including ion conductance, and agonist affinity and
efficacy. Agonists bind in the orthosteric ligand binding pocket located at the ECD interface
between two adjacent subunits (termed the (+) principal and the (-) complementary subunits).
Agonist binding causes conformational changes that allow ion conductance controlled by residues

that line the hydrated pore formed by TM2 (Figure 1.5).

Extracellular
domain

Cytoplasmic
domain
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Figure 1.5 Homology model of a homopentamer of a7 nAChR model shows (A) an individual subunit (B)
the extracellular ligand binding domain with loops A-C and D-F contributed by the green principal (+)
subunit and the tan complementary (-) subunit respectively (C) view looking “down” into the pore (Blue)
from the ECD (D) membrane cross-section side view profile of a pLGIC. With permission from Springer

Nature [Nature Reviews Drug Discovery] (Taly et al., 2009), copyright (2020).

Viewed from the side perpendicular to the pore of the channel in a closed inactive state the pore-
lining TM2 domains assemble in an hourglass-like shape with the narrowest point forming the
gate, or more accurately a girdle of hydrophobic residues roughly 3 A in diameter composed

primarily of Leu or Val residues (Beckstein and Sansom, 2006; Miyazawa et al., 2003).

In general, channel activation involves a series of conformational changes initiated when a
small molecule occupies the orthosteric ligand binding site. This binding site is commonly called
the aromatic box, a region enriched with aromatic amino acids donated by loop regions A-C
contributed by the (+) principal subunit and loops D-F (and sometimes G) contributed by an
adjacent (-) complementary subunit (Figure 1.5B). These “loops” are short segments of B-strands,
which protrude into a cleft formed by the principal and complementary subunit faces. Ligand
binding occurs by formation of hydrogen bonds and characteristic n-cation interactions of an
aromatic group with a positively charged ion. Upon ligand binding, these charged interactions
contract the binding cleft, like a clamping jaw, forcing a conformational wave that propagates
throughout the ECD of all subunits, increasing the affinity of the other binding sites for agonists
in a phenomenon called positive cooperative binding (Stefan and Le Novere, 2013). In contrast,

competitive antagonists bind to the orthosteric pocket without inducing closure of the binding cleft
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and block agonist binding, and inverse agonists bind and stabilize the inactive state, reducing

spontaneous activity (Kletke et al., 2013).

There are 5 identical binding pockets in a homopentamer, whereas in a heteropentamer,
agonist binding is controlled by the composition of the subunit interfaces. For instance, in human
ionotropic acetylcholine receptors, the binding site is located at the interface between adjacent o
and non- a subunits (Tapia et al., 2007); there are 10 different a and 4 § subunits, as well as vy, &
and € subunits, each with differing ligand affinities and biophysical properties (Millar and Gotti,

2009).

When sufficient orthosteric sites are occupied (typically 2-3 agonist molecules; Baumann
et al., 2003), the ECD of each subunit experiences a rotational twisting conformational change
propagating into the cys-loop which pulls the TM2-TM3 extracellular loop like a lever, causing
the top half of the TM2 to twist and tilt outward away from the pore (Hung et al., 2005). This
outward tilting/bending transiently opens the pore in less than a millisecond, increasing the
diameter of the gate from 3 At0~7.5-85A in cation-conducting channels (Beckstein and Sansom,
2004; Wang and Imoto, 1992; Yang, 1990) and ~5.2-6.2 A in anion-conducting channels

(Baumann et al., 2003; Fatima-Shad and Barry, 1993; Wotring et al., 1999).

Cation- and anion-selective pLGICs facilitate excitatory and inhibitory neurotransmission,
respectively, required for basic brain function and muscle contraction. These channels are
generally named after the neurotransmitter that gates them. In mammals, nAChRs and serotonin
receptors (5-HT3) propagate excitatory signaling, whereas GABAA and GlyRs carry inhibitory
signals (Baer et al., 2009; Kozuska and Paulsen, 2012). Upon activation, these receptors induce
excitatory or inhibitory post-synaptic potentials which cumulatively increase or reduce the

probability of an action potential. Once an action potential reaches the synaptic cleft,
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neurotransmitters are released from vesicles of the presynaptic cell and bind their specific receptors

on effector cells, mediating inhibition or excitation in the post-synaptic cell.

Because these receptors are critical for physiological function, they are implicated in
numerous important pathologies. For example, nAChRs play a direct role in the progression of
neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease, and
schizophrenia (O’Neill et al., 2002; Posadas et al., 2013). As a consequence of their role in
physiology and disease, they are the targets of many drugs used for therapy or recreation. For
instance, GABAA receptors are the target of ethanol and anesthetics (Hemmings Jr et al., 2005;
Soderpalm et al., 2017), and benzodiazepines, which also target these receptors, are used to treat

seizures and anxiety and sleep disorders (Pritchett et al., 1989).

The fundamental property of normal pLGIC function is the selective passage of a certain
type and number of ions gated by each class of receptor. As determined by mutational and
computational studies of closed versus open receptor conformations, ion selectivity and
conductance are controlled by residues lining and adjacent to the TM2 pore in a direct but complex
multifactorial role; no consensus on a unifying mechanism has been achieved (Cymes and

Grosman, 2016).

Excitatory pLGICs preferentially gate smaller monovalent cations, specifically Na” and K*
(Huang et al., 1978), while some nAChRs are also capable of passing Ca** (Bertrand et al., 1993).
Charge selectivity is most strongly determined by the presence of a negatively charged Glu just
below the hydrophobic girdle, proximal to the cytoplasm. This region is called the intermediate
ring, and contains a highly conserved GEK/R motif in cation channels (Figure 1.6) (Corringer et
al., 1999; Jensen et al., 2005), and an equally conserved PAR motif in anion channels in which the

analogous Glu residue is a neutral Ala (Keramidas et al., 2002; Wotring and Weiss, 2008).
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Intriguingly, one of the anionic pLGICs studied in this thesis lacks this PAR motif, which has

implications for ion conductivity.

Ring Position
Quter or 20"
extracellular
Valine 13"
Leucine 9"
Intermediate -2

Cytoplasmic ,
C::) or inner -5

Figure 1.6 Cartoon representation of important residues that line the pore of an nAChR. Two subunits in a
closed, desensitized state are shown for simplicity. Adapted with permission from Elsevier [The

International Journal of Biochemistry & Cell Biology] (Arias et al., 2006), copyright (2020).

Two additional rings of charged residues contribute to cation selectivity, one near the
opening of the pore, called the extracellular ring, and one at the end of the pore, called the
cytoplasmic ring (Thompson and Lummis, 2003). Cation-selective receptors also contain a pore-
facing Val between the extracellular ring and the hydrophobic girdle, whereas anionic receptors
contain an analogous polar Ser/Thr and a V->S/T mutation converts cation to anion gating
(Corringer et al., 1999). Interestingly, like cation channels, anionic channels possess negatively
charged residues in the cytoplasmic ring. Together with the presence of Pro in the PAR motif, this
suggests that charge selectivity not only involves ionic interactions, but also spatial constraints,
and that anion passage is more permissive whereas cation gating requires additional selectivity.

35



Mammals and invertebrates share numerous orthologous pLGIC subunits, including those
that form inhibitory GABAA receptors and excitatory nAChRs. However, the evolutionary
histories of these groups diverged over 600 million years ago (Ayala et al., 1998), long enough
that their orthologs share low sequence similarity, and for the helminth nervous system to evolve
pLGICs distinct from humans and other mammals. Indeed, in comparison to humans which
possess 45 genes encoding pLGICs, the C. elegans genome encodes over 100, resulting in the
existence of pLGICs unique to nematodes (Jones and Sattelle, 2008). For instance, nematodes
possess inhibitory acetylcholine-gated chloride channels (formed by acetylcholine-gated chloride
channel subunit, ACC- 1-4; Putrenko et al., 2005), and inhibitory GluCls (Cully et al., 1994),
whereas these neurotransmitters exclusively gate the transmission of cations in vertebrates.
Likewise, the nematode GABA receptor Expulsion defective protein 3 (EXP-1) is an excitatory
GABA-gated channel that gates cations, whereas in the vertebrate nervous system, this
neurotransmitter exclusively gates anion channels (Beg and Jorgensen, 2003). Furthermore,
nematodes contain pLGICs activated by completely different ligands, including channels gated by
the biogenic amines dopamine (Rao et al., 2009) and tyramine (Pirri et al., 2009). These differences
in ligand activation and the large divergence of function, coupled with the lack of a protective
blood-brain barrier, allow for the safe use of anthelmintics and pesticides that selectively target
invertebrates outside and inside a human host with minimal side effects from off-target binding to
host pLGICs. Two groups of ion channels of significance for anthelmintic activity and central to

this thesis are the GluCls and the nAChRs.
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1.12 Glutamate-gated chloride channels (GluCls)

1.12.1 Glutamate is a neurotransmitter

Glutamate, a non-essential amino acid, is the anionized zwitterion form of glutamic acid and can
be biosynthesized from glutamine, a-ketoglutarate and 5-oxoproline (Chen et al., 1998; Cho et al.,
2001; Hu et al., 2010). In the 1930s, high concentrations of glutamate were discovered in the
mammalian central nervous system, eventually leading to the elucidation of glutamate as a
neurotransmitter (Curtis and Johnston, 1974). Since then, ionotropic tetrameric glutamate
receptors have been shown to be some of the most important excitatory ion channels in humans
(Madden, 2002; Rosenmund et al., 1998). Orthologs play a similar role in invertebrates (Schuster
et al., 1991; Tikhonov and Magazanik, 2009), having existed before the divergence of animals and

plants (Chiu et al., 1999).

By contrast, inhibitory glutamate receptors do not exist in vertebrates; the closest human
ortholog is the al GlyR, which shares roughly 34% sequence identity with the first GluCl
discovered from nematodes. (Daeffler et al., 2014). The existence of hyperpolarizing GluCls was
first discovered, and distinguished from their excitatory depolarizing counterparts, in extrasynaptic
locust membranes by altering ion composition and measuring conductance associated with the
applications of glutamate and its structural analog, ibotenate (Cull-Candy, 1976; Lea and
Usherwood, 1973a, 1973b). In one of the first uses of X. laevis oocytes as a heterologous
expression system for invertebrate ion channels, Fraser et al. (1990) injected locust mRNA into
oocytes to functionally express and measure the activity of GluCls. cDNAs encoding GluCls were
cloned from C. elegans in the early 1990s, in an attempt to identify the target of IVM and other
MLs (Cully et al., 1994). Before this, [IVM was thought to act on GABA receptors (Turner and

Schaeffer, 1989).
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1.12.2 The GluCls

When GIluCl characterization was still in its infancy, IVM was suspected to act on ligand-gated
chloride channels, but a high affinity (Vassilatis et al., 1997) primary drug target was not identified
until Cully et al. (1991; 1994) isolated and expressed the C. elegans GLC-1 (GluCla) and GLC-2
(GIuCIB) GluCl subunits in X. laevis oocytes. Starting with these subunits was fortuitous because
homomeric Cel-GLC-1 receptors respond to IVM (indicated by a denotation) but not glutamate,
whereas homomeric Cel-GLC-2 receptors do the opposite (lack of IVM sensitivity, denoted by B),
and heteromeric Cel-GLC-1/GLC-2 receptors respond to both. Of the 8 nematode GluCl subunits
now characterized, only Cel-GLC-1 forms functional homomeric receptors insensitive to
glutamate, and only Cel-GLC-2 forms homomeric receptors insensitive to IVM. This specific
combination of Cel-GLC-1 and -2 delineated glutamate versus [IVM activation, highly suggestive
of distinct binding sites. Interestingly Cel-GLC-1 does bind glutamate, but only after previous
exposure to IVM (Hibbs and Gouaux, 2011). In this thesis, I analyzed 2 residues that differentiate
Cel-GLC-2 and o-type [IVM-sensitive subunits to ascertain their role in glutamate activity and ML
susceptibility, and created a mutant Cel-GLC-2 that, like Cel-GLC-1, responds to glutamate only

after previous exposure to IVM.

In Xenopus oocytes, prototypical pLGIC orthosteric agonist exposure, such as mM
concentrations of glutamate on GluCls, quickly activates receptors (1 ms) to produce a peak current
across the membrane, followed by a slower desensitization state and a rapid return to baseline
equilibrium after drug washout (Figure 1.7). In contrast, IVM activation requires much lower
concentrations (nM to low uM) and produces slow but irreversible activation of GluCls, thereby

preventing depolarization, which causes flaccid paralysis of the organism. These agonist
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concentrations and response profiles appear to be consistent across different GluCl subunit types

from different species of nematode that are susceptible to [IVM.

1 mM Glutamate 1 mM Glutamate 0.1 pM Ivermectin

S

1000 HA‘

5 sec

Figure 1.7 Representative tracing of [IVM and glutamate activation of a GluCIl (Hco-GLC-5 used in this
thesis) expressed in X. laevis oocytes. Downward deflections represent current (expressed in nanoamperes)
passing through a membrane due to activation of the ion channel. Note the rapid activation and return to

baseline for glutamate applications in contrast to the slow, irreversible activation profile from IVM.

The family of GluCl subunits is summarized below (Table 1.1). Of these, GLC-1 is only
found in C. elegans and is absent even from clade V nematodes closely related to C. elegans, such
as H. contortus (Laing et al., 2013), Ancylostoma spp., (Schwarz et al., 2015) and N. americanus
(Tang et al., 2014). Important highlights from this table include the fact that homopentameric
GLC-2 receptors are the only nematode GluCls not activated by IVM; they are instead antagonized
(Degani-Katzav et al., 2017b). This fact is significant for this thesis because certain drug-resistant
nematode isolates may exploit this feature by decreasing expression of GluCl genes encoding
IVM-targeted subunits (a-type encoding functional subunits that, when expressed as a pLGIC, are

sensitive to activation by IVM), and increasing expression of glc-2 (El-Abdellati et al., 2011).
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Furthermore, the incorporation of GLC-2 into an a-type receptor significantly reduced potency
and maximal effect of IVM (Atif et al., 2019). However, another study found no association

between levels of glc-2 and drug-resistance (Njue and Prichard, 2004).

C. elegans GLC-2 subunits are expressed in metacorpus and isthmus pharyngeal muscles,
which are innervated by fast inhibitory M3 motor neurons. Laser ablation of M3 neurons increases
the duration of pharyngeal contractility and impairs feeding behaviour (Avery, 1993). This tissue
distribution appears to be species-specific, as expression of GLC-2 in H. contortus is limited to
body motor neuron commissures and is absent from the pharynx (Figure 1.8). (Delany et al., 1998;

Portillo et al., 2003).
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Figure 1.8 Expression of GluCls subunits in H. contortus, nota bene, In this figure H. contortus GluCla =

Glc-5 # Cel-GluCla. With permission from John Wiley and Sons [Journal of Comparative Neurology]

(Portillo et al., 2003), copyright (2020).

Tissue distribution plays a significant role in the organism-level effects of IVM. There is

still controversy whether paralysis of pharyngeal pumping (Brownlee et al., 1997; Geary et al.,

1993), or somatic body wall muscles (Kotze et al., 2004; Sheriff et al., 2005) is the primary means

of worm killing. MLs also act on GluCls expressed in the secretory-excretory apparatus of B.

malayi (Moreno et al., 2010) and cause long-term inhibition of egg laying and sterilization of adult

worms (Walker et al., 2017).

Table 1.1 List of GluCl subunits and their properties

Subunit

GLC-1
(GluCla)

(Cully et
al., 1994)
GLC-2
(GluCIp)

(Cully et
al., 1994)

GLC-3

(Horoszok

et al.,
2001)
GLC-4

Glutamate
Sensitivity
Only after
exposure
to IVM
(Hibbs and
Gouaux,
2011)

Yes

Yes

Yes

ML
Sensitivity
None

IVM
antagonist
(Degani-
Katzav et
al., 2017b)

MOX not

tested
Yes

Yes

Tissue
location

N/A

C. elegans (Dent et al., 1997; Laughton et al., 1997)
—>Pharynx (metacorpus, isthmus; same pattern as Avr-
15)

H. contortus (Delany et al., 1998; Portillo et al., 2003)
- NOT pharynx (same body muscle pattern as Glc-5)

N/A

N/A
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(Glendinni
ng et al.,
2011)
GLC-5
(Hco-
GluCla)

(Forrester
et al.,
2003,
1999)

GLC-6

(Glendinni
ng et al.,
2011)
AVR-14
GluCla3
Gbr-2

(Dent et
al., 2000;
Yates and

Wolstenho
Ime, 2004)

AVR-15
GluCla2

(Dent et
al., 1997)
SmGluCl2
1

(Dufour et
al., 2013)

*%

flatworm

Yes Yes H. contortus (Portillo et al., 2003)
—>motor neuron commissures
Non-pharyngeal
(same distribution of Hco-Glc-2)
Yes Yes N/A
Yes Yes C. elegans (Dent et al., 2000)
*14a not - body wall muscle motor neurons and
functional mechanosensory neurons
as H. contortus (Jagannathan et al., 1999; Portillo et al.,
homopent 2003; Yates et al., 2003)
amer - body wall muscle motor neurons and
mechanosensory neurons. Avr-14B also found in
pharyngeal neurons
B. malayi (Moreno et al., 2010)
—oral opening, nerve ring, the excretory-secretory
apparatus, the inner body, and anal pore
Yes Yes C. elegans (Dent et al., 1997; Laughton et al., 1997)
—>Pharynx (metacorpus, isthmus; same pattern as Avr-
15)
Yes No N/A
*phylogenet
ically
distinct
from
nematode
GluCls
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1.12.3 IVM binding site

The second biggest discovery that advanced the study of IVM pharmacodynamics was the
publication of a high resolution (3.3 A) crystal structure of a GluCl (Cel-GLC-1) in an open state,
bound to IVM and glutamate (Figure 1.9) (Hibbs and Gouaux, 2011). IVM allosterically binds in
the plasma membrane proximal to the extracellular domain at the interface between a (+)TM3 and
a (-)TM1 subunit, inserting its cyclohexene group in toward the TM2 domains (Figure 1.10). By
wedging between these subunits, the cyclohexene carbon-5 hydroxyl group has space to contact a
Ser residue of TM2. This residue is present in receptors activated by IVM, but in the IVM-
insensitive Cel-GLC-2 receptor it is a bulkier Gln, likely acting as a physical barrier for IVM to

penetrate deep enough into TM2 to cause activation.

GluGl
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hearmectin

Figure 1.9 Crystal structure of the C. elegans GLC-1 receptor bound to glutamate and IVM. Each subunit
coloured for distinction. Sites of IVM and glutamate binding are indicated Adapted with permission from

Springer Nature [Nature] (Hibbs and Gouaux, 2011), copyright (2020).
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The authors also suggested that residues of the first sugar of the disaccharide were
important for contact with the TM2-TM3 loop, an integral hinge in alleviating rigidity of the TM2
and instrumental in opening the receptor. However, MOX and other milbemycins lack this sugar
moiety, and the biological relevance of each contact point/bond identified from the crystal

structure is uncertain.

It is likely that IVM activates GluCls in a mechanism dissimilar and downstream from the
ECD involvement required by glutamate activation, and that the cyclohexene positioning proximal
to the M2 Ser is critical for this direct agonism. Lynagh et al. (2011) screened a series of mutations
in the human GlyR, assaying for functional changes in IVM responses. They found that many
single mutations of residues predicted to be important for binding by the Hibbs & Gouaux model
increased, decreased, or abolished IVM responses, or even converted the drug into an antagonist.
These results indicate that even a single amino acid difference between GluCl subunits or in the
same subunit in different species may have a large role in dictating IVM sensitivity; unfortunately,
they only tested [VM, and it remains to be seen if all MLs interact with the same residues to elicit
anthelmintic activity. To date, no binding differences or direct effects of differential binding have

been found for MOX and IVM. In this thesis, I provide evidence of such a difference.
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Figure 1.10 (top) A yellow IVM molecule inside its binding site between adjacent subunits coloured green
and red (bottom) functional groups of IVM predicted to bind to Cel-GLC-1. With permission from Springer

Nature [Nature] (Hibbs and Gouaux, 2011), copyright (2020).

1.13 Excitatory nAChRs

Nematode acetylcholine receptors are responsible for a range of essential physiological functions,
including movement (Touroutine et al., 2005), feeding (McKay et al., 2004), and egg laying (Duerr
et al., 2001) via regulation of muscle contraction. Acetylcholine receptors are a very large group
of proteins that are broadly divided into G-protein coupled receptors (GPCRs) and pLGICs. By

convention, the distinction between acetylcholine GPCRs and pLGICs is denoted by the agonist

45



used to originally characterize each receptor; namely the muscarinic GPCR type mAChR (Wess,

1996) and the nicotine-activated ionotropic nAChR (Holladay et al., 1997).

All subtypes of nAChR except for the ACCs are excitatory and gate cations by
acetylcholine activation of the orthosteric aromatic box. Despite wide heterogeneity of nAChR
subunits among humans and nematodes (Holden-Dye et al., 2013), acetylcholine binding generally
requires two a-type subunits, which contain a conserved pair of adjacent Cys residues in loop C of
the principal (+) subunit contributing to the binding pocket (Corringer et al., 1998). Some 27
different nematode nAChR subunits have been identified, all with different capacities to bind
anthelmintics, and are classified by homology as DEG-3-like, ACR-16-like, ACR-8-like, UNC-
38-like and UNC-29-like (Jones and Sattelle, 2004; Martin et al., 2005). As previously noted in
section 1.10, nematode nAChR subunits can form multiple populations of receptors,

distinguishable by their susceptibility to different anthelmintics (Figure 1.11).

C. elegans C. elegans H. contortus

A L-type nAChR B N-type nAChR C L-type nAChR -1

A. susm C. elegans €. elegans

H. contortus H. contortus €. elegans
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Figure 1.11 Examples of different subunit stoichiometry that defines receptor subtype in nematodes. (A-L)
represents different subtypes of nematode nAChRs defined by the subunit composition, and interfaces of
the receptor. With permission from ELSEVIER [Parasitology Internatioal] (Holden-Dye et al., 2013),

copyright (2020).

Despite the critical importance of conserving acetylcholine binding and gating, M- N- B-
and L- nAChR subunits possess differences in their orthosteric agonist binding pocket permitting
differential targeting by bephenium, morantel, levamisole, pyrantel and oxantel while maintaining
function as a functional acetylcholine receptor. For instance, the presence of Glu 153 in loop B is
necessary for the activity of levamisole (Rayes et al., 2004) and pyrantel (Bartos et al., 2006).
However, pyrantel and morantel binding also requires the presence of a Gln 57 in loop D on the

complementary subunit (Bartos et al., 2006, 2009).

Pyrantel is generally considered to be an agonist of L- and M-type receptors, but also
weakly activates the homomeric N-type nAChR, ACR-16. This receptor is expressed in many
tissues, including body wall muscles, motoneurons and head and tail neurons (Holden-Dye et al.,
2013). ACR-16 is one of the easier nematode nAChRs to study, attributable to its wide
physiological distribution, ability to form homomeric receptors, and requirement for only a single
accessory protein, Resistance to Inhibitors of Cholinesterase 3 (RIC-3), for robust functional
expression in X. /aevis oocytes (Abongwa et al., 2016b). RIC-3 is an accessory protein embedded
in endoplasmic reticulum membranes that is required for functional expression of the human a7
nAChR and the orthologous nematode ACR-16 (Vallés and Barrantes, 2012). ACR-16 is translated
as individual subunits which are folded and integrated into the membrane of the endoplasmic

reticulum where they subsequently oligomerize into pentamers (Treinin, 2008). It is believed that
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RIC-3 directly interacts with nAChR subunits in the endoplasmic reticulum membrane and acts as
a chaperone protein to facilitate receptor oligomerization (Castillo et al., 2005; Halevi et al., 2002)

and may play a role in stoichiometry determinism for heteromeric nAChRs (Nelson et al., 2003).

Original studies of the C. elegans ACR-16 receptor (Cel-ACR-16) were performed in
Xenopus oocytes in the absence of RIC-3, and these authors noted the difficulty of achieving
functional expression (Ballivet et al., 1996; Raymond et al., 2000). Since then, ACR-16 has been
characterized in the parasitic nematodes 4. suum (Abongwa et al., 2016b), Parascaris equorum
(Charvet et al., 2018) and A. caninum (Choudhary et al., 2019), but not from a human hookworm
parasite until this thesis. Previous studies validated the agonist effects of nicotine and pyrantel and
substantiated the insensitivity of levamisole on N-type receptors. Interestingly, oxantel is
considered to be an N-type selective agonist (Martin et al., 2004), and ACR-16 receptors are not
activated by oxantel in oxantel-insensitive parasites. This will be further addressed in the

electrophysiological and in silico homology modelling experiments reported in this thesis.
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Chapter 2: A Functional comparison of ACR-
16 receptors from Necator americanus and
Ancylostoma ceylanicum.

2.1 INTRODUCTION

Infection by hookworms in the family Ancylostomidae is a source of significant morbidity in
humans and companion animals, with several species capable of invading the skin of human hosts
and causing an inflammatory dermal syndrome known as CLM (Hochedez and Caumes, 2007).
However, the vast majority of patent human infection is caused by N. americanus and A.
duodenale, with a lesser contribution from the zoonotic parasite of dogs and cats, A. ceylanicum
(Hoagland and Schad, 1978; Traub, 2013). These parasites are associated with low mortality rates,
but a notable longevity of infection in the intestine of their host, where they feed on blood.
Untreated hookworm infections account for anemia and malnutrition responsible for large
economic productivity losses (Hotez, 2008) and over 4 million DALY lost (Bartsch et al., 2016).
Furthermore, these organisms are well-suited to adapt to and proliferate in the moderate increases
in temperature associated with global climate change, and represent a continuing challenge for
reducing the prevalence and spread of neglected tropical diseases (Blum and Hotez, 2018;
Okulewicz, 2017; Weaver et al., 2010). The primary means used to reduce the severity of their
social and economic impact is through the use of anthelmintics, drugs that remove helminths from
their hosts. However, there are incongruities in susceptibility to anthelmintics among the different
species of hookworm (Kotze et al., 2004). For instance, Ancylostoma spp. are highly sensitive to

the ML IVM, while N. americanus is incompletely cleared by doses up to 25 mg/kg in hamsters
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(Behnke et al., 1993; Tritten et al., 2012a). The extent to which differences in drug targets across
hookworm species govern anthelmintic efficacy has not been fully investigated. This is especially
important for drugs that target other STH but cannot be used against hookworm, as is the case for
oxantel, used to treat Trichuris spp. (Keiser et al., 2013). To better understand the basis of
differential species responses to anthelmintics, one must first characterize the drug targets and

compare their function between closely related species; this is the purpose of this chapter.

Some of the most important classes of anthelmintic targets are the nAChRs. Nematode
acetylcholine-gated cation channels are responsible for fast, excitatory ionotropic
neurotransmission required for a range of essential physiological functions, including movement
(Touroutine et al., 2005), feeding (McKay et al., 2004), and egg laying (Duerr et al., 2001) via
regulation of muscle contractions. Nematode nAChRs are orthologous but pharmacologically
distinct from their vertebrate host counterparts, providing specificity for drug targeting (Atchison
etal., 1992); anthelmintics acting on nematode nAChRs induce paralysis and death and consequent
expulsion from the host. Nematode nAChRs include 4 subtypes, B- L- M- and N-type nAChRs,
characterized by their subunit composition and preferential sensitivity to bephenium, levamisole,
morantel and nicotine, respectively (Courtot et al., 2015; Martin et al., 2005). The major N-type
nAChR subunit is encoded by acr-16, which forms functional homopentameric receptors in the
presence of the accessory protein RIC-3 (Bennett et al., 2012), and has been characterized from C.
elegans (Ballivet et al., 1996; Raymond et al., 2000), A. suum (Abongwa et al., 2016b), P. equorum
(Charvet et al., 2018) and the dog hookworm A. caninum (Choudhary et al., 2019). ACR-16 is
ideal for the study of ion channels as drug targets because of the growing body of functional data
from multiple parasitic species, the ease of expression in Xenopus oocytes with only a single

accessory protein, and the presence of a single subunit interface type (the site of agonist binding)
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since it is a homopentamer. In contrast, L-nAChRs exist as heteropentamers composed of 5
different subunits in C. elegans that are each required for functional expression, with different
subunit combinations existing in different species of parasitic nematodes (Boulin et al., 2011;
Buxton et al., 2014; Neveu et al., 2010; Williamson et al., 2009). This means that there are
numerous possible interfaces in any given cell and each combination likely has distinct binding
sites. These receptors also require multiple accessory proteins for functional expression (Boulin et

al., 2011, 2008; Duguet et al., 2016).

The function of ACR-16 has not been reported in hookworms that infect humans, in which
recent failure of treatment with the BZDs albendazole or mebendazole has been documented
(Humphries et al., 2011; Soukhathammavong et al., 2012). This fact alone provides justification
for research on the physiology of the hookworm nervous system. Characterizing these receptors
also contributes to a growing body of literature on ACR-16 from different species and enables
previously unavailable comparison of sequence and function from organisms that primarily infect
humans. Furthermore, few alternative drugs are approved for treatment. Recent work has also
identified an alarming increase in treatment failure of canine hookworm infections in the United
States (Castro et al., 2019). The WHO put forth a goal of reducing morbidity of helminthiases by
treating 75% of human childhood hookworm infections by 2030, extended from the original 2010
and 2020 deadlines (World Health Organization, 2020, 2012). However, this goal relies solely on
the use of mebendazole or albendazole. Also approved for this indication, but little used in MDA
campaigns for hookworm control, are pyrantel pamoate and levamisole, albeit with more limited
reported success (Botero and Castano, 1973; Keiser and Utzinger, 2008; Krepel et al., 1993;
Reynoldson et al., 1997). The increasingly intensive use of BZDs raises the threat of the selection

and spread of drug-resistant hookworm populations. This, coupled with the fact that the global
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prevalence of hookworm infection has only dropped by 9% since 1996 (Hotez, 2018) despite large
scale deworming programs, illustrates the urgent need to identify new safe and effective treatments
to minimize the risk of rising hookworm infection prevalence. By characterizing understudied
nematode ion channels, we may better understand the mechanisms by which current anthelmintics

work and discover new targets to aid in the discovery of novel anthelmintics.

Here I report the identification and cloning of cDNAs encoding acr-16 from A. ceylanicum
and N. americanus, the first pLGICs studied from hookworm species that infect humans. Using
two-electrode voltage clamp electrophysiology, I characterized these receptors after heterologous
expression in Xenopus oocytes and compared their pharmacological profiles. Despite high
sequence similarity between these hookworm acr-16s and with previously characterized nematode
acr-16s, our results identify key differences in their pharmacological profiles that emphasize the
potential importance of species-specific drug discovery programs for hookworm infection, and
perhaps for all parasitic nematodes. These data provide the first molecular rationalization for the
lack of efficacy of oxantel for these species, and show weak but measurable effects from pyrantel

and levamisole exposure.

2.2 RESULTS
2.2.1 Cloning

Nested PCR of ace- (accession # MT163735) and nam-acr-16 (accession # MT163736) each
generated transcripts encoding 498 amino acid polypeptides. The sequence alignment (Figure 2.1)

illustrates that both subunits contain signature pLGIC cation characteristics, including a motif for
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cation selectivity, presence of a predicted cys-loop, 4 transmembrane domain regions, and a

predicted signal peptide cleavage site after residue 21.

The amino acid sequences of Nam- and Ace-ACR-16 share 75-78% identity with ACR-16 from
the clade III nematodes 4. suum and P. equorum, as well as the clade V free-living nematode C.
elegans (Meldal et al., 2007). The greatest degree of shared identity was among the hookworm
ACR-16 receptors (95-98%) and the closely related H. contortus receptor Hco-ACR-16 (84-88%).
Ace- and Nam-ACR-16 differ in amino acids at 22 residues, primarily within the putative signal
peptide, and in the C-terminal region. The 4. ceylanicum and A. caninum receptors differ in 8
residues, half of which are located in the signal peptide. Regions of highest similarity include the
transmembrane domains and the large extracellular domain; however, some differences exist in
the aromatic loop regions that comprise the orthosteric ligand binding domain and could play a

role in differential ligand specificity.
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Human Ace- Nam- Aca- Asu- Hco- Peq- Cel-

o-7 ACR- ACR- ACR- ACR- ACR- ACR- ACR-

16 16 16 16 16 16 16
Human a-7 44.4 43.8 44.0 435 43.7 43.5 44.2
Ace-ACR-16 44.4 95.4 98.0 77.5 87.5 76.9 78.0
Nam-ACR-16 43.8 95.4 96.0 75.7 86.3 75.0 77.8
Aca-ACR-16 44.0 98.0 96.0 76.5 87.5 75.9 77.6
Asu-ACR-16 43.5 77.5 75.7 76.5 78.4 99.2 73.4
Hco-ACR-16 43.7 87.5 86.3 87.5 78.4 78.4 77.6
Peq-ACR-16 43.5 76.9 75.0 75.9 99.2 78.4 73.0
Cel-ACR-16 44.2 78.0 77.8 77.6 73.4 77.6 73.0

Figure 2.1 (A) Sequence alignment of ACR-16 from A. ceylanicum (accession # MT163735), N.
americanus (accession # MT163736) A. caninum (accession # QEMS53385.1), C. elegans (accession #
CCD64102.1), H. contortus (accession # AZS27833.1), A. suum (accession # KP756901), P. equorum
(accession # AZS27834.1), and the human a7 acetylcholine receptor subunit (accession # P36544.5).
Amino acids are shaded by consensus sequence similarity; black is most, and white is least similar. The
ECD ligand binding loops A-E are denoted in red, the characteristics cys-loop is indicated in blue, the cation
selectivity motif is shown in purple and the transmembrane domains are in green. (B) % Identity matrix of

the polypeptide sequences for comparison.
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2.2.2 Functional expression of hookworm ACR-16

The human hookworm ACR-16 receptors expressed relatively quickly in Xenopus oocytes,
producing currents on a timescale and magnitude similar to those reported for other ACR-16s
(Abongwa et al., 2016b; Charvet et al., 2018; Choudhary et al., 2019; Raymond et al., 2000).
Maximal responses were detected 48 hr post-cRNA injection and currents were detectable until
oocyte quality degraded to the point of loss of membrane integrity, roughly 4-5 days after injection.
Oocytes expressing Ace-ACR-16 alone elicited very small but detectable current responses upon

an initial 1 mM acetylcholine application, used to screen for functional expression (Figure 2.2A).

Oocytes co-injected with ace-acr-16 and H. contortus ric-3 elicited large concentration-
dependent currents in response to acetylcholine as early as 24 hr after injection (Figure 2.2B),
while oocytes injected with water produced no response. In comparison, formation of any
functional Nam-ACR-16 receptors required the presence of Hco-RIC-3 (Figure 2.2A), but with
some notable and surprising differences. Nam-ACR-16 required 48 hr for functional expression,
the magnitude of the acetylcholine response was significantly smaller than for Ace-ACR-16, and
the signal from repeated exposures to acetylcholine diminished over time (Figure 2.2C), in contrast
to responses in ace-acr-16 injected oocytes, which remained constant. These differences were

consistent regardless of the amount of nam-acr-16 cRNA injected.
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Figure 2.2 Functional expression of hookworm ACR-16 receptors. (A) amplitude of current response to 1
mM acetylcholine in the presence or absence of the accessory protein Hco-RIC-3 measured 48 hr after
injection. Nam-ACR-16 (+) Ric-3 n=9 all else n = 7; *t-test, p <.05. (B) Ace-ACR-16 response profile to
increasing (top) and repeated (bottom) concentrations of acetylcholine. (C) Nam-ACR-16 response profile
to repeated concentrations of acetylcholine. Repeated acetylcholine exposures produce decreasing current

responscs.

2.2.3 Effect of time between agonist exposures on maximal responses
To investigate the reduction in Nam-ACR-16 signal from repeated exposures to a single
concentration of acetylcholine, we measured the change in current amplitude as a function of time
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between exposures to 1 mM acetylcholine (Figure 2.3). Oocytes were allowed to recover from
voltage clamp and equilibrate in ND96 buffer for 1 min before recording initial responses.

Incubation time prior to first exposure to acetylcholine did not influence the magnitude of the

initial response.
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Figure 2.3 (A) The effect of time between subsequent applications of 1 mM acetylcholine on the magnitude
of current elicited from Nam-ACR-16. Oocytes given 2 min recovery time from an initial acetylcholine
exposure produced significantly larger currents than any other timepoint. Data at each time point were

derived from experiments conducted on oocytes from at least two different frogs. n > 6, *ANOVA, p =
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.0004, **p < .0001. (B) Representative tracing of current responses induced by varying time between

exposures to acetylcholine.

If agonist exposure generated a refractory desensitized state in Nam-ACR-16, then
lengthening the recovery time between exposures should reproduce maximal responses once a
greater proportion of receptors was again primed for activation. Up to 1 min after an initial
response to acetylcholine, subsequent applications generated attenuated responses, and a third
application sometimes failed to generate a response. Only after 2 min continual washout with
ND96 solution did we see rescue of maximal amplitude, indicating a very slow but completely

reversible desensitization period.

2.2.4 Pharmacology of hookworm ACR-16

In addition to the differences reported above, we found that acetylcholine was more potent on Ace-
ACR-16 (ECso = 20.64 + 0.32 uM; Hill slope = 1.55 £ 0.13) than on Nam-ACR-16 (ECso= 170.1
+ 1 9.23 uM; Hill slope = 1.11 £ 0.37) (Figure 2.4). The lower sensitivity of Nam-ACR-16 was
magnified in response to nicotine, which acted as a weak partial agonist for this receptor (ECso =
597.9 £ 59.12 uM; Hill slope = 6.19 + 1.43; maximal ACh response = 30.4 &+ 7.4%). Initial Nam-
ACR-16 nicotine trials produced such small currents that we originally suspected degradation of
the drug. However, Ace-ACR-16 receptors injected in the same week produced large and
reproducible responses to nicotine, comparable to those elicited from acetylcholine (ECso = 24.37

+2.89 uM; Hill slope = 1.43 £ 0.15) (Figure 2.4B).
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Figure 2.4 Concentration-response curves for acetylcholine (A) and nicotine (B) on Ace- and Nam-ACR-
16. Individual oocytes were exposed to increasing concentrations of acetylcholine and all responses were
standardized to the maximal current achieved within each oocyte. n>6. Individual oocytes were exposed to
repeated maximal concentrations of acetylcholine to determine stability of response, and to serve as a
maximal effect reference to standardize all nicotine current responses. Nicotine acts as a full agonist on

Ace-ACR-16 but as a weak partial agonist of Nam-ACR-16 n >6.
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2.2.5 Current voltage trials

ACR-16 gates Na" and Ca®* ions into the cell, which in turn can activate endogenous intracellular
Ca?"-gated CI channels in X. laevis oocytes (Miledi and Parker, 1984). To ensure that receptor
activation measurements were not influenced by this cascading Ca** signalling, we incubated
oocytes expressing Ace-ACR-16 with the intracellular Ca*" ion chelator BAPTA-AM (100 pM)
for 1 hr. Following incubation, oocytes were washed in ND96 and voltage clamp measurements
made immediately after. This receptor was chosen because the stability and reproducibility of
tracings provided better accuracy than Nam-ACR-16 for comparing BAPTA-treated versus
untreated oocytes. Figure 2.5A shows that BAPTA-AM treatment did not affect the sensitivity or
activation profile of Ace-ACR-16. However, it did alter the reversal potential ((+)BAPTA-AM =
13.55 mV; (-)BAPTA-AM = -8.53 mV) and slope ((+)BAPTA-AM = 34.6 £ 2.4; (-\BAPTA-AM
= 67.7 £ 2.6) of the current-voltage relationship, indicating an altered population of ions
transported across the membrane (Fig. 5B). Because of the variable pharmacology of ACR-16
receptors reported in the literature, we sought to validate the gating of Na® and Ca*" ions by
completely replacing the buffer ion composition with sodium gluconate (96 mM) as an anion
replacement, glucosamine HCI (96 mM) as a cation replacement or CaCl, (1.8 mM). Reversal
potential values from these ion replacement curves are consistent with the values indicative of a,
primarily Na®, cation-gated nAChR (Harrow and Gration, 1985). In the absence of Na* and Ca*"
ions in solution, no current was detected when acetylcholine was applied (Fig. 5C, glucosamine

HCI).
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Figure 2.5 (A) BAPTA-AM was used to examine the role of activating intrinsic Ca*" sensing CI" channels
induced by Ca*" influx from Ace-ACR-16 activation. BAPTA-AM treatment had no effect on the ability of
acetylcholine to activate Ace-ACR-16 in oocytes. n>5; Vc = -60 mV (B) Current-voltage relationship of
ACR-16 induced by 100 uM acetylcholine in ND96 (reversal potential = -8.5 mV), ND96 with BAPTA-
treatment (reversal potential = 13.6 mV), 96 mM sodium gluconate (reversal potential = 15.9 mV), 1.8 mM
CaCl, (reversal potential = 35.8 mV). BAPTA-associated inhibition of Ca?" gated CI- channels altered the
conductance from activating ACR-16. Ion replacement with either sodium gluconate, or CaCl, altered
conductance in a manner predicted by theoretical values attributable to Na* and Ca*" ions. Oocytes were
exposed to 100 uM acetylcholine at holding potentials beginning at -75 mV and increasing by 25 mV steps
to +50 mV. (C) 100 uM acetylcholine produced no current responses in 96 mM glucosamine HCI solution.

Channel activity in response to acetylcholine was restored when this solution was replaced with ND96.

2.2.6 Activity of anthelmintics and classic cholinergics against the ACR-16 receptors

Previous studies indicate that Ancylostoma spp. and N. americanus respond differently to some
anthelmintics (Behnke et al., 1993; Richards et al., 1995; Tritten et al., 2011). To investigate
differences in anthelmintic sensitivity between these receptors, we tested them against a panel of

drugs, including cholinergic anthelmintics.
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Figure 2.6 (A) Ace-ACR-16 and (B) Nam-ACR-16 agonist response profiles to classical cholinergics and

anthelmintics. All current responses are standardized relative to that of a maximal 1 mM acetylcholine

response; n = 5 (C) inhibition of ECsy acetylcholine-induced responses in Ace- and Nam-ACR-16 by

levamisole and the nAChR antagonist mecamylamine; n > 4; *t-test, p=.0419.
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Nematodes possess 4 subtypes of nAChRs: nicotine- (N-type), levamisole- (L-type),
morantel- (M-type) and bephenium-sensitive (B-type). As expected for an N-type nAChR, neither
receptor was activated by levamisole or bephenium. Ace-ACR-16 was only weakly activated by
the tetrahydropyrimidines oxantel (15.6 £ 9.6% maximal acetylcholine response), pyrantel (12.5
+ 7.5%) and morantel (5.5 = 3.9%), while Nam-ACR-16 was only activated by pyrantel (8.3 £
6.0%) (Figure 2.6A). Raymond et al. (2000) showed that C. elegans ACR-16 is antagonized by
levamisole. To further characterize the hookworm ACR-16s, we assayed compounds and
anthelmintics known to modulate the activity of pLGICs. Supporting the findings of Raymond et
al. (2000), we observed significant inhibition of acetylcholine-induced channel activation by
levamisole for Ace-ACR-16 (65.1 + 14.3% inhibition) and Nam-ACR-16 (79.5 + 7.7% inhibition)

(Figure 2.6B).

The classical non-competitive cholinergic antagonist mecamylamine was also inhibitory,
with comparable inhibition of acetylcholine responses for Ace-ACR-16 (94.7 £+ 4.7% inhibition)
and Nam-ACR-16 (99.7 = 0.4% inhibition) (Figure 2.6B). Up to 10 uM IVM had no effect on

acetylcholine-induced currents after either pre-treatment or simultaneous exposure of oocytes.

2.3 DISCUSSION

2.3.1 Expression and agonist activity of acetylcholine and nicotine

Our results indicate that the ACR-16 sequence is highly conserved across nematode species,
especially in the ligand-binding and transmembrane domains. With such high similarity, especially
in the ligand-binding domain, one would predict very similar pharmacological profiles, but there

are surprising differences. Acetylcholine was a full agonist for both receptors, but nicotine was a
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weak partial agonist on the Nam-ACR-16 receptor and a full and potent agonist of the Ace-ACR-
16. Agonist binding is determined by interactions with residues in the orthosteric binding pocket,

which differ between these species, and these differences are analyzed in detail in Chapter 3.

Another unexpected difference is that Ace-ACR-16 responses were in the large microamp
range, whereas the Nam-ACR-16 receptor generated currents in the nanoamp to small microamp
range. This was unexpected because the amplitude of A. caninum ACR-16 responses reported by
Choudhary et al. (2019) better match with those from N. americanus, rather than A. ceylanicum,
which is in the same genus. Ion selectivity and conductance are determined by residues that line
and are proximal to the TM2 pore of the channel (Thompson et al., 2010), but the three hookworm
ACR-16 receptors have identical sequences spanning the region of TM1-TM3. Differences in
magnitude of responses could be attributable to differences in expression levels resulting from the
signal peptide sequence. Signal peptide function relies on the presence of hydrophobic and charged
residues (Von Heijne, 1985) to embed pLGICs into endoplasmic reticulum membranes for
direction into the plasma membrane (Walter and Blobel, 1980). The Nam-ACR-16 signal sequence
possesses polar and non-polar residues that differ from those in Ace-ACR-16, and both these
receptors also differ from Aca-ACR-16 in the position of an Arg in the signal peptide. This level
of regulation can control the rate at which a protein exits the endoplasmic reticulum (Li et al.,
1996), which may explain why Nam-ACR-16 took longer to reach maximal functional expression.
Additional mutagenesis and signal peptide swapping experiments are necessary to determine the
extent, if any, to which signal peptide differences influence the functional expression of ACR-16

receptors in oocytes.
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2.3.2 Desensitization of Nam-ACR-16

The mechanisms previously mentioned, however, do not explain the decreased Nam-ACR-
16 responses after repeated agonist exposure. Agonist binding increases the likelihood of ACR-16
entering an open ion conducting conformational state, but once closed again, those receptors that
are still agonist-bound represent a desensitized population unable to gate ions. Using single
channel patch-clamp electrophysiology to determine desensitization rate constants may resolve

whether altered desensitization is responsible for this phenomenon (Granfeldt et al., 2006).

One possible source of Nam-ACR-16 desensitization is the sequence of the intracellular
TM3-TM4 variable loop, which is known to affect channel expression, agonist ECso values and
desensitization (Hu et al., 2006; Kelley et al., 2003; Kracun et al., 2008). Residues of this loop that
are proximal to the TM3 and TM4 domains may be involved in conformational changes associated
with desensitization and alter activation of the receptor (McKinnon et al., 2012). In the region
proximal to TM3, Nam-ACR-16 possesses a Cys320 compared to a Tyr in the other hookworm

receptors, a difference that warrants further investigation into potential functional consequences.

The TM3-TM4 loop is also a site of phosphorylation-related regulation of pLGICs.
Phosphorylation significantly increases recovery from both rapid (msec) desensitization (Hoffman
et al.,, 1994) and slower (sec-min), Protein Kinase A-dependent, long-term desensitization of
nAChRs expressed in Xenopus oocytes (Paradiso and Brehm, 1998). Kinases also induce
internalization of pLGICs (Veldzquez-Flores and Salceda, 2011), and chronic nicotine exposure
causes desensitization of mammalian nAChR (Fenster et al., 1999). Of relevance to kinase
regulation, Nam-ACR-16 has a Pro364 in place of a Ser or Thr present in all other published

nematode ACR-16s.
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Functional expression also relies on the presence of other key residues. The recently
published H. contortus ACR-16 was not successfully functionally expressed, despite having high
sequence identity with known functional ACR-16s (Charvet et al., 2018). An important caveat is
that this protein (accession code # AZS27833.1) differs from an earlier published sequence
(accession code # ABW07339.1) by a single amino acid in the cys-loop (Ser versus Pro in
ABWO07339.1). This Pro residue has been reported to be of critical importance for ligand-activation
in the pLGIC family (Lummis et al., 2005; Rienzo et al., 2016), and highlights the role that a single

residue can play in receptor activation and expression.

2.3.3 Levamisole inhibition of ACR-16: does this play a role in its anthelmintic activity?

In line with all published ACR-16 data, neither Ace- nor Nam-ACR-16 was activated by
levamisole, the anthelmintic activity of which is strongly associated with L-type nAChRs (Lewis
et al., 1980). Of note, the first report of ACR-16 function indicated that levamisole was an
antagonist of this receptor (Ballivet et al., 1996). Our results also show strong inhibition of
acetylcholine responses by levamisole. The effect of levamisole exposure in ACR-16 knockout
strains of C. elegans was slightly smaller, but not significantly so, than in wild-type worms.
(Touroutine et al., 2005); these authors did not rule out the possibility that ACR-16 sensitivity to
levamisole is redundant to, and masked by, the presence of L-nAChRs. When the C. elegans L-
type nAChR was abolished by replacement with a null unc-29 allele, roughly 10% of worms were
still paralyzed by exposure to levamisole (Duguet et al., 2016), suggesting a small but detectable
contribution of a subset of levamisole-sensitive secondary targets. The significance of this
interaction for the therapeutic properties of levamisole is unclear, and we cannot discount the

possibility that inhibition of ACR-16 receptors plays a role in its anthelmintic action.
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2.4 CONCLUSION

Our aim was to characterize ACR-16s from human hookworms and determine differences in
pharmacology attributable to basic physiology and species-specificity in anthelmintic effects. This
is important because there is a complete lack of information regarding pharmacodynamics of
ionotropic-acting anthelmintics on the species of hookworms that infection humans. These data
are important to provide information on the pharmacophore of current anthelmintics which is
important for the informed use of these drugs, and to monitor for sequence changes related to drug
resistance. There is also a large gap in knowledge of the basic biology of the nervous system of .
americanus and A. ceylanicum and this thesis provides novel insights into differences in excitatory

synaptic transmission in these species.

These receptors were activated by acetylcholine and nicotine, the defining features of N-
type nAChRs, and differed in sensitivity to the anthelmintic oxantel, which warrants further
investigation. Together with existing data on ACR-16s of other nematode species, our data suggest
a high degree of variability in response profiles to anthelmintics even among closely related
nematode species. These implications caution against generalizing functional results obtained on
ion channel drug targets from one nematode to another and highlight the importance of relating
therapeutic outcomes to the unique nature of each drug target. These observations were explicitly
not clear for ACR-16 before the presentation of this thesis. One way to analyze structural
differences in anthelmintic binding to pLGICs is the use of in silico homology modelling, as

described in the next chapter of this thesis.
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Chapter 3: in silico homology modelling of the
ACR-16 orthosteric binding site from Necator
americanus and Ancylostoma ceylanicum

3.1 INTRODUCTION

In the previous Chapter, I presented functional data of ACR-16 from two closely related hookworm
species. Results from this study showed that pyrantel had similar effects on the receptors from
both species, in support of findings that it paralyzes worms of both species roughly equally
(Richards et al., 1995). However, we also identified a greater ability of nicotine and oxantel to
activate Ace-ACR-16 compared to Nam-ACR-16. Oxantel is effective against whipworm
infections (Barda et al., 2018; Garcia, 1976; Howes Jr, 1972; McFarland, 1982), but lacks efficacy
against hookworms (Bhopale and Bhatnagar, 1988; Keiser et al., 2013; Moser et al., 2016; Speich
et al., 2014), and unfortunately no information exists on the characterization of an oxantel-specific
target in any of these species. A combination therapy of pyrantel and oxantel has been effective in
treating STH infection (Grandemange et al., 2007; Rim et al., 1975), but high level of pyrantel
resistance in 4. caninum (Kopp et al., 2007) is indicative of the threat of drug resistance.
Interestingly, at doses of 1 mg/kg, oxantel can kill L3 4. ceylanicum (9% killed compared to 100%
survival of N. americanus L3) (Keiser et al., 2013) and in the previous chapter, I showed the ability
of oxantel to partially activate Ace- but not Nam-ACR-16 receptors. Oxantel is believed to show
preference for N-type nAChRs (Martin et al., 2004), and it remains to be seen whether ACR-16
from Trichuris spp. are more sensitive to oxantel than Ace-ACR-16, or why it fails to elicit currents

from Nam-ACR-16. Functionally expressed Cel-ACR-16 also shows a lack of full agonist activity

70



by oxantel (Raymond et al., 2000) but no structural rationale exists to explain the lack of efficacy.
Therefore, in this chapter I use the proram Modeller to perform predictive in silico homology
modelling to attempt to fill in gaps of knowledge pertaining to the basis for species differences in

pharmacology of the ACR-16 receptor.

Homology modelling is a very useful tool to study structure-activity relationships of
pLGICs that lack crystal structures. High resolution electron microscopy of the Torpedo
marmorata AChBP has been instrumental in studying the ECD of nAChRs (Unwin, 2005), and
enables researchers to identify residues of interest for mutation (Ott et al., 1996) and predict inter-
molecular interactions of ligands. These features are increasingly used to generate massive
libraries of compounds (Wishart et al., 2006) which can be used in large-scale high throughput in
silico drug screens to identify potential lead compounds (Ekins et al., 2007). Because these data
are only predictive, it is vital to experimentally validate any in silico results (or in this thesis,
backtrack to explain previous functional results), but they remain an important step in information

gathering to design further experiments.

In this chapter, I address putative structural determinants for differential agonist function
on ACR-16 from N. americanus, A. ceylanicum C. elegans and T. muris by using AutoDock Vina
to predict binding energies. In doing so, my goal is to not only validate/explain my previously
reported functional data, but also to identify residues of interest for future study, to aid in
elucidating pharmacophores that underlie the mechanism of action of these anthelmintics and to
compare results with the predicted structure of the receptor from a model organism. Furthermore,
there remains an unanswered question: can the generally smaller magnitude of responses in Nam-

ACR-16 compared Ace-ACR-16 be explained by generally lower agonist affinity?
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The in silico analyses of the receptors studied in the previous chapter stand alone as Chapter
3, and do not specifically pertain to the pharmacological effects of the anthelmintics on Nam-ACR-
16 and Ace-ACR-16 described in Chapter 2. Beyond ACR-16 from these species, Chapter 3
includes in silico experiments describing the features of ACR-16 from C. elegans and Trichuris
muris and discusses the theme of C. elegans as a model (described in detail in the literature review).
This chapter also focuses on a predicted rationale for the failure of oxantel to bind and elicit full
activation on ACR-16 from N. americanus, A. ceylanicum, and C. elegans, compared to the in vivo
effectiveness of oxantel on Trichuris spp. and our predictions of high affinity binding to a 7. muris
ACR-16. The mechanisms of drug success and failure are of key importance to guide clinical use.
These results are further validated by in vitro data from a preprint manuscript released after the
submission of this thesis, which found oxantel to act as a super-agonist on a Tsu-ACR-16 like

receptor (Hansen et al., 2020).

3.2 RESULTS

3.2.1 Generation of homology models

To create in silico homology models of the ligand-binding domain of homomeric Ace-ACR-16
and Nam-ACR-16, [ used a chimera of the ECD of the human homomeric a-7 nicotinic receptor
and Lymnaea stagnalis AChBP at 2.80 A bound to the agonist epibatidine as a template (PDB
3SQ6) (Li et al., 2011) as described in the Methods section 6. This chimera shares 40% sequence
identity with both Ace- and Nam-ACR-16, which share 98% sequence identity between them in
the ECD region used for modelling. Top Ace-ACR-16 models of dimers generated molpdf scores

(representing the sum of restraints in building the models; i.e. the lower score the better) of 3140,
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3159 and 3194 compared to scores of 3091, 3151 and 3174 for Nam-ACR-16. The best scoring of

these models is shown in Figure 3.1.

A

Figure 3.1 (A) Homology model of a dimer of the ECD from Ace-ACR-16 (left) and Nam-ACR-16 (right).
The principal (+) subunit is coloured green, and the complementary (-) subunit is coloured purple. A red
circle indicates the location of the orthosteric ligand binding domain (B) Zoom in of the binding site of
Ace-ACR-16 (left) and Nam-ACR-16 (right). Aromatic residues of the (+) binding loops comprising the
aromatic box are indicated along with important residues of the (-) subunit.
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3.2.2 In silico docking: acetylcholine and nicotine

Homology modelling and in silico ligand docking predictions were used to investigate
structural differences between the receptors that might underlie some of the differences in
pharmacology. Acetylcholine and nicotine docked into the orthosteric binding pocket of both
ACR-16 models with comparable predicted energies (acetylcholine: -4.3 kcal/mol Ace-ACR-16,
-4.0 kcal/mol Nam-ACR-16; nicotine: -5.4 kcal/mol Ace-ACR-16, -4.6 kcal/mol Nam-ACR-16)
(Figure 3.2). However, docking simulations simply place the ligand in a position to form bonds
with the lowest predicted binding energies, and do not take into account hydrogen bonding and n-

cation interactions required for activating pLGICs.

Both agonists oriented centrally into the binding pocket of Ace-ACR-16 with their cation
nitrogens placed near aromatic residues of loops B and C, notable for forming important n-cation
bonds with ligands (Dougherty, 2008). In comparison, acetylcholine and nicotine docked more
peripherally into Nam-ACR-16, 4-5 A closer to the transmembrane domain, placing their cation

nitrogens further from the aromatic pocket than in Ace-ACR-16.
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Figure 3.2 Homology models of the acetylcholine binding into (A) Ace-ACR-16 (-4.3 kcal/mol) and (B)
Nam-ACR-16 (-4.0 kcal/mol), and nicotine docking into (C) Ace-ACR-16 (-5.4 kcal/mol) and (D) Nam-
ACR-16 (-4.6 kcal/mol). The principal (+) subunit is coloured green, and the complementary (-) subunit is
coloured purple. Carbons of the ball and stick acetylcholine and nicotine ligands are coloured orange, with

oxygens and nitrogens coloured red and blue, respectively.

These differences in docking orientation could offer a structural explanation for the lower
affinity for the site of activation in Nam-ACR-16, potentially explaining the higher ECso values
for this receptor. Furthermore, in the Nam-ACR-16 model, nicotine molecules did not dock with
the pyridine group presenting to the complementary subunit, which is expected to hydrogen bond
with a water molecule essential for agonist activation (Blum et al., 2010; Celie et al., 2004). Indeed,
the best scoring docking simulation for Nam-ACR-16 flipped the nitrogenous ring of nicotine

away from Loop D of the complementary subunit, roughly 9 A further than in the Ace-ACR-16
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docking model. This difference conceivably prevents the complete closure of the binding pocket

and could explain why nicotine acted as a partial agonist on Nam-ACR-16.

3.2.3 in silico docking: anthelmintics

Interestingly, our model also predicts significant differences in tetrahydropyrimidine (oxantel,
pyrantel, morantel) binding between these receptors. When constrained to bind in the Ace-ACR-
16 orthosteric agonist binding pocket, oxantel (-6.4 kcal/mol), pyrantel (-5.5 kcal/mol) and
morantel (-5.7 kcal/mol) all docked with similar energies, comparable to acetylcholine and
nicotine (Figure 3.3). Using the same constraints for Nam-ACR-16, all three tetrahydropyrimidine
docking simulations produced positive binding energies indicative of poor affinity (oxantel =+3.6
kcal/mol; pyrantel = +1.1 kcal/mol; morantel = +0.7 kcal/mol); only when binding parameters

were extended to a large section of the ECD was oxantel able to dock with higher affinity, but still

in a site and conformation peripheral to the main binding pocket.
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Figure 3.3 Homology models of the Ace-ACR-16 and Nam-ACR-16, docking: pyrantel (A, B,), oxantel (C,

D) and morantel (E, F). Where docking produced multiple poses with equal binding energies, both poses
are shown. The principal (+) subunit contributing to key residues of Loops A, B and C, is coloured green
and the subunit contributing the complementary (-) face of the binding pocket contributing Loops D, E and
F is coloured in purple ribbon. Carbon atoms of docked agonists are coloured in orange ball and stick. Red,

blue and yellow molecules show oxygen, nitrogen and sulphur atoms, respectively.
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3.2.4 Investigating the role of Ile130 in Nam-ACR-16

Only the oxantel-insensitive Cel-ACR-16 and Nam-ACR-16 sequences possess an Ile130
in the complementary subunit proximal to the binding pocket, compared to a Leu in the human a-
7 receptor, and a Val in all other published ACR-16s. We modelled the Cel-ACR-16 receptor and
also found an inability to dock oxantel (+2.5 kcal/mol), mirroring in vitro findings of very weak
partial agonism (Raymond et al., 2000) (Figure 3.4). Interestingly, Ile130 in both Cel- and Nam-
ACR-16 and Val130 of the oxantel-insensitive Aca-ACR-16 point inward into the agonist binding
site, whereas the side chain points in the opposite direction in Ace- and Asu-ACR-16, which both
respond to oxantel. To determine if more negative space in this position is associated with
improved docking predictions, we changed the models of Nam- and Cel-ACR-16 from Ile130 to
Val, which is one carbon side-chain shorter, or to Leu, which has the same length as Ile but the
side chain of which branches in the opposite direction. We then repeated the docking simulations
for acetylcholine and oxantel (Figure 3.4) and found 1130V and 1130L both allowed simulations
to generate binding energies comparable to those of Ace-ACR-16 (Table 3.1), with oxantel better
able to fit into the binding pocket. As expected, the reverse change of the analogous position in
Ace-ACR-16 (Val130 to Ile) had no effect on predicted binding parameters because this residue

branches away from the binding site.
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Figure 3.4 Homology models of oxantel docking into: (A) Ace-ACR-16 V130I (B) Nam-ACR-16 (C) Nam-
ACR-16 1130L (D) Nam-ACR-16 1130V (E) Cel-ACR-16 (F) Cel-ACR-16 1130L (G) Cel-ACR-16 1130V

(H) Tmu-ACR-16. Colouration is the same as in Figure 3.3.

3.2.5 Predicted 7. muris ACR-16 in silico docking
Oxantel does not clear hookworm infections in standard single-dose regimens, but is

efficacious against Trichuris spp. We mined the genome of Trichuris spp. and, using a curated
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gene annotation, obtained the predicted sequences of ACR-16 from T. muris, T. trichiura, and T.
suis. Predicted sequences from all three species possess an analogous Ile130, and our homology
modeling of 7. muris indicates that this residue extends toward the binding pocket as in Cel- and
Nam-ACR-16 (Figure 3.4). Remarkably, docking simulations of oxantel into 7richuris ACR-16
yielded strong predicted binding (-5.4 kcal/mol), and in orientations more central to the binding
pocket, similar to poses in Ace-ACR-16. However, the sequence of 7. muris is more divergent

from the clade V nematodes and contains differences in the binding pocket.

Table 3.1 Calculated binding energies of in silico simulated agonist docking, highlighting residue 130

Dimer acetylcholine oxantel

Binding energy (kcal/mol)

Ace-ACR-16 VI -4.3 -6.4
Nam-ACR-16 -4 +4.3
Nam-ACR-16 I2>L -4.4 -3.3
Nam-ACR-16 IV -4.7 -4.4
Cel-ACR-16 -3.7 +2.5
Cel-ACR-16 1oL -3.9 -1.5
Cel-ACR-16 IV -4.2 -2
Tmu-ACR-16 -4.9 -54

One unique characteristic of the predicted Tmu-ACR-16 binding pocket is the relative
positioning of the vicinal Cys, two adjacent conserved Cys residues important for nAChR binding

(Mongan et al., 2002). The Tmu-ACR-16 model positions these Cys residues roughly 1 A further
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away from the binding pocket than in all other models (Figure 3.5A), allowing greater space for

ligand binding. This is illustrated by comparing the distance from the vicinal Cys to loop B Thr158,

the position of which varies little from model to model (Figure 3.5B, Table 3.2).

A

12.0 A
11.5 1

11.0

(Angstroms)

10.5

Distance from CC to Thr158

10.0 -

B

Figure 3.5 (A) Average distance from Thr158 to the vicinal Cys of the ACR-16s. Replicates represent the

average from 4 model iterations. *ANOVA, p < .05. (B) Representative overlay of two receptors (Ace-

ACR-16 in red and Nam-ACR-16 in teal) showing stability of position Thr158 as a reference point).

Table 3.2 Variance in the position of Thr158 between models

Dimer Difference in Thr158 position of models overlaid with Ace-ACR-16 as
reference (,& + standard deviation)

Ace-ACR-16 0.06 +0.08

Nam-ACR-16 0.1+0.04

Cel-ACR-16 0.17+0.12

Tmu-ACR-16 0.67 £0.07
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3.2.6 Homology modelling: Met129

Perhaps the most important characteristic of Tmu-ACR-16 oxantel binding is that this receptor
lacks an inwardly directed Met129 that is present in the other ACR-16 receptors modelled (Figure
3.5). In the Ace-ACR-16 receptor, Met129 is positioned further away from the binding pocket than

in the Nam- and Cel-ACR-16 receptors, allowing greater space for ligand binding (Figure 3.6).

A B
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Figure 3.5 Clusters of teal acetylcholine molecules docked in the ACR-16 binding pocket of (A) Tmu-
ACR-16 (B) Nam-ACR-16 (C) Cel-ACR-16 (D) Ace-ACR-16. Residue Met129 (M129), when present, is
indicated on the complementary (-) subunit (coloured brown relative to grey (+) subunit. Red, blue, white

and yellow colours indicate oxygen, nitrogen, hydrogen, and sulphur atoms.
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Figure 3.6 Distance from Thr158 to the sulphur or the terminal carbonyl of Met129. Tmu-ACR-16 lacks an
analogous residue directed towards the binding site. Replicates represent the average from 4 model

iterations. Significance was determined by ANOVA *p = .0012; **p =.0058; ***p =.026; ****p =,02555.

3.3 DISCUSSION

Homology modelling of proteins is often used prior to their in vitro expression to identify residues
and interactions of importance for functional or mutagenesis analysis. In this thesis, I instead used
homology modeling to rationalize results from in vitro experiments and suggest avenues for future
research. We used homology modelling to determine if structural differences in the binding pocket
may explain differences in the pharmacology of 4. ceylanicum and N. americanus ACR-16. Some
differences in binding positions, but not binding energies of nicotine and acetylcholine, were

predictive of lower potency and efficacy on Nam-ACR-16. The inability of ligands to bind deeply
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into the aromatic box and form hydrogen bonds with loop D of the complementary subunit has
been associated with reduced channel activation for human nAChRs (Blum et al., 2010; Celie et
al., 2004). It is possible that the inability to dock the pyrimidine of nicotine fully into the binding
pocket is related to its inability to produce maximal current responses; in vitro mutagenesis studies

will be required to define the binding partners involved.

3.3.1 Tetrahydropyrimidine docking

Significant differences in binding energies were predicted for tetrahydropyrimidine binding,
expected to occupy the same pocket (Bartos et al., 2006; Martin and Robertson, 2007). Ace-ACR-
16 responded to pyrantel and oxantel in vitro, and both drugs docked into our in silico model with
similar predicted energies and orientations. In contrast, Nam-ACR-16 was much less responsive
to pyrantel in vitro, and not at all to oxantel, and neither drug could be docked into the in silico

model with a negative kcal/mol value (no bonds predicted to form).

3.3.2 Analysis of residue 130

Nam-ACR-16 has an Ile in position 130 of the (-) complementary subunit that contributes to the
binding pocket. In all oxantel-insensitive ACR-16s, the analogous residue points inwards to the
binding pocket, whereas it points away from the pocket in the oxantel-sensitive Ace- and Asu-
ACR-16. This difference in orientation could reflect limitations of our models, but as a
counterargument, it accurately predicted acetylcholine binding in the A. suum ACR-16 model
(Zheng et al., 2016) as well as in crystallographic analyses of acetylcholine binding (Olsen et al.,

2014; Pan et al., 2012). Changing this residue to a smaller Val in the model of either Nam- or Cel-
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ACR-16 allowed more space for oxantel to bind and yielded stronger predicted binding energies.
This position is Leu in the human a-7 nAChR, for which oxantel is a full agonist. Substitution of
[1e130 with Leu in both Cel- and Nam-ACR-16 models also rescued predicted oxantel binding,
albeit in a fashion comparable to changing Ile130 to Val. Yao et al. (2008) showed that loop E
residues play a role in neonicotinoid selectivity and may rationalize differences in Ace- and Nam-
ACR-16 anthelmintic binding in our models. One limitation to a putative role of a smaller residue
in sensitivity to oxantel is that Aca-ACR-16 contains an inward facing Val130 and did not respond
to oxantel. It is possible that oxantel responses are hidden by the small magnitude of currents

generated by this receptor, or that this extra space allows binding but not gating.

3.3.3 Predicted 7. muris ACR-16 analysis

Increased space in this position alone is not likely to be a sufficient condition for determining
oxantel sensitivity, as the homology model of Trichuris spp. also indicated the presence of an
inward facing Ile130 residue. Trichuris spp. are paralyzed by oxantel, and our model of a putative
Trichuris ACR-16 sequence also predicted strong ligand binding, despite the bulky side chain.
However, the clade I Trichuris spp. are phylogenetically divergent from hookworms, and contain
other sequence differences, including the absence of an inward facing Met129 and a bulky His138
residue in loop E, which provides greater space for oxantel binding in our model. Interestingly,
loop E His138 is also absent in the oxantel-sensitive Asu-ACR-16 (Abongwa et al., 2016b). This
suggests that multiple species-specific residues play a role in selective oxantel sensitivity, and that

[le130 may play a secondary role in oxantel selectivity.
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3.3.4 Linking in silico results with anthelmintic activity of tetrahydropyrimidines

The relevance of differential tetrahydropyrimidine activity on ACR-16s and its relationship
to hookworm sensitivity to this drug class has intriguing implications. Richards et al. (1995)
reported that N. americanus and A. ceylanicum are similarly paralyzed by pyrantel in vitro.
Additionally, reports of pyrantel and oxantel combination therapy have shown mixed results in
clearance of worms, and modest efficacy in reducing egg counts in human hookworm infections
(Moser et al., 2017; Rim et al., 1975). When used alone, oxantel had minimal ability to clear
Ancylostoma spp. or N. americanus infections in vivo, in contrast to high clearance levels against
Trichuris spp. (Keiser et al., 2013). Interestingly, this study did find a greater ability of oxantel (1
pg/ml) to kill L3 A. ceylanicum (9%) compared to N. americanus (2.3%), but not at other
concentrations. Oxantel has been suggested to directly target N-type nAChRs as the mechanism
of anthelmintic activity (Martin et al., 2004), and it is therefore possible that ACR-16 played a role
in the results from the Keiser et al. study (2013). If this is the case, then identifying a Trichuris
spp. ACR-16 and determining its in vitro oxantel and pyrantel sensitivity profiles may be
illuminating. In support of this, the preprint of a pharmacological profile of a 7. suis ACR-16
receptor was made available on-line after the initial submission of this thesis, showing super-
agonism by oxantel compared to acetylcholine and modest partial agonism by pyrantel (Hansen et
al., 2020). Our preliminary modelling of the putative 7. muris ACR-16 indicates that it contains
the analogous Ile130 pointing inward toward the binding pocket, but that oxantel is still predicted

to bind with high affinity.
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Chapter 4: Structural mechanism underlying
the differential pharmacology of ivermectin

and moxidectin on the C. elegans glutamate-
gated chloride channel GLC-2

4.1 INTRODUCTION

In the previous chapters, I focused on the effects of cholinergic compounds targeting hookworm
nAChRs, but another important pLGIC family targeted by anthelmintics is the inhibitory
glutamate-gated chloride channels (GluCls; Cully et al.,, 1994; Geary and Moreno, 2012;
Wolstenholme and Rogers, 2005). These receptors are the targets of MLs, including IVM and
MOX, which exert their anthelmintic activity by pseudo-irreversibly allosterically activating
GluCls (Cully et al., 1994; Dent et al., 2000) causing flaccid paralysis of body wall muscles (Turner
and Schaeffer, 1989), inhibition of pharyngeal pumping (Geary et al., 1993), inhibition of the
secretory-excretory pore (Moreno et al., 2010), and persistent reduction in egg laying (Walker et
al., 2017). MLs are an important class of well-tolerated, potent, broad-spectrum anthelmintics
originally developed for use in veterinary medicine (Nolan and Lok, 2012), and now also used for
treating human filariases (Cross et al., 1998; Taylor and Greene, 1989) and ectoparasitic
infestations (Youssef et al., 1995); they also have activity against some GI nematodes (Ottesen
and Campbell, 1994; Whitworth et al., 1991), but are not used for hookworm infections because
of an unresolved lack of efficacy against N. americanus (Richards et al., 1995). To better
understand the limitations of MLs, it is useful to characterize the pharmacodynamics of their

interactions with drug targets in a model organism such as C. elegans.
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A crystal structure of an IVM-bound GluCl (Cel-GLC-1) predicts that IVM binds in the
upper transmembrane region at the interface between two adjacent subunits, inserting its
cyclohexene group toward the pore-lining (+)TM2 of the principal subunit by wedging between
the (+)TM1 helix and the (-)TM3 helix of the complementary subunit (Hibbs and Gouaux, 2011).
All nematode GluCl subunits characterized to date are the IVM-sensitive a-type, except for the
lone IVM-insensitive B-type, GLC-2 (Cully et al., 1994). Cel-GLC-2 is unusual because, unlike
all other GluCls, it is antagonized by IVM (Degani-Katzav et al., 2017b). GLC-2 is unlikely to
form homomeric channels in vivo (Degani-Katzav et al., 2017a) and inclusion of GLC-2 into
heteromeric receptors significantly reduces the IVM activation response and shifts the
concentration-response curve of glutamate left or right, depending on the ECso of the partner

subunit (Atif et al., 2019; Cully et al., 1994).

Despite the atypical GLC-2 responses to IVM, few studies have investigated the role -
type subunits play in in vivo susceptibility to MLs. Glendinning et al. (2011) showed that a triple
a-type GluCl null mutant line of C. elegans was not paralyzed by IVM (DA1316:avr-14, avr-15,
glc-1). Exogenous expression of GLC-2 under control of the avr-14 promoter did not rescue IVM
sensitivity in this line, suggesting that GLC-2 does not directly contribute to IVM-induced
paralysis of worms. El-Abdellati et al. (2011) reported that IVM-resistant isolates of the
trichostrongyloid parasite Cooperia oncophora have increased abundance of glc-2 mRNA,
whereas Njue and Prichard showed no such association (2004); a-type subunit expression has been
reported to be up- or down-regulated as well (Martinez-Valladares et al., 2012; Williamson et al.,
2011). SNPs have been found in GluCl subunits in some drug-resistant field isolates (Ghosh et al.,
2012), but the functional significance of these alleles is unknown. One difficulty in correlating

transcript level to resistance is that these genes show species-specific variation in sequence and
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even tissue distribution. For instance, in C. elegans, GLC-2 is expressed in cells innervated by M3
neurons in the pharynx (Laughton et al., 1997), but in the phylogenetically related small ruminant
parasite H. contortus, it is absent from the pharynx and instead localized to nerve cords and motor

neuron commissures (Portillo et al., 2003); other species have not been investigated.

Further complicating matters is the fact that MLs encompass two structurally different
classes of molecules: the avermectins (e.g., [IVM) and milbemycins (e.g., MOX). Both contain a
macrolide ring and were discovered as products of Streptomyces spp. fermentation, but
milbemycins lack the sugar moiety found in avermectins, may lack the C5 cyclohexene hydroxyl
or replace it with a ketoxime (milbemycin oxime), and have an alkane or alkene modified C23 and
C25 (C23 methoxime and a branched 6 carbon alkene at position C25 in MOX). These differences
lead to the milbemycins generally having longer half-lives and more persistent activity and a wider
safety window in dogs (Paul et al., 2000; Shoop et al., 1995; Takiguchi et al., 1980). In C. elegans,
IVM and MOX differently affect pharyngeal pumping and body wall contraction, but these
differences were not seen in a glc-2 deletion mutant (Ardelli et al., 2009). Furthermore, an [VM-
resistant strain of H. contortus showed less clinical resistance to MOX, which suggest differences
in pharmacokinetics and/or dynamics (Paiement et al., 1999). Studies with radiolabelled drugs
showed that glutamate pre-exposure enhanced the binding of [IVM more than MOX to H. contortus
GLC-5 (Forrester et al., 2002). This suggests a difference in affinity for the binding site, but could
also represent differences in lipophilicity (for further review of IVM and MOX see Prichard et al.,
2012; Prichard and Geary, 2019). No mechanistic explanation has been advanced to explain the
differential pharmacology of MOX and IVM on GluCls. Here, we sought to determine if MOX
was inhibitory on Cel-GLC-2 like IVM, and to identify amino acid residues that might play a role

in discriminating agonist vs. antagonist responses.
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4.2 RESULTS
4.2.1 Wild-type Cel-GLC-2 function

To study interactions between Cel-GLC-2 and MLs, we initially confirmed previous C. elegans
GLC-2 electrophysiology results (Cully et al., 1994) in our platform. Oocytes expressing our Cel-
GLC-2 responded to glutamate with an ECso of 70.8 + 1.1 uM (Hill coefficient = 2.8 £ 0.16),
compared to 380 = 20 uM (Hill coefficient = 1.9 + 0.2) reported by Cully et al. (1994). These

channels were not directly activated by IVM or MOX and had a maximal response at roughly 350

uM glutamate (ECoo) (Figure 4.1).
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Figure 4.1 (A) Concentration-response curve for glutamate activation of Cel-GLC-2. ECso=70.8 £ 1.1 uM
(Hill coefficient = 2.8 + 0.16) n = 4. (B) Cel-GLC-2 is robustly activated by 1 mM glutamate but not by
IVM or MOX (10 uM) n=4; *ANOVA, p<.05. (C) Representative tracing of a glutamate concentration-

response for wild-type Cel-GLC-2.

Likewise, the [IVM-insensitive S. mansoni GluCl2 responded robustly to glutamate but not to either
ML (Figure 4.2A). As a control for ML sensitivity, the H. contortus GLC-5 receptor was directly
activated by glutamate, [VM and MOX, with both ML responses exhibiting the characteristic slow
and irreversible gating commonly associated with GluCl activation by IVM (Figure 4.2B;

representative tracing in Figure 1.7).
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Figure 4.2 (A) The SmGIuCI2 receptor is not activated or modulated by IVM or MOX n=3; *ANOVA,

p<.05. (B) the Hco-GLC-5 receptor is directly activated by IVM and MOX; n=3.
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4.2.2 Allosteric modulation of wild-type Cel-GLC-2

Having established functionality of Cel-GLC-2, we next sought to determine if MOX allosterically
modulates glutamate responses, and to replicate IVM antagonism (Degani-Katzav et al., 2017b).
Oocytes were first challenged with multiple applications of a maximal concentration of glutamate
to establish stable amplitude of responses, then pre- and co-treated with 10 uM MOX or IVM with
glutamate to measure changes in the glutamate-induced signal. In control oocytes, we re-applied
glutamate in a similar time-course, but in the absence of ML exposure to rule out signal decay or
desensitization. These drugs are very lipophilic and it was possible that exposure non-specifically
altered membrane fluidity, causing channels to become leaky. To demonstrate specificity, we
applied the same treatment regimen to the S. mansoni GluCl2 receptor (not to be confused with
GLC-2, which does not exist in S. mansoni) (Accession code AGV21041.1) and saw no effect on
the glutamate signal (Figure 4.2A). SmGIuCl2 was chosen because flatworm GluCls are not
activated by IVM (Lynagh et al., 2015) nor are they allosterically modulated. This simple test
showed that IVM and MOX antagonized glutamate responses in Cel-GLC-2, but had no effect on
the evolutionarily distinct [IVM-insensitive SmGIluCl2 receptor. These data support the conclusion

that the MLs specifically antagonized the glutamate response of Cel-GLC-2.

To determine the extent of antagonism, we generated concentration-response curves
measuring the inhibitory profile of IVM and MOX on Cel-GLC-2 by testing increasingly higher
concentrations of IVM or MOX in the presence of the ECso concentration of glutamate (Figure
4.3). These experiments were also conducted using individual oocytes for each concentration
point, standardized as a percentage of the ECso glutamate response to reduce drug carryover. The

oocyte holding chamber was thoroughly washed between replicates as described in section 6.7.
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Both drugs irreversibly inhibited glutamate-induced currents at low micromolar
concentrations (IVM ICso = 1.28 = 0.78 uM; Hill slope = -1.74 £ 0.76; MOX ICso = 0.11 + 1.42

uM; Hill slope =-0.65 £ 0.14) with a maximal effect at 10 uM.
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Figure 4.3: Glutamate responses are inhibited by increasing concentrations of MLs. Inhibitory response
curves for (A) MOX and (B) IVM on wild-type C. elegans GLC-2 in the presence of ECso glutamate (IVM
ICso = 1.28 +£ 0.78 uM; Hill slope = -1.74 + 0.76; MOX ICso = 0.11 & 1.42 uM; Hill slope = -0.65 + 0.14)
n > 3. (C) Representative tracings of the MOX concentration-response inhibition profile. Irreversible
inhibition is indicated by the inability of drug washout (10 pM MOX) to restore maximal responses to

glutamate.
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To minimize drug carryover after washout, we added 1% ethanol or 5% intralipid to ND96
as solvents to improve removal of drug to determine reversibility of inhibition, relying on the
concept that a lipophilic sink for MLs could help remove them from surfaces and non-specific
lipid membrane binding sites. After ML exposure, 5 min of continuous washout with ND96 in the
presence or absence of 5% intralipid or 1% ethanol was unable to restore maximal glutamate
activation. IVM cannot form covalent or strong ionic bonds, which together with the washout
studies, suggests that these drugs very slowly exit the lipid environment of the binding site in the

bilayer of the lipid membrane.

IVM and MOX are in the avermectin and milbemycin classes of anthelmintics, respectively.
We next assayed for inhibition by milbemycin oxime and selamectin (another avermectin) and
compared the responses with those of MOX and IVM to determine if other MLs have the same
inhibitory effects (Figure 4.4). Co-treatment with any of the MLs (10 pM) produced > 50%

inhibition of the glutamate response, with MOX having the greatest effect.
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VM MOX Selamectin Milbemycin

oxime
n 7 4 4 4
Mean inhibition (%) 57.86 87.82 51.52 62.11
Standard error of mean 5.89 2.20 1.64 3.11

Figure 4.4 Comparison of ML (10 uM) inhibition of ECso glutamate responses on Cel-GLC-2. n > 4.

Significance was determined by ANOVA *p =.0167; **p = .002; ***p = .001.

4.2.3 Sequence analysis of Cel-GLC-2

We next investigated if specific amino acids in Cel-GLC-2 can explain the differences in
IVM activity on a-type GluCls. Sequence alignment of C. elegans GluCls shows the presence of
two adjacent residues, Met291 and GIn292, in the second transmembrane domain of Cel-GLC-2,
proximal to the predicted IVM binding site (Figure 4.5A). In all GluCl subunits that are directly
activated by IVM, these residues are GIn and Ser or Ala, respectively. We built a phylogenetic tree
of nematode GLC-2 subunits and identified 3 main clusters with differing motifs in this position:
MQ is present in nematodes closely related to C. elegans such as hookworms and H. contortus,
whereas LT is present among parasitic filarial nematodes of human and animal significance, and

LQ in Ascaris suum, A. lumbricoides, Toxocara canis and Strongyloides stercoralis (Figure 4.5B).

C. elegans GLC-2 I 1T L L 1T M 1T T M Q HEE A K L P P Vv S Y
C. elegans GLC-1 T T L L T M T A Q G Q L P P Vv S Y
C. elegans GLC-3 T T L L T M 1 1 Q G K L P P Vv S Y
H. contortus GLC-5 T T L L T M 1 1 Q G N L P P Vv S Y
C. elegans AVR-14A T T L L T M 1 1 Q EEEE G K L P P Vv S Y
C. elegans AVR-14B T T L L T M 1 1 Q G K L P P Vv S Y
C. elegans AVR-15 T T L L T M 1 1 OB S < B¢ K L P P Vv A Y
C.elegans GLC4 1 A HER V T L L T M | HEE T B H A N L P P v S Y
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Ec_0000505301-mRn... L
Moid00000E.. pQ

A0 MIT (Avi-Gle-2)

Figure 4.5 (A) Sequence alignment of C. elegans GluCl subunits in a highly conserved region of the second
transmembrane domain that includes the predicted [VM binding site. AVR-14A (accession # AAC25481),
AVR-14B (AAC25482), AVR-15 (CAA04170), GLC-2 (NP_491470), GLC-3 (CAB51708), and the H.
contortus GLC-5 (AAG43233). Presence of a Met and Gln residue only in GLC-2 (positions 291 and 292).
(B) Phylogenetic tree of glc-2 subunits in nematodes highlighting the encoded conserved residues 291, 292

in different branches.

4.2.4 Homology models

To investigate the structural implications of these residues, we created in silico homology models
of Cel-GLC-2 using a template of the crystal structure of a Cel-GLC-1 receptor in the holoprotein
state bound to glutamate and IVM in an open channel conformation; PDB = 3RIF (Hibbs and
Gouaux, 2011). As a quality control of our models, we performed docking simulations of IVM
into the Cel-GLC-1 template to validate that it recreated the binding conformation in the crystal
structure. Our models produced strong IVM binding energies (-10.6 kcal/mol) with orientations
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placing the cyclohexene directed towards (+)TM2 Ser292, nearly identical to those found in the
crystal structures, indicating the high quality of prediction; MOX also bound in this pose (-5.9
kcal/mol), but binding was strongest outside this pocket (-8.2 kcal/mol) (Figure 4.6A,C). In
contrast, the Cel-GLC-2 model was unable to bind IVM with as high affinity (-7.0 kcal/mol) or in

orientations positioning the cyclohexene group into the GIn292 residue of the principal subunit

(Figure 4.6B,D).
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Figure 4.6 Homology model of the [IVM (orange ball and stick molecule) binding site between adjacent (+)
principal subunit (blue coils) and the (-) complementary subunit (grey coils). Side chains of residues 291
and 292 are indicated. Oxygen, nitrogen and sulphur atoms are coloured red, blue and yellow, respectively.
Distance from closest atom of ligand to the R-group at position 291 is indicated. IVM: (A) Cel-GLC-1 (-
10.6 kcal/mol). Green ball in the upper middle region denotes a Cl ion in the pore of the receptor for
reference (B) Cel-GLC-2 (-7.6 kcal/mol). MOX: (C) Cel-GLC-1 (-5.9 kcal/mol) (D) Cel-GLC-2 (-8.4

kcal/mol).
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We then changed the sequence of the Cel-GLC-2 model at positions Met291 and GIn292
individually or together to the residues present in a-type [VM-sensitive subunits to see if these
changes could recapitulate the predicted IVM binding in silico (Figure 4.7). We also changed
MQ->LT to represent the residues present at these positions in the filarial nematode GLC-2 subunit

(see Table 4.1 for mutants generated).

Table 4.1 Creation of the Cel-Glc-2 mutants

Cel-Glc-2 mutants
Wild-type residues Mutant products
Met291 GIn291
GIn292 Ser292
Met291 & GIn292 GIn291 & Ser292

Met291 & GIn292 Leu291 & Thr292

Interestingly, position 291 is not directed towards the pore of the channel, nor does it face
it; this position is not expected to interact with an IVM molecule. However, in docking simulations
ofM291Q, IVM (-1.2 kcal/mol) and MOX (-7.8 kcal/mol) yielded attenuated binding energies and
failed to present the cyclohexene to GIn292 (+)TM2; the disaccharide of IVM and the carbonyl of
MOX were the closest structures to this position (Figure 4.7). In comparison, both the Q292S and
the MQ—>QS double mutant docked IVM and MOX with binding energies and orientations
comparable to the Cel-GLC-1 model (Q292S: IVM = -9.2; MOX = -7.9 kcal/mol) (MQ—>QS

double mutant: IVM = -9.5; MOX = -9.2). In the MQ—->LT double mutant model, even with the
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presence of a smaller polar Thr, IVM only docked with an energy of -7.6 kcal/mol, albeit in a
conformation with the cyclohexene directed into this residue. MOX was predicted to bind with -
8.9 kcal/mol, but with the carbonyl group positioned towards Thr291. Modelling M291L alone

produced the same binding as MQ—>LT double mutants.
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Figure 4.7 Homology models of the putative IVM and MOX (orange ball and stick molecule) binding site
between adjacent (+) principal subunit (blue coils) and the (-) complementary subunit (grey coils). Side
chains of residues 291 and 292 are indicated. Oxygen, nitrogen and sulphur atoms are coloured red, blue
and yellow, respectively. Distance from closest atom of ligand to the R-group at position 291 is indicated.
M291Q mutant (A) IVM (-1.2 kcal/mol) (B) MOX (-7.8 kcal/mol). Q292S (C) IVM (-9.2 kcal/mol) (D)
MOX (-7.9 kcal/mol). MQ QS double mutant (E) TVM (-9.5 kcal/mol) (F) MOX (-9.2 kcal/mol).

MQ->LT double mutant (G) IVM (-7.6 kcal/mol) (H) MOX (-8.9 kcal/mol).
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4.2.5 Mutagenesis pharmacology

To test the function of the residues studied in the in silico analysis, we performed site-directed
mutagenesis on Cel-GLC-2 (Table 4.1). All mutants were directly activated by glutamate, but
with concentration-response curves shifted to the right in the order of wild-type > Q292S > M291Q
> MQ->QS double mutant, with the MQ->LT double mutant producing only a minimal response
to 1 mM glutamate (Figure 4.8). The slope of the concentration-response curve of the Q292S
mutant, the most sensitive of the mutants, was significantly shallower than that for wild-type or
the M291Q Cel-GLC-2. This response was also present in the MQ-—=>QS double mutant. A steeper
slope suggests more cooperativity of binding between glutamate molecules; initial agonist binding
greatly increases the affinity of binding of subsequent agonist molecules, leading to improved

channel activation kinetics.
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+3.88 +24.83 + 18.72 +17.55
Hill slope 2.844 1.793 2.498 2.015

+0.1642 +0.2803 +0.2939 +0.1809

Figure 4.8. Concentration-response curves for glutamate activation of wild-type Cel-GLC-2 and the
mutants M291Q, Q292S, and MQ->QS. The order of potency was wild-type > Q292S > M291Q >
MQ->QS. In the presence of glutamate alone (1 mM), the LT double mutant had <50 nA channel activation.

n> 3.

4.2.6 M291L + Q292T double mutant

Oocytes expressing the MQ—>LT doubly mutated Cel-GLC-2 responded to glutamate with much
lower magnitude compared to wild-type Cel-GLC-2. This was surprising because the LT motif is
found in filarial nematodes and, although published mutants of IVM receptors can alter CI°
conductance, our residues do not line the channel pore and are not predicted to impact channel
activation by glutamate. Interestingly, the LT double mutant was equally activated by MOX and
IVM (Figure 4.9). Cully et al. (1994) reported that low concentrations of [VM potentiate glutamate
responses in GluCls, and we exposed oocytes expressing the LT double mutant to a series of
glutamate-IVM-glutamate exposures to determine whether it could potentiate subsequent
glutamate responses. Indeed, compared to the initial glutamate response, incubation with 10 pM
IVM or MOX caused a >10-fold increase in signal amplitude after re-challenge with glutamate.
This enhancement of signal was concentration-dependent for both glutamate and MLs (Figure
4.9B,C). In the presence of 10 uM IVM, the glutamate ECso was 174.3 £ 56.4 uM (Hill slope =

0.80 £ 0.32), placing it close to the MQ—>QS double mutant in potency.
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Figure 4.9. (A) Representative recording of the LT double mutant showing that IVM directly activates the
channel and potentiates glutamate responses. (B) MOX and IVM (10 uM) similarly activated the LT double
mutant, and enhanced glutamate signaling n>5. (C) IVM caused a concentration-dependent increase in the
response to 1 mM glutamate. ECy9 current produced with 6.6 uM IVM. (D) The IVM-induced glutamate
response was concentration-dependent. Glutamate ECso = 174.3 £ 56.4 uM (Hill slope = 0.7993 + 0.3193).

n=4.
4.2.7 a-type mutagenesis
We next sought to determine if amino acid substitutions associated with a-type GluCl residues

also recreated the response of ML activation. Changing GIn292 to the smaller and polar Ser, which
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has been shown to form a hydrogen bond with the cyclohexene of IVM, was strongly predicted to
permit IVM and MOX binding. Indeed, in oocytes, Q292S Cel-GLC-2 was activated by IVM and
MOX with the characteristic slow, irreversible hyperpolarization response seen with a-type GluCls
(Figure 4.10A,B). Interestingly, in the M291Q homology model, IVM was predicted to have very
low affinity and MOX was predicted to bind as it does to wild-type Cel-GLC-2. Oocytes
expressing M291Q mutants responded to MOX in the same way as those expressing wild-type
Cel-GLC-2: there was no direct activation and subsequent glutamate responses were strongly
antagonized (Figure 4.10C). In contrast, IVM directly activated M291Q receptors (Figure 4.10D),

albeit to a smaller extent than for Hco-GLC-5 or other a-type GluCls reported in the literature.

As no GluCl has been reported to exhibit differential activation by IVM and MOX, we
tested if these drugs bound to the same site despite eliciting different responses. We applied 1 uM
MOX onto M291Q-expressing oocytes already irreversibly activated by 1 pM IVM. MOX
apparently competed for the IVM biding site, causing the current to return to baseline (Figure
4.10D). When the order of exposure was reversed, pre-treatment with 1 pM MOX for 15-20 sec
delayed and reduced the activation induced by 1 uM IVM, suggesting that MOX molecules
occupied the binding site and were slowly removed by competition with IVM (Figure 4.10E; Table

4.2).
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Figure 4.10. (A) Representative traces of the Q292S mutant activation by glutamate and MOX. (B)

Representative traces of the Q292S mutant activation by glutamate and IVM. (C) Glutamate activation of

the of M291Q mutant was antagonized by MOX. MOX did not activate M291Q (D) Activation of the

M291Q mutant by IVM. Cessation of [IVM exposure did not return to baseline, but activation was reversed

by subsequent application of MOX. (E) Attenuation of the IVM response by pre-exposure to MOX. MOX

did not activate the M291Q mutant.
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Table 4.2: M291Q mutant responses to [IVM and MOX

Time to IVM response IVM response Amplitude of IVM
after application (% initial glutamate response
(sec = SEM) response £ SEM) (nA = SEM)
No MOX pre- *13.6 *#13.7 *#%390.4
treatment +2.1 +2.2 +1259
15-20 sec MOX *34.4 **4.0 *#%26.6
pre-treatment  +4.9 +2.8 +114

n=5; Significance determined by t-test, *p=.0045; **p=.0261; ***p=.0206

We next assayed the MQ—>QS double mutant to determine if the MOX agonist activity observed
for Q2928 was suppressed by the presence of the M291Q substitution. Oocytes expressing the
MQ->QS double mutant were directly activated by both IVM and MOX, as predicted by the in
silico model. Interestingly, the glutamate concentration-response curve was shifted further to the
right for the MQ—>QS double mutant than for either individual mutant. In contrast, this construct
was most sensitive to the agonist activity of IVM (Figure 4.11); the presence of both substitutions

greatly increased sensitivity to IVM.
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Figure 4.11 (A) Concentration-response curves of [IVM activation for Cel-GLC-2 mutations. (B) Responses
to IVM and MOX in oocytes co-expressing wild-type and MQ—->QS double mutant subunits; n > 6;

Significance determined by ANOVA, *p=.0356; **p=.0457

Since IVM sensitivity was the dominant phenotype of the mutants, we next investigated
whether co-injecting cRNA encoding the QS double mutant and wild-type Cel-GLC-2 would form
receptors activated by IVM. Because Cel-GLC-2 subunits form homomeric receptors, we
predicted that that wild-type and mutant subunits would form heteromeric receptors with each
other. Co-expression of these subunits produced oocytes with MQ—>QS type responses (smaller
currents than wild-type Cel-GLC-2 with direct activation by IVM and MOX; Figure 4.11B). A
caveat is that we could not differentiate oocytes expressing only heteromeric receptors from those
expressing populations of both heteromeric and homomeric wild-type and mutant subunits. To
partially address this, we altered the ratio of wild-type or mutant subunit cRNA injected from 1:1

to 1:3, and 3:1; however, this had no impact on the pharmacology (data not shown).

4.3 DISCUSSION

Recently, Degani-Katzav et al. (2017b) showed in a CHO cell expression system that the response
of C. elegans Cel-GLC-2 to 100 mM glutamate is antagonized by IVM. Considering these findings
and the diverse activities of MLs, we initially sought to determine if this inhibition could be
replicated in oocytes at more physiological concentrations of glutamate and if Cel-GLC-2 is also
allosterically modulated by MOX. We discovered two residues that convert antagonist into agonist

activity, one of which distinguishes IVM from MOX. Our data corroborate previous findings that
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IVM is an antagonist of Cel-GLC-2, showing in Xenopus oocytes that IVM inhibits glutamate
responses and demonstrating that Cel-GLC-2 is also non-competitively antagonized by MOX, an

ML in the milbemycin class. These results are summarized in Figure 5.1.
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Figure 5.1. Maximal current activation by 1 mM glutamate, 10 uM IVM, 10 uM MOX, or a re-challenge
of 1 mM glutamate after IVM. M291Q, Q292S and the double mutants MQ->QS and MQ->LT all
responded to IVM, but only the M291Q mutation did not convert Cel-GLC-2 into a MOX responder. H.
contortus GLC-5 and S. mansoni GluCl-2 were used as controls for IVM sensitivity and insensitivity,

respectively, and were not challenged with MOX in this thesis; n > 3; *t-test, p<.05.

4.3.1 General pharmacology

We generated individual and double Cel-GLC-2 mutants, M291Q and Q292S, corresponding to
sequences found in a-type GluCl subunits, and a double MQ—=>LT mutant corresponding to the
residues present in filarial parasitic nematodes, including B. malayi, W. bancrofti, and D. immitis.

This region is just downstream of the pore-lining PAR anion selectivity motif typically found in
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anion channels (Galzi et al., 1992). Instead of this motif, the homologous sequence in Cel-GLC-2
is AGR, yet this channel retains CI” specificity (Atif et al., 2019; Cully et al., 1994; Degani-Katzav
et al., 2017b). Mutating cation-selective acetylcholine- (Corringer et al., 1999; Galzi et al., 1992)
and 5-HT-gated (Gunthorpe and Lummis, 2001) channels (5-HT3) to incorporate this Pro-
containing motif, or mutating anion-selective channels to remove the Pro and substitute the Ala
with a positively charged residue, switches ion selectivity (Keramidas et al., 2002, 2000). The Ala-
to-Gly difference in Cel-GLC-2 may not greatly influence ion selectivity, but the lack of the Pro
may partially explain the differential activity of glutamate on heteromeric af} receptors containing
the Cel-GLC-2 subunit compared to homomeric a-type channels (Atif et al., 2019; Cully et al.,

1994).

We found that Cel-GLC-2 mutants were less sensitive to glutamate than wild-type Cel-
GLC-2; these mutants do not vary in residues that line the channel pore. Many studies report using
high mM concentrations of glutamate to activate receptors in oocytes, including homomeric AVR-
14B (Dent et al., 2000; Yates and Wolstenholme, 2004), AVR-15 (Dent et al., 1997), and a
heteromeric Cel-GLC-1 (Cully et al., 1994), which produce very small currents. In contrast,
homomeric GLC-2 (Cully et al., 1994), -3 (Horoszok et al., 2001), and -5 (Forrester et al., 2004)
respond to uM glutamate, suggesting that some stoichiometries are artefactual and that in vivo
receptors are likely heteromeric and require the presence of additional subunits. It is possible that
the absence of a PAR motif coupled with the presence of M291 and Q292 in Cel-GLC-2 contribute
to greater sensitivity to glutamate in heteromeric receptors, but it is clear that agonist activity relies

on many other factors (Degani-Katzav et al., 2016).
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4.3.2 Mutagenesis: Q292S position

The cyclohexene hydroxyl of IVM is indicated to a hydrogen bond with Ser260 of the (+)TM2
(GIn292 of Cel-GLC-2 including signal peptide) in the crystal structure of Cel-GLC-1 bound to
IVM; this relative residue position is denoted 15’ in the literature (Hibbs and Gouaux, 2011). In
the human GIlyR, mutating the analogous Ser to Ile did not markedly affect IVM sensitivity
(Lynagh et al., 2011). In comparison, the Cel-GLC-2 Q292S mutation converted IVM and MOX
from antagonists to agonists in our study. Gln is slightly longer than Ile and this difference in length
may exceed a threshold for IVM and MOX to be able to fit deep enough into the binding site to
activate GluCls. Comparing the wild-type and Q292S channels in in silico models showed that
IVM and MOX were positioned twice as far when a Gln rather than a Ser was present at 292.
Furthermore, the M291L + Q292T double mutant was also activated by IVM and MOX in the
presence of a Leu291. However, IVM responses are complex, and the role of size of the side chain
at the analogous 292 position may be limited to the GluCls that are directly activated by IVM.
IVM does not directly activate, but is a positive allosteric modulator of the a-7 nAChR in which
the analogous 292 position is a Met. Substitution of this Met with (smaller) Leu converted [IVM
into a negative allosteric modulator instead of a direct activator (Collins and Millar, 2010). It
should be noted that in the acetylcholine receptor model, IVM is predicted to bind in a different

cleft, between (+)TM1 and (+)TM4, which may explain the different roles of these residues.

4.3.3 Mutagenesis: M291Q position
Whereas we anticipated that mutating GIn292 would influence activation of Cel-GLC-2 by MLs,
an adjacent Met in the analogous Met291 position is not present in any receptor known to interact

with MLs, and this residue points away from the pore and the ML binding site. In a series of GlyR
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mutants, Lynagh et al. (2011) mutated the analogous 291 position from GIn to Trp and found little
effect on IVM activity, but did not test other MLs. In stark comparison, we found that substituting
Met for Gln (present in a-type GluCl subunits) transformed the IVM response from antagonism
into activation, but MOX remained an antagonist. Superimposing the wild-type Cel-GLC-2 and
M291Q mutant models showed that the GIn292 residue was positioned further from the IVM
binding site in the M291Q mutant, but no other significant positional changes were present.
Permission of IVM gating in M291Q may also be a result of changing local conformational
flexibility. In the M291Q mutant, in silico analysis predicted the primary amine of the Gln to form
a hydrogen bond with the backbone carbonyl oxygen of (+)TM1 Leu252 in the same subunit. The
analogous hydrogen bond is also present in the IVM-sensitive Cel-GLC-1 model (Leu220) and
may play a role in the ability of IVM to induce the conformational changes required for channel
activation, unlike the wild-type Met291 Cel-GLC-2. Furthermore, Met interacts with aromatic
residues of a-helices (Cregut and Serrano, 1999; Viguera and Serrano, 1995) as strong as salt
bridges and up to ~6 A apart (Valley et al., 2012) in a 1:1 ratio (Bodner et al., 1980). Two aromatic
residues in our model fit this criteria: (+)TM1 Tyr247 and (+)TM3 Trp311. It is possible that
increased or altered steric hindrance in this location may result in reduced capacity of MLs to
perturb local residues, preventing activation of wild-type Cel-GLC-2 receptors. Weak M291Q
induction of IVM but not MOX agonism is indicative of a dual role of the 291 and 292 positions,

and suggests that, compared to MOX, IVM better fits into the binding pocket to induce activation.

4.3.4 Mutagenesis: M291L + Q292T positions
Filarial nematode GLC-2 subunits possess an LT motif at the positions analogous to the MQ

residues discussed thus far. IVM is a potent microfilaricide and causes prolonged sterilization of
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adults of some filariids, but lacks strong macrofilaricidal activity, requiring repeated high doses to
clear infection (Bazzocchi et al., 2008; Dreyer et al., 1995; McCall et al., 2001). The MQ->LT
substitution in Cel-GLC-2 nearly abolished glutamate responses, but converted IVM and MOX
into weak partial agonists. Cel-GLC-1 binds glutamate only after previous exposure to IVM, but
even then, glutamate only elicits very small currents (Etter et al., 1996). We found that IVM also
facilitated glutamate-induced responses in the LT double mutant, but unlike in Cel-GLC-1, these
were comparable in amplitude to wild-type Cel-GLC-2 responses (Figure 5.1). Characterization
of wild-type filarial GLC-2 will be required to determine the profile of sensitivity to avermectins
and milbemycins, and whether different levels of expression and/or tissue localization can explain

the different responses observed in these parasites.

A limitation of our study was that we did not investigate a mutant in which the 291 or 292
residues are LQ, which is the sequence in multiple nematode clades. Our rationale was that the LT
mutation is more relevant to the important filarial nematodes. Additionally, we separately tested
each residue in the presence of Gln in position 292 in wild-type and the M291Q mutant Cel-GLC-

2, and the Leu in position 291 was tested in the LT double mutant.

4.3.5 Conclusion

We provided clear evidence of differential pharmacology of avermectins and milbemycins on a
GluCl and show milbemycin antagonism of wild-type C. elegans homomeric Cel-GLC-2
receptors. We corroborate that Cel-GLC-2 is antagonized by IVM and suggest that avermectins
and milbemycins bind to the same pocket, and that agonist and antagonist activities of the two

classes of MLs rely on different residues that are not directly related to those lining the IVM
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binding pocket. Cel-GLC-2 has different ML-selection motifs in different species, with

implications for species differences in drug sensitivity.
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Chapter 5: General discussion & conclusions

When new drugs are discovered, they are often tested against a single model of parasitic infection,
and testing is gradually expanded to other species to determine the spectrum of activity. A
limitation of this process is that no mechanism for treatment failure is determined if the spectrum
is suboptimal, and there is a gap in our knowledge about how variation in drug-receptor
interactions influences species differences in anthelmintic sensitivity. Amino acid sequences of
drug targets can be highly similar between closely related parasites and homogeneity of drug
targets and responses is often accepted by generalization, but understanding the physiological
effects of these differences and their role in determining efficacy is important for their therapeutic
use. The goal of this thesis was to assess factors that affect susceptibility to anthelmintics that
target pPLGICs. How do species-specific differences in the sequence of ion channel subunits affect

drug efficacy?

5.1 ACR-16

Much of our understanding of anthelmintic targets and their function is derived from
studies of the free-living nematode, C. elegans (reviewed by Geary and Thompson, 2001),
including the levamisole (Boulin et al., 2008) and IVM receptors (Cully and Paress, 1991).
However, large differences in drug sensitivity have been reported between closely related parasitic
nematodes, even those in which the drug targets show high levels of sequence homology (Behnke
et al., 1993; Schwarz et al., 2015; Tang et al., 2014). This suggests that model organisms are an

appropriate starting point, but drug effects and drug targets must be studied individually in each
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species of parasitic nematode to assess differences in pharmacodynamics. ACR-16 is one such

drug target relevant for hookworms of humans and animals.

I began my thesis by comparing the pharmacology of cholinergic anthelmintics on the
pLGIC, ACR-16, from two closely related species of hookworm, N. americanus and A.
ceylanicum. Table 5.1 summarizes the current state of knowledge for ACR-16s. As a general trend,
a functional ACR-16 take 2-3 days to reach maximal expression in Xenopus oocytes, requires co-
expression of the RIC-3 accessory protein, and responds to acetylcholine and nicotine at low uM
ECso values. They are antagonized by the classic nAChR antagonist mecamylamine and are not

activated by levamisole or bephenium.

I found that, despite the very high sequence identity between Ace- and Nam-ACR-16
(95%), these receptors exhibit different pharmacology that could not have been predicted by
comparison with a model organism or ACR-16 receptors from other parasites. For instance, despite
being phylogenetically closer to N. americanus and A. caninum, A. ceylanicum ACR-16
pharmacology more closely resembles that of ACR-16 from the clade III nematode A. suum
(Meldal et al., 2007). This is highlighted by large evoked current amplitudes, greater potency of
nicotine than acetylcholine, and weak activation by oxantel on Ace- and Asu-ACR-16, but not on

Nam- and Aca-ACR-16 (Abongwa et al., 2016b).
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Table 5.2 Comparison of ACR-16 pharmacology

Species Acetylcholine Maximal Nicotine Response Research
response response response to group
(1M ECso) (current) (1M ECso) oxantel?
A. 20.64 nA-pA 24.33 Yes Present study
ceylanicum
N. 170.1 nA 570.7 No Present study
americanus *Partial
agonist
A. caninum 50 ~100nA *Partial No (Choudhary et
agonist al., 2019)
H. contortus Non- Non- Non- Non- (Charvet et
functional functional functional functional al., 2018)
C. elegans 15.85 62.5+10 n/a (Raymond et
nA Very al., 2000)
weak
C. elegans 55.4 nA-pA 12.6 n/a (Ballivet et al.,
*Partial 1996)
agonist
Parascaris 6.4 UA 2.9 n/a (Charvet et
equorum al., 2018)
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A. suum 5.9 nA-uA 3.9 Yes (Abongwa et

al., 2016b)

Interestingly, N. americanus ACR-16 failed to achieve maximal channel activation with
nicotine (similar to Aca- and Cel-ACR-16, but unlike Ace-, Peq- and Asu-ACR-16), and nicotine
was roughly 5-fold less potent than acetylcholine, in contrast to the situation in other published
ACR-16s. N. americanus and A. ceylanicum exhibit different thermogenic profiles at rest and in
response to levamisole (Flores et al., 2016), which may indicate that ACR-16 has different
functional roles in these organisms. In C. elegans, L-type nAChR subunits are encoded by several
genes (unc-63, unc-38, unc-29, lev-1 and lev-8) and comprise receptors distinct from ACR-16
receptors, but serve a partially redundant role in muscle contraction, as only disruption of both
receptor populations results in paralysis (Francis et al., 2005; Touroutine et al., 2005). Therefore,
functional differences in Ace- and Nam-ACR-16 must be viewed in the context of a whole-
organism setting, and further research is required to investigate the function of hookworm L-type

nAChRs and their in vivo interplay with ACR-16.

Compared to acetylcholine and nicotine, less is known about the intermolecular
interactions required for tetrahydropyrimidine efficacy on AChRs. Pyrantel-induced activation is
strongly associated with the presence of a glutamic acid in loop B (Bartos et al. 2006) (Rayes et
al. 2004) and a glutamine in loop D (Bartos et al. 2006). This loop D glutamine is also required
for morantel, but not acetylcholine or oxantel binding to the a7 receptor (Bartos et al. 2009).
Interestingly, all characterized ACR-16 subunits lack these residues, and instead possess an
analogous loop D aspartic acid and loop B glycine. These differences in amino acid composition

may explain the lack of efficacy of pyrantel and morantel, but do not explain differences between
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ACR-16 receptors. Together with the electrophysiological data, our homology model predictions
suggest that there are separate mechanisms of binding for nicotine and acetylcholine compared to
tetrahydropyrimidines, and that the Nam-ACR-16 agonist binding pocket strongly discriminates
between these two classes of molecules. These studies are important to understand which amino
acids are vital for drug sensitivity and to build a database that allows comparison of
pharmacodynamic parameters from numerous species to aid in future rational drug design and high
through-put in silico drug screening. A caveat to the interpretation of these homology modelling
results is the observation of a pyrantel-induced signal in oocytes expressing Nam-ACR-16, but no
signal in response to oxantel or morantel, a difference in efficacy inconsistent with predicted
binding. It is possible that the smaller and decaying nature of Nam-ACR-16 responses to agonists,

compared to Ace-ACR-16, could prevent detection of low proportions of activated receptors.

5.2 GLC-2

Having characterized differences in anthelmintic efficacy on N-type nAChRs, I next used C.
elegans to investigate the relationship between MLs and Cel-GLC-2, the only GluCl subunit not
directly activated by this class of anthelmintic. I used C. elegans because the tissue location and
basic pharmacology of Cel-GLC-2 is known (Laughton et al., 1997; Cully et al., 1994; Degani-
Katzav et al., 2017b), whereas no functional hookworm GIluCls have been characterized. I
discovered that MOX, like IVM, is a Cel-GLC-2 antagonist, and identified a mutation, Q292S,
that converts both drugs into agonists. I also discovered that the mutation M291Q converted [VM

into an agonist while retaining antagonistic properties of MOX.
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Many studies have shown that variations in the structure of MLs, including the absence of
the disaccharide motif in MOX, play vital roles in pharmacokinetics and efficacy (Gopal et al.,
2001; Ménez et al., 2012; Michael et al., 2001), but to date, no other study has shown differential
responses at the level of drug target. The pharmacodynamic significance of the Met291 and GIn292
residues for in vivo sensitivity to IVM or MOX is unknown, but there are clear differences in Cel-
GLC-2 function when these residues are changed to represent a-type subunits or filarial B-type
subunits. Interestingly, both changes cause Cel-GLC-2 to be directly activated by IVM and MOX,
even though these drugs are not macrofilaricidal (Richard-Lenoble et al., 2003). However, they do
paralyze adults at high concentrations (Strote et al., 1990; Tompkins et al., 2010), posing the
question whether filarial GLC-2 subunits fit the IVM-insensitive B-type category. Future studies
comparing the function of heterologously expressed GLC-2 and other GluCls between VM-
sensitive parasites and filarial nematodes should be prioritized to identify differences in function
and pharmacology. The GluCl AVR-14 from D. immitis showed IVM-sensitivity in Xenopus
oocytes, but required a very high concentration of glutamate (10 mM) to elicit very small (100 nA)
responses (Yates and Wolstenholme, 2004). This is suggestive of either the wrong ligand, or that
missing pieces are required to reconstitute expression of receptors found in vivo. This is
demonstrative of the usefulness of Xenopus oocytes as a system to assay pLGIC function, but also

demonstrates its limitations if the in vivo stoichiometry of receptors is not known.

Another area that requires further investigation is determining the GLC-2 tissue location
in different species of parasitic nematodes. In C. elegans, Cel-GLC-2 is expressed in the pharynx
(Laughton et al., 1997) and MOX and IVM inhibit pharyngeal pumping (Pemberton et al., 2001),
but at different concentrations (Ardelli et al., 2009). In comparison, pharyngeal activity is also

inhibited in H. contortus (Geary et al., 1993), but Hco-GLC-2 is expressed in motor neuron
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commissures and nerve cords, and not in the pharynx (Portillo et al., 2003). As such, determining
GLC-2 tissue location in different species of parasitic nematode, and identifying the subunit
partners of recombinantly expressed and native receptors using techniques such as crystallography

or immunoprecipitation (Fasoli et al., 2016), are important areas for future research.

These studies and ours highlight the importance of species-specific effects of ML targeting
and the possibility of species differences in the manifestation of drug resistance. I show that human
hookworm ACR-16 receptors are pharmacologically distinct from each other, and suggest
structural roles for the mechanism of oxantel targetability. I further show that subunit- and species-
specific differences in a single amino acid in Cel-GLC-2 can dictate ML sensitivity, and even
distinguish IVM and MOX responses. Taken together, this thesis fills in important gaps in
knowledge of the use of anthelmintics and highlights the strengths and weaknesses of using model

organisms in the study of parasitology.
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Chapter 6: Materials and methods

6.1 Ethics statement
All experiments complied with McGill University and Canadian Council on Animal Care animal

protocols. All surgical procedures and animal care were performed by trained personnel as outlined

in AUP 2015-7758 issued by the McGill Animal Care Committee.

6.2 Animals used

The wild-type N2 Bristol strains of C. elegans was originally obtained from the Caenorhabditis
Genetics Center (CGC), funded by the National Institute of Health National Center for Research
Resources. Worms were maintained on nematode growth medium (NGM) plates (17 g/L agar,
51.3 mM NaCl, 2.5 g/L peptone, ImM CaClz, 1 mM MgSOys, 5.11 mM KoHPO4, 20 mM KH2PO4)
supplemented with 1 mL of 5 mg/ml cholesterol (in 100% ethanol), grown at 20 °C , and seeded
with Escherichia coli OP50 according to standard culture methods (Brenner, 1974). Plates used
for IVM resistant worms were supplemented with 11.4 nM IVM and plates used for MOX resistant
worms were supplemented with 4.6 nM MOX to maintain selectin of resistant worms (Ménez et

al., 2016).

Frozen, adult A. ceylanicum and N. americanus were provided by the Dr. Raffi Aroian lab

(University of Massachusetts Medical School, Worchester, MA).
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Xenopus laevis

All experiments using X. laevis complied with McGill University and Canadian Council on Animal
Care animal protocols. All surgical procedures and animal care were performed by trained
personnel as outlined in AUP 2015-7758 issued by the McGill Animal Care Committee. Adult

female X. laevis were purchased from Xenopusl (http://www.xenopusl.com).

6.3 Cloning

6.3.1 RNA extraction

Total RNA was isolated from 20-30 adult hookworms, or two 100 mm NGM plates of wild-type
C. elegans washed with M9 minimal salt buffer (33.9 g/ Na;HPOq, 15 g/L KH2PO4, 5g/L NH4Cl,
2.5g/L NaCl) and collected in a conical tube. Worms were crushed with a mortar and pestle and
kept cold with liquid N> until ground into a fine powder and suspended in TRIzol. RNA was
isolated using Phenol TRIzol purification reagents and column purified with a Qiagen RNeasy
MiniElute Cleanup Kit (Qiagen, Toronto, ON). Quality of RNA was validated by optical density

and visual inspection following electrophoresis though a denaturing agarose gel.

First strand cDNA was synthesized using a Maxima H Minus First Strand cDNA Synthesis Kit,
and double-stranded DNase-treated to remove genomic DNA (Thermo Fisher Scientific, Waltham,

MA).

A. ceylanicum cDNA was also generously provided by Dr. John Hawdon (George Washington
University School of Medicine & Health Sciences, Washington, DC), and cloning was performed

on both cDNA libraries to validate presence of genes.
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A partial sequence of N. americanus ACR-16, NECAME 12789, was obtained by BLASTP

search. A primer specific for the common nematode 5’ trans-splice leader 1 (SL1) was used to

amplify the 5° end and a poly-A primer was used to amplify the 3’ end of the acr-16. Cloned

amplicons were verified Sanger sequencing (at Genome Quebec). For other PCR, full length

sequences were obtained from NCBI and primers were designed to amplify the full coding

sequences flanked by a 5’ Notl and 3’ Apal restriction site. All PCR was performed using primers

designed by Primer3 (Rozen and Skaletsky, 2000) and amplified genes are listed Table 6.1.

Table 6.1 cDNAs amplified and the primers used

Gene

A.
ceylanicum

acr-16

Forward

Outer primer:

5°-
GATGGAAAAGTGCACTGG
GTG -3’

Inner primer:

5°-
GCGGCCGCATGTGATGCG

TTCGCTGGTC-3”

Reverse

Outer primer: 5’-
GAGAGGAATAAGAAGAAC
AGACGAC -3’

Inner primer:

5°-
GGGCCCCACAAGGGTTAGG

CGACGAG-3’
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N.
americanus

acr-16

C. elegans

glc-2

Outer primer:

5°.
GCGGTTTAATTACCCAAG
TTTGAG-3’

Inner primer:

5°.
ATATAGCGGCCGCATGCG

TTCGTTGGTCGTCT-3"

5’ -

ATTTGCGGCCGCATGACT

ACACCTAGTTCATTTTC -3°

Outer primer: accession
5’- #
CCTCAAAAATGTCTAGAGA MT16373
GTTCG-3’ 6

Inner primer:

5.

GGGCCCAGAGTTCGATCTA
GGCGACA-3’

5 — NM_0590
ATTTGGGCCCCTAAACGAG 694

AGACTCTGGAGTGG-3’

PCR amplicons roughly 1.5 kb in size were gel purified using a Zymoclean Gel DNA Recovery

Kit (Cedarlane Laboratories, Ltd. Burlington, Ontario) for column purification and then double

digested with Notl and Apal for T4 ligation into the pGEMT-Easy subcloning vector (Invitrogen,

Waltham, MA). Plasmid was transformed into DH-5a competent cells (ThermoFisher Scientific,

Waltham, MA), extracted using a BioBasic alkaline lysis miniprep kit (Cedarlane Laboratories,

Ltd. Burlington, Ontario), and sent to Genome Quebec for Sanger sequencing.

Confirmed clones were digested out of pGEMT-Easy with Not#/ and Apal and inserted into the

pTD2 X. laevis oocyte expression plasmid with a T4 ligase (Duguet et al., 2016). pTD2 contains
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the 5’ and 3” UTR of X. laevis B-globin designed to stabilize exogenous genes injected into oocytes

and increase translation efficiency.

6.3.2 Site-directed mutagenesis

To investigate the role of residues suspected to convey ML insensitivity in Cel-GLC-2, we created
4 different mutants outlined in Table 6.2. Overlapping mutagenesis primers were designed using
the online Agilent QuikChange Primer Design tool software

(https://www.agilent.com/store/primerDesignProgram.jsp). Primer pairs are designed to contain

base pair mismatches in the sense and antisense target site, flanked by long regions of base pairing
to maximize efficiency of amplification. In lieu of the Agilent QuikChange II mutagenesis kit
(ThermoFisher Scientific, Waltham, MA) we employed the high-fidelity Q5 proofreading DNA
polymerase (New England Biolabs) to synthesize mutant copies of the entire pTD2 plasmid with
Cel-GLC-2 insert and used Dpnl to eliminate wild-type parental methylated DNA grown in DH-
5a. This polymerase has been reported to be unable to generate full length circular mutant plasmid
using the QuikChange complementary primers protocol (Xia et al., 2015). As QS5 generates blunt
ended PCR products, I hypothesized that ligase treatment of the resulting amplicons would permit
generation of plasmid and allow subsequent bacterial transformation. Resulting plasmids were re-

grown in DH-5a and sent for sequencing to Genome Quebec for verification of mutagenesis.

Table 6.2 Primers used to generate Cel-glc-2 mutations. Codons encoding positions 291 and 292

are highlighted green and yellow respectively.
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Forward primer (5’-3’) Reverse Primer (5°-3°)

M291Q GGCGTTGATTGCAGATTGE CTACGCTTCTTACAATGACTACACAGC
TGTGTAGTCATTGTAAGAA AATCTGCAATCAACGCC
GCGTAG

Q2928 AAGCTTGGCGTTGATTGAA GCTTCTTACAATGACTACAATGTCATC
GATGACATTGTAGTCATTG TGCAATCAACGCCAAGCTT
TAAGAAGC

MQ-2>0QS GGAAGCTTGGCGTTGATTG ACTACGCTTCTTACAATGACTACACAG

(double CAGATGACTGTGTAGTCAT TCATCTGCAATCAACGCCAAGCTTCC

mutant) TGTAAGAAGCGTAGT

MQ->LT GGAAGCTTGGCGTTGATTG TACGCTTCTTACAATGACTACACTTAC
(double CAGATGTAAGTGTAGTCAT ATCTGCAATCAACGCCAAGCTTCC

mutant) TGTAAGAAGCGTA

6.4 RNA synthesis

Nhel-linearized pTD2 was column purified and used as a template for in vitro transcription of copy
RNA (cRNA) using a mMESSAGE mMACHINE T7 Transcription kit (Ambion, Burlington, ON).
Parental plasmid was removed by DNase treatment and the newly synthesized capped cRNA was

precipitated using LiCl, then resuspended in nuclease free water and stored at -80 °C.
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6.5 Xenopus laevis oocytes and microinjection

Ovaries of X. laevis were surgically extracted from adult female frogs under 0.15% MS-222
tricaine methanesulphonate anaesthesia (Sigma-Aldrich, Oakville, ON), neutralized to pH 7 with
sodium bicarbonate. Ovary segments were cut into roughly 15 oocytes and treated with
collagenase type II from Clostridium (Sigma-Aldrich, Oakville, ON) in Ca*'-free oocyte ringer
solution (82 mM NacCl, 2 mM KCI, 1 mM MgCl,, 5 mM HEPES buffer, NaHCOs3 to pH 7.3) to
defolliculate and dissolve the tissue connecting individual oocytes. Oocytes were washed in ringer
solution to remove leftover collagenase and allowed to recover at 19 °C for 1-2 hr in the saline
solution ND96 (96 mM NacCl, 3 mM KCI, I mM MgCl,, 1.8 mM CaCl,, 5 mM HEPES buffer)
supplemented with pyruvate (2.5 mM) as a carbon source and penicillin (100 U/ml) and

streptomycin (100 pg/ml).

6.6. Oocyte injections

To form homopentameric receptors 25-50 ng of cRNA in 50 nl was injected into the cytoplasm of
stage V or VI oocytes using a Nanoject II (Drummond Scientific Company, Broomall,
Pennsylvania). Borosilicate glass injection needles were pulled from a P-1000 Flaming/Brown
micropipette puller (Sutter Instrument Co, Novato, CA). Homomeric ACR-16 receptors require
the presence of the endoplasmic reticulum membrane-associated accessory protein RIC-3 for
maximal functional expression (Boulin et al., 2008). To express these receptors, oocytes were co-
injected with equal amounts of ACR-16 and Hco-RIC-3 cRNA in 50 nl. ACR-16 is a cation
channel that gates Na" and Ca?" ions, which can in turn activate intracellular Ca**-gated CI

channels endogenous to X. laevis oocytes. To counteract the activity of these endogenous chloride
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channels, selected oocytes were incubated with 100 uM of the Ca** chelator BAPTA-AM (Sigma-

Aldrich, Oakville, ON), for 1 hr, then washed in ND96 immediately prior to experiments.

To form functional heteromeric receptors of wild-type and mutant GLC-2, oocytes were injected
with equal amounts of cRNA in 50 nl. Hco-GLC-5 (generously provided by Dr. Sean Forrester,
UOIT) and Sma-GluCI-2.1 (Dufour et al., 2013) served as controls for IVM sensitive and
insensitive receptors respectively. Water-injected oocytes acted as a negative control for
membrane integrity and activity of endogenous Xenopus receptors. Oocytes were allowed a

minimum of 24 hr to synthesize and express the receptors, then were assayed daily afterwards.

6.7 Electrophysiology

Two-electrode voltage clamp (TEVC) electrophysiology was used to measure the activity of
expressed ion channels. Briefly, oocytes were placed in a RC-1Z perfusion chamber (Harvard
Apparatus, Saint-Laurent, QC) and pierced by two 1-5 MQ glass microelectrodes backfilled with
3 M KCI and connected to HS-9A headstages (Axon Instruments, Foster City, CA) by Ag|/AgCl
wires feeding into a GeneClamp 500B operational amplifier (Axon Instruments); user-defined
holding potentials allow the measurement of changes in current across the oocyte membrane. The
current passing headstage had a gain (h) of 1 and the voltage sensing headstage had a gain of 0.1.
Oocytes expressing GluCls were clamped at -80mV and those expressing ACR-16 were clamped
at -60mV. For current-voltage studies oocytes were subject to repeated exposure to 100 uM
acetylcholine at holding potentials ranging from -75 mV to +50 mV, increasing by increments of
25 mV. For those current-voltage studies a final 100 puM acetylcholine was prepared in the

following solutions: ND96, 96 mM sodium gluconate, 96 mM glucosamine HCl, 1.8 mM CaCla.
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Normal oocyte saline buffer (ND96 +0.1% DMSO) or drug solutions were constantly gravity-
perfused into the oocyte chamber and washed out with a peristatic pump. Drugs were applied until
a maximal current was achieved, or after a maximum of 20 sec exposure, followed by restoration
of saline, unless specifically noted. All agonist responses on ACR-16 were normalized to a
maximal acetylcholine response by exposing individual replicate oocytes to acetylcholine before
agonist exposure. To test antagonism, compounds at indicated concentrations were co-applied to
oocytes with an ECso concentration of acetylcholine. Recordings were digitized using Digidata
1322A (Axon Instruments). Electrophysiological recordings were analyzed using the pClamp

software package ClampFit (Molecular Devices, San Jose, CA).

MLs can have non-specific binding to tubes and laboratory apparatuses. For
electrophysiological studies using MLs, the RC-1Z oocyte chamber was removed between every
recording and thoroughly washed with 70% ethanol followed by distilled water. Failure to do so
yielded cross-contamination between replicates, and those oocytes were excluded from data
analysis, as were oocytes of poor membrane integrity (Current injection >1000 nA required to

maintain Vc holding potential).

6.8. Drug solutions

Unless otherwise stated, each compound was purchased from Sigma-Aldrich and dissolved in
ND96 at a mM stock concentration. Where noted, compounds were dissolved in pure DMSO and
diluted in ND96 to a final concentration containing < 0.1 % DMSO: acetylcholine chloride,
choline, betaine, (-)-nicotine hydrogen tartrate, glucosamine HCI, sodium gluconate, L-glutamate,
bephenium hydroxynaphthoate (DMSO), nornicotine, mecamylamine hydrochloride (DMSO),

levamisole - (-)-tetramisole hydrochloride, pyrantel citrate (DMSO), oxantel pamoate (DMSO),
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morantel citrate (DMSO), ivermectin (IVM) (DMSO), moxidectin (MOX) (DMSO), milbemycin

oxime (DMSO), selamectin (DMSO), ethanol, BAPTA-AM (DMSO).

6.9 Sequence Analysis

Signal peptide prediction was performed using the web-based program SignalP 5.0 (Nielsen and
Krogh 1998) and by sequence alignment homology using Geneious 7.17
(https://www.geneious.com). Geneious was used for all primer design (Primer3 plugin (Rozen and
Skaletsky 2000)), transmembrane domain predictions, sequence alignment and analysis (Kearse et

al. 2012). Primers were synthesized by Thermo Fisher Scientific.

6.10 Phylogenetic Tree
A phylogenetic tree of 194 nematode GluCl subunits including 45 unique glc-2 sequences was

originally created by Dr. RN Beech using Geneious quick build.

6.11 in silico homology modeling

Modeller 9.23 was used to generate a homology model of the ECD of ACR-16 from A. ceylanicum
and N. americanus, C. elegans, and Trichuris muris (gali and Blundell, 1993). The crystallized
chimeric human o-7 extracellular domain/Lymnaea stagnalis AChBP bound to epibatidine in an

open conformation (protein data bank 3SQ6) served as a template for homology modelling.

The Hibbs & Gouaux (2011) open channel holoprotein of Cel-GLC-1 crystal structure (protein

data bank 3RIF) in complex with glutamate and ivermectin served as a template to model Cel-

134



GLC-2 and associated mutants. To reduce processing time and for conciseness, only models of

dimers were created to represent the orthosteric or ML binding sites between adjacent subunits.

Fifty models were generated for each receptor, and the best were chosen for docking simulations

based on Molpdf score and Ramachandran plot analysis calculated by Modeller.

Resulting models were used to prepare in silico ligand binding analysis of a single binding site,
implemented by AutoDock Vina (Trott and Olson, 2010). Ligands were downloaded from ZINC
database (Sterling and Irwin, 2015) and prepped using AutoDock. Molecules were instructed to
bind within volume of a 15 x 15 x 15A box encompassing the orthosteric, and 20 x 20 x 20 AML

binding site.

Fifty binding orientations were generated per root mean square from best fit, with a default
exhaustiveness value of 8, and the best binding poses were chosen according to predicted binding

energies. All imaging was performed using USCF Chimera (Pettersen et al., 2004).

6.12 Statistical analysis

Semi-log concentration-response curves were generated using Prism 6.0 (GraphPad
Software, San Diego, CA). Data were fit to non-linear regression defined as: Imax=1/ [ 1+
(ECso/[D])h], where Imax is the maximal current response, [D] is the concentration of drug, ECso
is the value of [D] at 50% maximal response, and h is the Hill slope which was used to gauge
positive cooperativity for agonist binding. Microsoft Excel and Prism 6.0 were used to generate

graphs and all other statistical analyses.
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Appendix

SH-IVM STUDIES IN C. ELEGANS

The ability of a drug to affect its target is predicated on the ability of the drug to reach that target.
In keeping with the theme of differential drug susceptibility, an important associated question is
how anthelmintics reach their drug targets inside the nematode, and does differential drug
accumulation contribute to differences in drug susceptibility between different species of parasite?
Many studies have described the pharmacokinetics of anthelmintics in the host organism (for
example, Lifschitz et al., 2017), but few have investigated drug pharmacokinetics in the parasite
itself. Studies controlling for oral ingestion of chemicals and anthelmintics have shown that uptake
across the cuticle is the primary means by which anthelmintics enter nematodes (Ho et al., 1992),
and that more lipophilic drugs, such as IVM, more easily cross the cuticle (Thompson et al., 1993).
In C. elegans, IVM binds with high specificity to isolated membranes (Schaeffer and Haines,
1989), but how IVM interacts with a live, intact nematode, and to what extent acquired drug
resistance affects this interaction have not been adequately explored. As such, drug absorption

needs to first be characterized in whole nematodes.

In this appendix, I present preliminary data from an investigation of the ability of [22,23
3H]-ivermectin (*H-IVM), to associate with the model organism C. elegans, in which pharyngeal
pumping is inhibited by 5 nM IVM (Avery and Horvitz, 1990; Ardelli et al., 2009) and total body
paralysis achieved at 20 nM after 2.5 hr exposure (Arena et al., 1995; Ardelli et al., 2009). I
hypothesized that strains of C. elegans selected for drug resistance will exhibit differences in the
accumulation and dissociation of *H-IVM from exposure in solution. We used an IVM-resistant

strain (IVR10), a MOX-resistant strain (MOX4R) to determine cross-resistance to MOX and live

136



and heat-killed wild-type N2 Bristol as controls. We also used an amphid dye-filling mutant (dyf-
7) strain to probe the role of amphid structure (SP1735), known to be associated with low levels

of IVM resistance (Dent et al., 2000).

Among the numerous mutations present in the IVR10 and MOX4R strains of C. elegans
they are also dye-filling defective (Ménez et al., 2016). As such, it was of interest to compare *H-
IVM association between IVR10 and SP1735 to determine the extent of the contribution from dyf’

mutants.

Since no standard methodology exists to measure drug uptake in C. elegans, I compared
three independent techniques to estimate *H-IVM accumulation in worms: a) indirectly, by
measuring the disappearance of radioactivity in the supernatant of tubes containing worms
incubated with a solution of *H-IVM; b) directly, by vacuum-filtration of worms through a
fiberglass filter (GF/B) after exposure to *H-IVM; and c) directly by centrifugation of worms
though modified GF/B spin columns after exposure to the labelled drug. Radioactivity associated
with worms may be a result of internalized *H-IVM or drug adherence to the surface of worms.
This appendix relates to the thesis of “Investigating species, and subunit composition differences
in sensitivity towards drugs that target ligand-gated ion channels” because it is uncertain if, or to
what extent [VM-resistant phenotypes in C. elegans alter the drug concentration that a given
receptor receives. The main goals of this appendix were to compare the three methods to determine
if drug association and dissociation are reliably measurable in C. elegans, and if so, to determine

the role, if any, that drug resistance plays in these processes.
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APPENDIX METHODS

The dyf-7 mutant SP1735 was obtained from Dr. Joseph Dent (McGill University), IVR10, and
MOXA4R were provided by Dr. Prichard (McGill University) from the laboratory of Dr. Lespine
(French National Institute for Agricultural Research. Toulouse, France). Worms were maintained

as in Methods section 6.2.

All radioactivity experiments were conducted under the Internal Radioisotope Permit #R-
00313 for Dr. Reza Salavati. Experiments were performed in a designated radioactivity space
under McGill radioactivity protocols. A 16.6 Ci/mmol stock of tritiated *H-IVM [22,23 -*H] (in
100% ethanol) was synthesized by Moravek, Inc (Brea, CA). All radioactive decay events were
measured by transferring samples into scintillation vials containing 7 ml of liquid scintillation
cocktail (LSC) (ScintiVerse™ BD Cocktail, Thermo Fisher Scientific) for liquid scintillation
counting in a Tri-carb 4810-TR (PerkinElmer). Initial experiments were conducted to determine
the appropriate volume of LSC for efficient detection (Appendix Figure 1). Briefly, 5 pl ofa 1 uM
SH-IVM aliquot (total disintegrations per minute (dpm) = 285,000) was transferred into 500 pl of
M9 buffer (22 mM KH2PO4, 42 mM Na;HPOg4, 85.5 mM NaCl, 1 mM MgSOs) in a 1.5 ml
centrifuge tube, and the entire volume subsequently transferred into scintillation vials containing
3, 7, or 10 ml of LSC for counting. For low energy B-particles such as *H, liquid scintillation
detectors detect dpm with efficiency of 61% (termed counts per minute; cpm), and further signal
loss is expected from *H IVM binding to tubes and pipette tips as well as experimental error. The

7 ml LSC volume was selected for all radioactivity experiments.
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Appendix Figure 1. Efficiency of detecting *H-IVM in 500 pl M9 buffer using different volumes of LSC.
5 ul of a 1 uM *H-IVM aliquot were transferred into 500 ul of M9 buffer in 1.5 ml centrifuge tube (total

cpm = 174,000), and loaded directly into 3, 7, or 10 ml of LSC for counting., n = 4, *t-test, p=.0177

1) Harvesting C. elegans

To study whether ML-resistant strains of C. elegans differentially accumulate *H-IVM, wild-type
N2 Bristol, MOX4R, IVR10, and SP1735 strains of C. elegans were maintained on 88 mm NGM
plates at 20 °C seeded with E. coli OP50 as a food source. Worms were synchronized 4-6 days
before experimentation using standard bleach treatment (Porta-de-la-Riva et al., 2012) and washed
eggs were re-plated onto four 88 mm NGM plates per strain and allowed to grow for 48 hr before
collection. Worm were washed off the plates with M9 buffer into a conical tube and gently
centrifuged at 1000 x g for 5 min X3 to wash and pellet worms which were then resuspended in

10 ml M9 buffer.
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i1) Worm counting

Worm counting was performed as previously described (Scanlan et al., 2018). Briefly, 2 pl droplets
of worms in M9 were pipetted onto a microscope slide in 9 replicates and the number of worms
per droplet was counted to estimate the average number of worms in the originating tube. Worms
were also visually assessed for homogeneity of life-stage and viability. A subset of wild-type C.
elegans were heat-killed by exposure to 55 °C for 10 min to serve as a negative control for passive

adsorption of *H-IVM.

ii1) Association Assay Method 1: Association by supernatant disappearance

In these experiments 10,000 worms of each strain were added to 1.5 microcentrifuge tubes pre-
treated with 1% BSA to reduce adherence of *H-IVM to the tubes, then gently mixed with 0.5 pCi
SH-IVM in 500 pl M9 buffer (60 nM IVM) and allowed 2 hr to reach maximal association. Tubes
were centrifuged for 30 sec at 100 x g to pellet worms and duplicate 100 pl samples of supernatant
were transferred into LSC for scintillation counting. Silanized glass tubes were not used because

of the necessity for centrifugation to separate suspended worms from supernatant.

iv) Dissociation Assay Method 1: Dissociation by supernatant appearance

To determine the dissociation of *H-IVM from worms, tubes from the final step of iii) were washed
5X by adding and gently mixing 1 ml M9 wash solution (plus 0.25% Triton X-100), centrifuging

for 30 sec at 100 x g to pellet worms then removing the supernatant without disturbing the worm
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pellet. After 5 washes worms were resuspended in 350 pl M9 buffer supplemented with 5%
intralipid solution to act as a lipid sink to help capture free *H-IVM released from worms back into
the supernatant. Immediately after resuspension, 10 ul samples of supernatant were taken for time
= ( timepoints, and the supernatant was resampled (10 ul) at subsequent timepoints to measure the

rate of increase in *H-IVM found in the supernatant.

v) Association Assay Method 2: Association by vacuum-filtration through GF/B filters

Worms were incubated with *H-IVM for 2 hr as described above in iii). After incubation, the
supernatant and worm pellet were applied to a modified 500 ml Nalgene® vacuum filtration
system (Sigma-Aldrich), in which the 0.2 um pore filter was replaced with a 25 mm Whatman
GF/B fiberglass filter (Sigma-Aldrich). Filters were presoaked with M9 buffer containing 0.15%
polyethylimine and 0.5% Triton X-100 to reduce non-specific binding of *H-IVM. Worms bound
to GF/B filters were washed 3X with 5 ml of cold M9 buffer (containing 0.25% Triton X-100).

Filters were then transferred to LSC for scintillation counting.

vi) Dissociation Assay Method 2: Dissociation by vacuum-filtration through GF/B filters

These studies were performed as described in iv). In addition to sampling supernatants, the
remaining contents of tubes were transferred onto GF/B filters presoaked with M9 buffer
(containing 0.15% polyethylimine and 0.5% Triton X-100) and vacuum-filtered using the

procedure described in v).
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vii) Association Assay Method 3: Association by centrifugation filtration through GF/B filters

GF/B filters were cut to fit into empty, unassembled 1.5 ml spin columns from BioBasic
(Cedarlane, Burlington, ON). Filters were packed into columns and loosely fixed in position using
plastic O rings with roughly 1/10" sections of circumference removed to reduce pressure on filters

and for ease of disassembly in subsequent steps.

Association experiments were performed as described in v) but instead of applying worms to 500
ml Nalgene® vacuum filtration systems, they were transferred into the modified spin columns
presoaked with M9 buffer (containing 0.15% polyethylimine and 0.5% Triton X-100). Columns
were centrifuged for 15 sec at 500 x g to terminate experiments and washed 3X with 1 ml M9
buffer (0.25% Triton X-100); total flow-through was collected for scintillation counting. Spin
columns were carefully disassembled using forceps and GF/B filters removed for scintillation
counting. Samples from the eluate of control tubes without radioactive material were used and

analyzed by microscopy to confirm that worms were retained in the filter.

v) Data analysis

All data analysis and statistics was performed using Prism 6.0 (GraphPad Software, San Diego,

CA) or Microsoft Excel.
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APPENDIX RESULTS

i) Worm Studies: Measuring disappearance of *H-IVM from supernatant

In these experiments, I attempted to indirectly compare how much *H-IVM was associated,
passively or actively, with wild-type or mutant strains of C. elegans to test whether selection for
IVM or MOX resistance altered the kinetics of association. Drug association with worms was
indirectly measured by sampling the supernatant after various periods of exposure; changes in the
concentration of *H-IVM in the media has been previously shown to be representative of
differences in drug association or accumulation with worms (Ho et al., 1992). As such, I first
incubated worms with 0.5 pCi (60 nM) *H-IVM with gentle mixing for up to 2 hr and sampled the
supernatant at time intervals to estimate maximal association by disappearance from media

(Appendix Figure 2).
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Appendix Figure 2. Time-course of *H-IVM disappearance from supernatant of tubes containing wild-type
or SP1735 C. elegans. Worms (10,000) were incubated with 0.5 uCi *H-IVM in 500 pl M9 buffer. Aliquots
of 10 ul were sampled at indicated timepoints to determine when a maximal disappearance from solution

was achieved.
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I next compared relative amounts of supernatant radioactivity after 2 hr incubation of *H-IVM with
wild-type, heat-killed, IVR10, MOX4R or SP1735 strains of C. elegans to determine if differences
in drug resistance status would affect drug accumulation in worms. After incubation, tubes were
gently centrifuged to pellet worms and 100 pl aliquots of supernatant collected in LSC for
scintillation counting (Appendix Figure 3). Data in Appendix Figure 3 shows the inverse of free
3H-IVM in solution and can be used to proportionally approximate how much drug had associated
with worms; relative association was standardized as a percentage of heat-killed N2 worms, which
should represent passive association. The rank order relative amount of *H-IVM depleted from the
media by worms is IVR10 > N2 dead +/- MOX4R +/- N2 live > SP1735, and indicates that drug-

resistance status specifically may play a role in differential drug accumulation.
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Appendix Figure 3 Relative amounts of *H-IVM disappearance from solution. Worm-associated *H-IVM
is indirectly inferred from the disappearance of radioactivity in supernatant determined by the inverse of
supernatant [*H-IVM]. (A) Combined data from two separate experiments (SP1735 n=3 all else n=6)
Significance determined by ANOVA, *p=.0025 **p=.0018 ***IVR10 is significantly different from all
other strains p<.0029 (B) Two separate experiments using different aliquots of *H-IVM are shown side-
by-side (experiment #1 on the left and experiment #2 on the right), n=3 for each experiment; only 1
experiment (n=3) was performed for SP1735. Significance determined by ANOVA. Within each
experiment, all strains were significantly different (p < .05) except where noted by n.s. N2 = wild-type,

IVRI10 =IVM resistant, MOX4R = MOX resistant. SP1735 = dye-filling mutant.

i) Dissociation assay: Supernatant

Having measured association levels, I next sought to determine if the rate of *H-IVM dissociation
from worms back into media is correlated with drug resistance status. After the 2 hr incubation,
worms were washed 5X with 1 ml M9 wash solution (with 0.25% Triton X-100) and immediately
placed into fresh 350 ul M9 solution containing 5% intralipids to act as a lipid sink and better
capture *H-IVM in the supernatant. Dissociation was determined by measuring the appearance of
3H in the supernatant over time. Samples of supernatant taken immediately after washing were
denoted as t = 0 and all samples were standardized as a percent of the total *H associated with

worms after 2 hr to account for differences in starting cpm between tubes (Appendix Figure 4).
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Appendix Figure 4 Time course of *H-IVM dissociation from wild-type N2 (live and dead), [VM-resistant
worms (IVR10), MOX-resistant worms (MOX4R), and a dyf-7 mutant (SP1735). After 2 hr incubation with
0.5 uCi *H-IVM, worms were washed and transferred into fresh M9 plus 5% intralipid solution containing
no radioactivity to measure the appearance of *H-IVM in solution over time. Dissociation is expressed as a
percent of total drug associated after 2 hr. Two separate experiments (A, B) (no replicates available for (A)

t=0), n=3. ANOVA for each timepoint included in Appendix Table 1.

Appendix Table 1. ANOVA comparing strains of C. elegans at different timepoints of dissociation

Tukey's multiple  Mean Diff. 95% Cl of diff. ~ Significant?  Summary
comparisons test
0
N2 live vs. N2 dead -0.3912 -1.283 t0 0.5002 No ns
N2 live vs. IVR10 0.2315 -0.6599 to 1.123 No ns
N2 live vs. MOX4R -0.2224 -1.114 to 0.6690 No ns
N2 live vs. SP1735 -1.370 -2.262 to -0.4787 Yes W
N2 dead vs. IVR10 0.6227 -0.2687 to 1.514 No ns
N2 dead vs. MOX4R 0.1687 -0.7227 to 1.060 No ns
N2 dead vs. SP1735 -0.9790 -1.870 to - Yes .
0.08758
IVR10 vs. MOX4R -0.4539 -1.345 t0 0.4375 No ns
IVR10 vs. SP1735 -1.602  -2.493 t0 -0.7102 Yes bt
MOX4R vs. SP1735 -1.148  -2.039 to -0.2563 Yes W
15
N2 live vs. N2 dead 0.3741 -0.5173 to 1.266 No ns
N2 live vs. IVR10 2.177 1.286 to 3.069 Yes WIS
N2 live vs. MOX4R 1.456 0.5649 to 2.348 Yes P
N2 live vs. SP1735 0.9861  0.09466 to 1.877 Yes W
N2 dead vs. IVR10 1.803 0.9117 to 2.694 Yes WIS
N2 dead vs. MOX4R 1.082 0.1907 to 1.974 Yes *
N2 dead vs. SP1735 0.6119 -0.2795 to 1.503 No ns
IVR10 vs. MOX4R -0.7209 -1.612 to 0.1705 No ns
IVR10 vs. SP1735 -1.191 -2.083 to -0.2997 Yes R
MOX4R vs. SP1735 -0.4702 -1.362t00.4212 No ns
30
N2 live vs. N2 dead 0.2716 -0.6198 to 1.163 No ns
N2 live vs. IVR10 1.620 0.7283 to 2.511 Yes it
N2 live vs. MOX4R 0.01923 -0.8722t0 0.9106 No ns
N2 live vs. SP1735 0.9514  0.06000 to 1.843 Yes o
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N2 dead vs. IVR10
N2 dead vs. MOX4R
N2 dead vs. SP1735
IVR10 vs. MOX4R
IVR10 vs. SP1735
MOX4R vs. SP1735

60

N2 live vs. N2 dead
N2 live vs. IVR10
N2 live vs. MOX4R
N2 live vs. SP1735
N2 dead vs. IVR10
N2 dead vs. MOX4R
N2 dead vs. SP1735
IVR10 vs. MOX4R
IVR10 vs. SP1735

MOXA4R vs. SP1735

Tukey's
comparisons test

30

N2 live vs. N2 dead
N2 live vs. IVR10
N2 live vs. MOX4R
N2 dead vs. IVR10
N2 dead vs. MOX4R
IVR10 vs. MOX4R
60

N2 live vs. N2 dead
N2 live vs. IVR10
N2 live vs. MOX4R
N2 dead vs. IVR10
N2 dead vs. MOX4R
IVR10 vs. MOX4R
120

N2 live vs. N2 dead
N2 live vs. IVR10
N2 live vs. MOX4R
N2 dead vs. IVR10
N2 dead vs. MOX4R
IVR10 vs. MOX4R

multiple

1.348
-0.2523
0.6798
-1.600
-0.6683
0.9322

0.5190
2.009
0.4774
1.103
1.490
-0.04166
0.5844
-1.532
-0.9056

0.6261

Mean Diff.

0.9921
0.9158
1.516
-0.07632
0.5235
0.5998

1.356
1.231
2.166
-0.1246
0.8100
0.9346

0.8098
1.302
1.607

0.4922

0.7974

0.3052

0.4567 to 2.240
-1.144 t0 0.6391
-0.2116 to 1.571

-2.492 to -0.7091
-1.560 to 0.2231
0.04077 to 1.824

-0.3724 to 1.410
1.118 to 2.900
-0.4140 to 1.369
0.2120 to 1.995
0.5986 to0 2.381
-0.9331 to 0.8497
-0.3070 to 1.476
-2.423 to -0.6402
-1.797 to -
0.01415

-0.2653 to 1.517

95% CI of diff.

-1.113 to 3.097
-1.189 to 3.021
-0.5893 to 3.620
-2.181 t0 2.029
-1.581 t0 2.628
-1.505 to 2.705

-0.7492 to 3.460
-0.8738 to 3.336
0.06085 to 4.271
-2.229 to 1.980
-1.295 to0 2.915
-1.170 to 3.039

-1.295t0 2.915
-0.8028 to 3.407
-0.4976 to 3.712

-1.613 to 2.597

-1.307 to 2.902

-1.800 to 2.410
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720

N2 live vs. N2 dead -0.5527 -2.658 to 1.552 No ns
N2 live vs. IVR10 0.04217 -2.063 to 2.147 No ns
N2 live vs. MOX4R 0.5493 -1.555 t0 2.654 No ns
N2 dead vs. IVR10 0.5949 -1.510 to 2.700 No ns
N2 dead vs. MOX4R 1.102 -1.003 to 3.207 No ns
IVR10 vs. MOX4R 0.5072 -1.598 t0 2.612 No ns

Roughly 1-3% of the total bound *H-IVM signal appeared in fresh M9 after washing at t = 0, and
reached a peak radioactive signal within 15 to 30 min, gradually decreasing to steady-state after 2
hr; only a small percent (maximum of 5%) of the total bound *H-IVM was detectable in solution.
Interestingly, despite having the lowest initial *H-IVM worm association, SP1735 had the had the
highest dissociation solution levels at t = 0, which may relate to the reduced ability of these worm
to re-uptake drug from solution after washing. There was the least difference in free *H-IVM

between strains after 12 hr.

The indirect disappearance assay above was performed first because we lacked an efficient
method to directly measure *H activity in the worms. In an attempt to validate the indirect results
from these experiments and control for passive cuticular drug binding, I compared two separate

methods: vacuum-filtration and spin column filtration.

111) Association Assay Method 2: Association by vacuum-filtration through GF/B filters

These experiments were conducted similar to Appendix Figure 3, but after 2 hr incubation with
SH-IVM, the worm pellet and supernatant were transferred onto Whatman fiberglass filters (GF/B

filters), and subjected to 5 washes with M9 buffer (0.25% Triton X-100) under rapid vacuum
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filtration. The filters were then transferred into LSC for scintillation counting. Filters should retain
worms and associated *H-IVM, but free *H-IVM should be washed through into a radioactive
waste receptacle. Residual free *H-IVM detected on filters amounted to < 0.5% of total signal

loaded.

Results from GF/B filter binding indicate that much less *H-IVM was associated with
worms after 2 hr incubation compared to 30 min, which may represent experimental error or a
greater proportion of *H-IVM binding to the outer cuticle after 2 hr and subsequently being washed
off during vacuum filtration (Appendix Figure 5). These data suggest a contrasting trend of
association compared to the results from the disappearance assays in Appendix Figure 3; after 2
hr, the rank order of relative amount of *H-IVM associated with worms from the GF/B filter
experiment was N2 live = SP1735 > N2 dead = MOX4R >IVR10 (compared to Appendix Figure

3: IVR10 >> N2 dead + MOX4R + N2 live > SP1735).
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Appendix Figure 5 Amounts of *H-IVM bound/associating with C. elegans on GF/B filters after 30 min or
2 hr incubation with *H-IVM. No replicates available (A) comparing total radioactivity after 30 min and 2

hr (B) relative association after 2 hr.

iv) Dissociation: vacuum-filtration through GF/B filters
To measure dissociation parameters using GF/B filters, C. elegans were again incubated with *H-
IVM for 2 hr, then washed 5X in M9 (0.25% Triton X-100) and placed in 5% intralipid M9 in the

absence of IVM. After 30 min, worms were subjected to vacuum-filtration through GF/B filters
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which were then transferred to LSC for scintillation counting to determine relative dissociation of
SH-IVM during this period (Appendix Figure 6A). As it is prohibitively time consuming to test
multiple timepoints using this method, 30 min was chosen to compare peak dissociation
concentrations (determined from worms in Appendix Figure 3). In the single replicate trial, all
living strains of C. elegans applied to GF/B filters had larger total radioactivity (~80,000-100,000

cpm) compared to heat-killed (56,000 cpm) (Appendix Figure 6A).

To determine the extent of *H-IVM dissociation, I compared radioactivity in worms on
GF/B filters to that of their corresponding supernatant (Appendix Figure 6B). In heat-killed worms
there was roughly an equal proportion (1:1.05) of free *H-IVM detected in supernatant to *H-IVM
on GF/B filters, suggesting that, in the absence of active processes, the concentration in worms
and solution reaches equal equilibrium. The [VM-resistant IVR10 strain of C. elegans had the next
highest fraction of free *H-IVM (0.95). In comparison, wild-type, MOX4R and SP1735 all had
ratios of 0.74-0.77 (with identical ratios in the one replicate of wild-type). Higher proportions of
free *H-IVM might be expected if active efflux plays a significant role in drug resistance, or if

worms are dead and lack active uptake capacity.

An important caveat to the interpretation of these results is that experiments measuring the
association of radioactivity in worms incubated 30 min or 2 hr with *H-IVM (Appendix Figure
5A) was lower than in worms which were subsequently thoroughly washed to remove unbound
SH-IVM and given 30 min to allow additional *H-IVM to dissociate (Appendix Figure 6). As such,
when expressed as percent retention of maximal signal, the radioactivity after washing and 30 min
of dissociation (from experiments in Appendix Figure 6A) was roughly 3-fold greater.
Theoretically, there should be a stronger signal associated with worms after 2 hr of incubation

compared to worms subsequently washed and allowed to passively diffuse or efflux additional
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signal. Rather, these data show a roughly 3-fold greater signal after these steps, indicative of large
variation in absolute radioactivity between experiments (i.e., variability between radioactivity

detected on GF/B filters for 30 min or 2 hr association and 30 min dissociation).
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Appendix Figure 6. Radioactivity associated with C. elegans in GF/B filters after 30 min of dissociation.
(A) Total radioactivity of *H-IVM in worms that have been washed and allowed 30 min to lose drug after
an initial 2 hr incubation with *H-IVM. After 2 hr incubation with 0.5 pCi *H-IVM, worms were washed
and transferred into fresh M9 with 5% intralipid solution containing no radioactivity to measure the
associated signal loss after 30 min. (B) Ratio of free *H-IVM in solution to *H-IVM in worms bound to
GF/B filters. (C) Associated signal “retention” as percent of “total binding” after initial 30 min or 2 hr
incubation with *H-IVM. Quotations marks are used to highlight that total detected *H-IVM bound after

initial incubation with *H-IVM was lower than the amount after subsequent washing and dissociation.

v) Association: Spin-column filtration

In an attempt to address some of the limitations using a home-made system for vacuum-filtration
of GF/B filter to measure radioactivity, commercially available spin columns from BioBasic were
assembled using GF/B filters in place of DNA binding filters. Preliminary experiments were
performed to determine the reproducibility and viability of this setup in the absence of worms by
applying 0.5 pCi *H-IVM in 500 pl M9 solution to columns. In contrast to the GF/B vacuum-
filtration protocol, experiments using spin columns were terminated and subsequently washed

using centrifugation. Control experiments in the absence of radioactive material indicate that no
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worm, intact or debris, are detected in the flow-through under these conditions. To track the *H-
IVM signal, the following were placed in LSC for scintillation counting: the 1.5 ml
microcentrifuge tubes used for incubation, pipette tips used to transfer solution to the spin column,
eluate, and the spin column itself (Appendix Figure 7). Results indicate that spin column filters
retain minimal residual *H-IVM label with low tube-to-tube variability. A significant proportion
of the signal is retained in tube and pipette tip binding. However, these values are relatively
consistent for use in worm association assays, and final background noise of free *H-IVM binding

to columns is comparable to GF/B filtration (< 0.5% of input).

3H signal tracking: Spin columns

column no radioactivity 0

3H Direct to column  EEEE—— 29991
3H Direct tocolumn |G 34451

Column bindingc B 623
Column bindingb 1 548
Column bindinga [ 573
wash flow through ¢ [N 7461
wash flow through b N 6332
wash flow through a | 6238
Collectiontube ¢ [N 5116
Collectiontube b NN 4967
Collectiontube a [ 4920
tube and pipette tipc NG 29438
tube and pipette tip b | IEG_—_———. 03610
tube and pipette tipa GG 23445

0 5000 10000 15000 20000 25000 30000 35000 40000
Radioactivity (cpm)

Appendix Figure 7 Preliminary control experiments tracking the fate of *H-IVM in spin column
experiments. Replicates are shown individually by colour (orange, black, blue) to track the fate of *H-IVM

for each sample.

When filtered using spin columns, < 20, 000 cpm of radioactivity was associated with worms
(Appendix Figure 8). From both centrifugation and vacuum-filtration, the order of *H-IVM
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association was N2 > MOX4R = heat-killed N2. Insufficient numbers of IVR10 and SP1735

worms prevented their inclusion in these experiments.
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Appendix Figure 8. Amounts of *H-IVM bound/associating with C. elegans in modified spin columns

containing GF/B filters after 2 hr incubation with *H-IVM. Experiments performed in duplicates.

The goal of this appendix was to ascertain if different strains of C. elegans with different
susceptibilities to VM would show different patterns of accumulation or dissociation of *H-IVM.
Briefly, I have shown evidence, using multiple techniques, that drug resistance status does affect
the amount of *H-IVM that associates with worms and that maximal *H-IVM dissociation from
worms occurs within 15 min of drug removal. Acquired drug resistance in C. elegans is the result
of the alternative expression of many genes, but studying the significance of changes to these genes
in IVM resistance is primarily limited to paralysis studies. The data presented in this appendix
provides a method to relate pharmacokinetic properties to the phenotype of IVM-resistance in C.

elegans and could be adapted for the study of parasitic nematodes.
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