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Abstract

Nicotinic acetylcholine receptors (nAChRs) are cysteine-loop ligand-gated ion channels that are
the targets of effective insecticides, including neonicotinoids and spinosad. The heterologous
expression of nAChRs, in Xenopus laevis oocytes, has enabled the study of functional and
pharmacological properties of these receptors by two-electrode voltage clamp

electrophysiology.

Myzus persicae, the peach potato aphid, is a major global pest of multiple crop species. The
nAChR subunits and several protein chaperones from Myzus persicae have been cloned. It was
difficult to achieve robust and frequent expression of a nAChR consisting entirely of subunits
from Myzus persicae with the chaperones RIC-3, UNC-50 and TMX3. However, use of the al
subunit from Drosophila melanogaster allowed nAChRs containing Myzus persicae a3, a8 and
B1 subunits to be expressed and characterised with an ECso for acetylcholine of 123 uM. The
Drosophila melanogaster al and Myzus persicae B1 subunits formed a functional nAChR with

an ECso for acetylcholine of 91.1 uM, upon which neonicotinoids acted as partial agonists.

The Apis mellifera, European honeybee, a5 subunit formed a homomeric nAChR in oocytes
without any chaperones. This was sensitive to 0.1 UM a-bungarotoxin and responded to both
acetylcholine and choline but with low affinity, as shown by ECso values in the millimolar range
(2.65 mM and 9.07 mM respectively). Further testing revealed that the a5 nAChR responded
to dopamine (ECso 3.37 uM), 5-hydroxytryptamine (ECso 122 uM), octopamine (ECso 378 uM),
tyramine (ECsp 91.1 uM) and histamine (ECso 3.36 mM) but not to GABA, glycine or glutamate.
Dopamine, 5-hydroxytryptamine, octopamine and tyramine all acted as superagonists relative
to acetylcholine and had higher affinities than acetylcholine, as shown by ECso values in the
micromolar range, with dopamine having the highest efficacy and affinity. Histamine was a
low-affinity, partial agonist. Phylogenetic analysis indicated that the non-Dipteran a5,

including from Apis mellifera, form a distinct group from the Dipteran a5.

This thesis contributes to the rapidly growing field of knowledge gained from expressing insect
nAChRs in heterologous systems. This is especially useful as a nAChR from a pest species has
not been robustly expressed yet. The characterisation of a novel nAChR from the beneficial
species, Apis mellifera, potentially indicates a new class of receptor, with unusual

pharmacological properties.
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Chapter 1 Introduction

1.1 Neurotransmitters in Insects

In order to be a neurotransmitter a chemical must fulfil certain criteria: it must act on a
receptor to cause nerve stimulation, the effect must end on a physiologically realistic timescale
by a specific inactivation mechanism, the neurotransmitter and the relevant biosynthetic
enzymes must be present in nervous tissue, the release of the neurotransmitter must be
stimulated by an increase in cytoplasmic calcium ion concentration and the chemical has an
effect on behaviour (Osborne, 1996). In insects there is good evidence that acetylcholine,
dopamine, octopamine, 5-hydroxytryptamine (5-HT) (serotonin), histamine, glutamate, y-
amino butyric acid (GABA) and tyramine fulfil these criteria (Osborne, 1996; Roeder, 1994,
Prescott et al., 1977; Breer, 1981; Dewhurst et al., 1972; Orchard, 1990; Morton and Evans,
1984). Dopamine is the only one of the catecholamines found at sufficient concentrations in
insects to be a neurotransmitter (Mercer et al., 1983; Osborne, 1996). The equivalent roles of
epinephrine and norepinephrine in vertebrates are often presented as being filled by the
monohydroxylic analogues; octopamine and tyramine in insects (Schilcher et al., 2021; Roeder,

1994).

1.2 Nicotinic Acetylcholine Receptors

Acetylcholine acts on two classes of receptors, ionotropic nicotinic acetylcholine receptors
(nAChRs) and G-protein coupled receptors (GPCRs), the muscarinic acetylcholine receptors
(mAChRs), which are present in both vertebrates and invertebrates (Albuquerque et al., 2009).
nAChRs are distinguished by being activated by nicotine and blocked by curare whereas
mAChRs are activated by muscarine and blocked by atropine (Dale, 1914). However, atropine
can also have some inhibitory effects on nAChRs but does not produce a complete block
(Zwart and Vijverberg, 1997). The snake venom component, a-bungarotoxin, was used in early
experiments to investigate nAChRs (Changeux, 2012). It was found to block neuromuscular
transmission in vertebrates and block the response to nicotinic agonists in extracted
membranes containing nAChRs without interacting with acetylcholine esterase (AChE)

(Changeux, 2012). A similar a-toxin was used to separate nAChRs from AChE, using affinity
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chromatography, this confirmed they were separate proteins (Changeux, 2012). In insects,
nAChRs have subsequently been divided into a-bungarotoxin sensitive and insensitive groups

(Courjaret and Lapied 2001; Buckingham et al., 1997; Lansdell and Millar, 2000b).

nAChRs are cys-loop ligand-gated ion channels (cys-LGICs) (Jones and Sattelle, 2010). These
receptors open in response to ligands to allow sodium or calcium ions to enter the cell, thus
initiating an action potential (Jones and Sattelle, 2010; Changeux, 2012). The cys-LGIC
superfamily also includes: GABA chloride channels in vertebrates and insects; glycine chloride
channels and 5-HT sodium channels in vertebrates; histamine, glutamate and pH sensitive
chloride channels in invertebrates (Jones and Sattelle, 2010; Jones, 2018; Feingold et al., 2019;

Changeux, 2012).

The complete quaternary structure of nAChRs consists of five subunits around a central pore,
they can be homomeric or heteromeric but must contain at least two a subunits to be
activable (Sattelle et al., 2005; Bouzat, 2012; Corringer, Novére and Changeux, 2000). Each
subunit has the same structure; a large N-terminal extracellular domain, four transmembrane
helices and an intracellular domain formed by a highly variable loop between the third and
fourth helices (Figure 1.1). The N-terminal domain possesses a disulfide bond between two
cysteines separated by 13 amino acids; ‘the characteristic cys-loop’ (Jones and Sattelle, 2010;
Corringer, Novére and Changeux, 2000). The acetylcholine binding site is situated at the
interface between two subunits and is formed by six binding loops in the extracellular domain;
loops A, B and C from the principle subunit and loops D, E and F from the complementary
subunit (Figure 1.1) (Jones and Sattelle, 2010). Two adjacent cysteines in loop C are required
for acetylcholine binding and these two cysteines define the a subunit, the principle subunit
must be an a subunit, the complementary subunit can be a non-a subunit or another a subunit
in homomeric nAChRs (Jones and Sattelle, 2010). Various amino acids involved in
acetylcholine binding and activation of the receptor have been identified by a variety of
methods (see Chapter 5 Table 5.2), including photoaffinity labelling, studying point mutations
and structural studies (Tomizawa et al., 2007; Nirthanan et al., 2005; Morales-Perez, Noviello
and Hibbs, 2016; Osaka, Sugiyama and Taylor, 1998; Corringer et al., 1995; Galzi et al., 1991).
There are several important aromatic amino acids that can form cation-m interactions with the
positive amine of acetylcholine (Corringer, Novére and Changeux, 2000). These include
tryptophan in loop D and loop B (54 and 148 in chicken a7 respectively) (Corringer et al., 1995;
Galzi et al., 1991) and tyrosine including the important YXCC motif in loop C (187 in chicken
a7), as well as others in loop A and loop C (92 in chicken a7 and 198 in mouse al respectively)

(Galzi et al., 1991; Sine et al., 1994). There are also negatively charged aspartates in loops B
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and C that seem to have an electrostatic contribution to acetylcholine binding (Corringer,
Novere and Changeux, 2000; Osaka, Sugiyama and Taylor, 1998). The GEK peptide motif
preceding the second transmembrane domain is thought to be important for cation selectivity
(Corringer, Novere and Changeux, 2000; Jensen, Schousboe and Ahring, 2005). The second
transmembrane helix of each subunit lines the pore (Corringer, Novere and Changeux, 2000).
In the resting state the extracellular half of the pore is too narrow to allow ions to pass
through, constricted at the L16’, V13’ and L9’ positions, the L9’ position is highly conserved in
cysLGICs (the prime numbers refers to the position of the amino acid from the cytosolic end of
the pore (L277, V274 and L270 in the human a7 subunit)) (Noviello et al., 2021; Zhao et al.,
2021). Inthe open state the pore is wider at this section due to a rotation of the helix so L16’,
V13’ and L9’ no longer constrict the pore allowing the passage of ions (Noviello et al., 2021;
Zhao et al., 2021). It is uncertain that the activation and gating mechanisms are conserved
between cysLGICs (Noviello et al., 2021). Here is a brief description of the activation
mechanism of the human a7 receptor, a homomeric receptor. Connections between the N-
terminal ligand-binding domain and the transmembrane domain form the coupling region,
which is coordinated by the cys-loop. When the ligand is bound loop C moves to create the
aromatic cage around the ligand. This movement and others causes changes in the coupling
region; salt bridges and hydrophobic interactions between the B1-B2 loop, B8-39 loop, TM2-
TM3 loop, pre-TM1 linker and cys-loop are altered causing the second transmembrane domain
to rotate and move out of the membrane opening the pore (Figure 1.2) (Noviello et al., 2021,

Zhao et al., 2021).

The protein structures of several nAChRs in different states have been solved including the
nAChR from the electric organs of Torpedo marmorata at 4 A resolution (Unwin, 1995; Unwin,
2005), the human a4sB2; at 3.9 A resolution (Morales-Perez, Noviello and Hibbs, 2016) and the
human a7 (Figure 1.2) resolutions 2.7-3.6 A (Noviello et al., 2021; Zhao et al., 2021).
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Extracellular

Intracellular

Na*, Ca?*

Figure 1.1 Structure of the nAChR. Schematic representation of a heteromeric receptor consisting of two a
(dark grey) and three non-a subunits (light grey). The polypeptide layout of two subunits are shown
highlighting the cys-loop (two white circles connected by a white double line), the two vicinal cysteines in
loop C defining a subunits and four transmembrane domains (TM1 -4) with a large intracellular loop
between TM3 and TM4. The six binding loops (A-F) that contribute to ligand binding are shown and two
acetylcholine (ACh) molecules are bound to this particular nAChR. The five subunits that make up the
receptor are arranged around a central cation -permeable channel modified from (Jones and Sattelle,
2010).
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A a-bungarotoxin B Epibatidine + PNU c Epibatidine
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ECD
ECD

Coupling

TMD
TMD
TMD

ICD
ICD
ICD

Linker
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+bRIL

Figure 1.2 Structure of the human a7 nAChR. Figure S4 from (Noviello et al., 2021). A—C. Side views of each model.
ECD, extracellular domain. TMD, transmembrane domain. ICD, intracellular domain. The coupling region is boxed. D.
A subunit interface labelled to indicate loops, domains, helices and glycans. Deletion of disordered residues in the
EM construct and insertion of bRIL are indicated.

1.3 Nicotinic Acetylcholine Receptors in Insects

Acetylcholine is the primary neurotransmitter in insects, the insect nervous system is richer in
nAChRs than any other tissue, except the electric organs of fish (Sattelle, 1980). Unlike in
vertebrates, nAChRs are not present at neuromuscular junctions in insects, glutamate
receptors have this function (Millar and Denholm, 2007). Compared to vertebrates (mammals

have 16 nAChR subunit genes (Pedersen, Bergqvist and Larhammar, 2019)) and nematodes
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(Caenorhabditis elegans have at least 30 nAChR subunit genes (Treinin and Jin, 2021)), the
nAChR subunit families of insects are compact, with the fruit fly Drosophila melanogaster,
honeybee Apis mellifera, mosquito Anopheles gambiae, aphids Myzus persicae and
Acyrthosiphon pisum, silkworm Bombyx mori, red flour beetle Tribolium castaneum,
bumblebee Bombus terrestris and locust Locusta migratoria all having 10-12 subunit-encoding
genes (Jones and Sattelle, 2010; Dale et al., 2010; Wang et al., 2015; Shao, Dong and Zhang,
2007), although, the cockroaches Periplaneta americana and Blattella germanica have larger
families consisting of 19 and 17 subunits respectively (Jones et al., 2020). There are seven core
groups of highly conserved nAChR subunits with clear orthologous relationships between
insect species. Thus, insects clearly possess al, a2, a3, a4, a5, a6, a7, a8 (or B2 in some
Dipteran species) and B1 subunits. In addition, each insect contains at least one divergent
subunit which is less closely related to subunits from other species (Figure 1.3) (Jones and
Sattelle, 2010). The peptide sequences of subunits in the D. melanogaster a5-a7 group are
notably similar to vertebrate a7 (and a8) nAChRs, thus these subunits are thought to be
evolutionarily ancient (Jones and Sattelle, 2010; Corringer, Novere and Changeux, 2000;
Grauso et al., 2002). Apart from the a5-a7 subunits, there are no other clear orthologous

relationships between vertebrate and insect nAChRs (Jones and Sattelle, 2010).

Variation in nAChR receptors can be achieved through alternative splicing and A-to-I editing
(Jones and Sattelle, 2010; Dale et al., 2010; Jones et al., 2006; Jones et al., 2009; Sattelle et al.,
2005; Lansdell and Millar, 2000a; Jones et al., 2020; Seeburg, 2002). For example, the D.
melanogaster a4 subunit has alternative splicing that changes the N-terminal domain, which
leads to a difference in receptor assembly efficiency in S2 cells (Lansdell and Millar, 2000a).
Also, in D. melanogaster the a6 subunit was found to have five potential A-to-I editing sites,
potentially altering the amino acid sequence in the ligand-binding domain (Grauso et al., 2002;

Jones and Sattelle, 2010).

Information on the in vivo subunit composition of insect nAChRs is limited; with assumptions
either drawn from colocalisation (lhara et al., 2020; Thany et al., 2005) or from heterologous
expression experiments (see Table 1.1) (Watson et al., 2010; Lansdell et al., 2012; lhara et al.,

2020).
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Figure 1.3 Tree showing the nAChR gene families of A. gambiae, A. mellifera, B. mori, D. melanogaster and T.

castaneum. Based on their high amino acid sequence homology, several insect nAChR subunits cluster into groups.

Each insect possesses at least one divergent subunit that does not fall into any of these groups. From (Jones and

Sattelle, 2010)
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1.4 The Insect a5 nAChR Subunit

The insect a5 nAChR subunit has always been phylogenetically grouped with the a6 and a7
subunits (Jones et al., 2010; Jones and Sattelle, 2010), even though non-Dipteran a5 subunits
(e.g. from A. mellifera, B. mori and T. castaneum) do not appear to be as closely related to the
a7 subunit as those from Dipteran species such as D. melanogaster and A. gambiae (Jones and
Sattelle, 2010) (Figure 1.3). Interestingly, aphids do not have an a5 subunit (Dale et al., 2010),
see Chapter 3. This is speculated to be because the a5 subunit evolved recently after the
divergence of aphids and other insects, possibly from gene duplication of the a7 subunit (Dale
et al., 2010; Wang et al., 2015). Based on phylogenetic analysis, the a5 subunit of Diptera
(flies and mosquitoes) and non-Diptera (cockroach, bee, beetles and butterflies) may belong to
distinct subgroups (Cartereau et al., 2020). Further phylogenetic analysis followed by

functional characterisation would help resolve this.

1.5 The Heterologous Expression of Insect nAChRs

Heterologous expression of nAChRs, commonly in Xenopus laevis oocytes, has enabled the
study of functional and pharmacological properties of nAChRs by two-electrode voltage clamp
electrophysiology (Buckingham, Pym and Sattelle, 2006). This measures the change in current
across the membrane due to the opening of the nAChR, allowing sodium (and calcium) ions to
move inside the cell, while the voltage is maintained at a constant level. This has proved
particularly instructive for studying the pharmacological and functional properties of
vertebrate nAChRs, however insect nAChRs have proven extremely recalcitrant to
heterologous expression (Millar, 2009). Some success has been achieved by co-expressing
insect nAChRs with vertebrate nAChR subunits, usually an insect a subunit with a vertebrate
B2 subunit (Millar, 2009; Shimomura et al., 2005; lhara et al., 2018; Schulz et al., 1998) but this
is not as relevant a model for the study of native insect nAChRs as expressing insect nAChRs

alone.

Some nAChRs compromising of only insect subunits have been expressed in X. laevis oocytes
although not always with robust enough expression or frequent enough expression to permit
study of their functional properties (Table 1.1) (Marshall et al., 1990; Cartereau et al., 2020;
Sgard et al., 1998; Sawruk et al., 1990; Brunello et al., 2022). The addition of chaperone
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proteins has proved essential or useful in the expression of several insect nAChRs in X. laevis
oocytes (Hawkins, Mitchell and Jones, 2022; Brunello et al., 2022; Ihara et al., 2020; Rufener et
al., 2020; Lansdell et al., 2012; Watson et al., 2010) (Table 1.1). A summary of insect nAChRs
that have been expressed in X. laevis oocytes without the use of vertebrate subunits is shown
in Table 1.1. In some studies acetylcholine was not tested or the response to acetylcholine
was too small to calculate an ECsp so nicotine was tested instead (Marshall et al., 1990;
Cartereau et al., 2020; Sawruk et al., 1990). A more expansive description of studies
expressing a5, a6 and a7 subunits is provided in Chapter 5 and a more detailed description of
studies expressing subunit combinations including the B1 subunit with the chaperones RIC-3,
UNC-50 and TMX3 in Chapter 4. The chaperone proteins that have proven key to assist in the
heterologous expression of insect nAChRs are summarised in the following sections. Detailed
information on the structure and cloning of these chaperones are included in the introduction

to Chapter 3.

Table 1.1 A summary of insect and crustacean (Lepeophtheirus salmonis) nAChRs expressed in X. laevis oocytes.

Unless specified chaperones are from the same species as subunits.

Species Subunits | Chaper- | Acetyl- | Nicotine | Frequency | Reference
ones choline of
Expression
D. a2 None Yes Yes ECso (Sawruk et al.,
melanogaster 10-15 1990)
mM

Schistocerca al None Not Yes (Marshall et
gregaria (ortholo- tested al., 1990)

gous

insect a2)
M. persicae al None Yes ECso | Yes ECso | Infrequent | (Sgard et al.,

(ortholo- 40 uM 0.5 uM 1998)

gous

insect a2)
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M. persicae a2 None Yes Yes Very (Sgard et al.,
(ortholo- infrequent | 1998)
gous
insect al)
D. o5 + ab RIC-3 Yes Yes (Watson et al.,
melanogaster 2010)
D. a5 RIC-3 Yes ECso | Not Infrequent | (Lansdell et
melanogaster 8.8 uM | tested 33% al., 2012)
D. a7 RIC-3 Yes ECso | Not Infrequent | (Lansdell et
melanogaster 6.7 UM | tested 33% al., 2012)
D. oa5+a6+ | RIC-3 Yes ECso | Not Infrequent | (Lansdell et
melanogaster | a7 13.5nM | tested 33% al., 2012)
P. americana o7 None Yes Yes ECsp (Cartereau et
790 uM al., 2020)
D. al +B1 RIC-3, Yes ECso | Not (Ihara et al.,
melanogaster UNC-50, | 7.59 uM | tested 2020;
TMX3 Takayama et
al., 2022)
D. al+a2+ | RIC-3, Yes ECso | Not (Ihara et al.,
melanogaster | B1 UNC-50, | 51.3 uM | tested 2020)
TMX3
D. al+B1+ | RIC-3, Yes ECso | Not (Ihara et al.,
melanogaster | B2 UNC-50, | 15.1 uM | tested 2020)
TMX3
D. al+a2+ | RIC-3, Yes ECso | Not (Ihara et al.,
melanogaster | B1 + 2 UNC-50, | 6.03 uM | tested 2020)
TMX3
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. mellifera al+a8+ | RIC-3, Yes ECso | Not (Ihara et al.,
B1 UNC-50, | 1.15 uM | tested 2020)
TMX3 (Brunello et
al., 2022)
. mellifera al+a2+ | RIC-3, Yes ECso | Not (Ihara et al.,
a8 + B1 UNC-50, | 1.91 uM | tested 2020)
TMX3
. terrestris al+a8+ | RIC-3, Yes ECso | Not (Ihara et al.,
B1 UNC-50, | 1.58 uM | tested 2020)
TMX3
. terrestris al+a2+ | RIC-3, Yes ECsp | Not (Ihara et al.,
a8 + B1 UNC-50, | 2.19 uM | tested 2020)
TMX3
. salmonis al+a2+ | RIC-3, Yes ECso | Yes 3.95 (Rufener et al.,
B1+ B2 UNC-50, | 1.96 uM | uM 2020)
TMX3
. salmonis o3 +B1+ | RIC-3, Yes ECso | Yes 9.98 (Rufener et al.,
B2 UNC-50, | 1.83 uM | uM 2020)
TMX3
. mellifera ab NACHO | YesECso | Not Infrequent | (Hawkins,
0.88 uM | tested 33% Mitchell and
Jones, 2022)
. mellifera a7 Yes Not Very (Brunello et
tested infrequent | al., 2022)
. mellifera a7 RIC-3, Yes Not (Brunello et
UNC-50, tested al., 2022)
TMX3
(C
elegans)
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A. mellifera al+a8+ | RIC-3(C. | Yes Not (Brunello et
B1 elegans) tested al., 2022)

A. mellifera a2 +a8+ | None Yes Not Very (Brunello et
B1 tested infrequent | al., 2022)

A. mellifera a2+a7+ | NACHO | Yes Not Very (Brunello et
a8 + B1 tested infrequent | al., 2022)

1.5.1 NACHO

NACHO (novel acetylcholine receptor chaperone) was discovered by genomic screening of
human cDNA libraries for proteins essential for a7 assembly in HEK293T cells, where it would
not normally express (Gu et al., 2016). Knockouts of the NACHO gene in mice show it is
necessary for a7 expression (Matta et al., 2017). There are orthologs of NACHO in vertebrates
and invertebrates and NACHO from D. melanogaster that can augment human a7 expression
(Gu et al., 2016). NACHO also is necessary for the expression of the human a3p2 nAChR in
HEK293T cell lines and enhances the expression of a4p2, a3f4 and a6p2B3 nAChRs (Matta et
al., 2017). NACHO promotes the expression of the (a4):(B2)s stoichiometry at the cell

membrane over the expression of the (a4)s;(B2). stoichiometry (Mazzaferro et al., 2020).

As described in the introduction to Chapter 5, NACHO was necessary for the expression of the
A. mellifera a6 nAChR in X. laevis oocytes (Hawkins, Mitchell and Jones, 2022). In another
study, the A. mellifera NACHO was also cloned (Brunello et al., 2022), this increased the
acetylcholine current from human a4p2 nAChRs expressed in X. laevis oocytes but did not
facilitate the expression of the A. mellifera a7 nAChR. Expression was found in one oocyte out
of 82 for a combination of A. mellifera a2, a7, a8 and B1 with A. mellifera NACHO (Brunello et
al., 2022) (Table 1.1).

NACHO has only been located to the endoplasmic reticulum, compared to RIC-3 which has also
been located in the Golgi body (Rex et al., 2016). NACHO associates with the
oligosaccharidetransferase machinery and calnexin in the endoplasmic reticulum; these are

required for nAChR surface expression (Kweon et al., 2020).
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1.5.2 UNC-50

UNC-50 (uncoordinated-50) is an orthologue of Geal-6 membrane-associated high-copy
suppressor (GMH1) in yeast and is an evolutionarily conserved integral membrane protein,
located in the Golgi body (Eimer et al., 2007). UNC-50 was identified in a screen for
levamisole-resistance mutations in C. elegans (Lewis et al., 1980). The mammalian orthologue
UNCL has also been found to bind RNA in the inner nuclear membrane (Fitzgerald et al., 2000).
In humans, arthrogryposis multiplex congenita in a consanguineous family was found to be
caused by a frameshift deletion of functional UNC-50 (UNCL) (Abiusi et al., 2017). UNC-50
influences coat protein | (COPI) -mediated trafficking by recruiting guanine-nucleotide
exchange factors for ADP-ribosylation factor GTPases (Arf-GEF) to the Golgi body, preventing

targeting to the lysosome (Eimer et al., 2007; Selyunin et al., 2017).

1.5.3TMX3

TMX3 (thioredoxin related transmembrane protein 3) was initially identified as UNC-74 in the
screen for levamisole-resistance mutations in C. elegans (Lewis et al., 1980). TMX3 is a thiol-
disulfide oxidoreductase from the protein-disulfide isomerase family (Haugstetter, Blicher and
Ellgaard, 2005). It has been located to the endoplasmic reticulum membrane by subcellular
fractionation, identification of attached glycans unmodified by the Golgi body and
immunofluorescence microscopy (Haugstetter, Blicher and Ellgaard, 2005). TMX3 catalyses
the formation of disulfide bonds, which are critical for nAChR subunit assembly, and in
nematodes UNC-74 is a cofactor for reconstituting levamisole-sensitive nAChRs (Boulin et al.,

2008; Boulin et al., 2011).

1.5.4RIC-3

RIC-3 (resistance to inhibitor of cholinesterase 3) was first identified in a screen for
acetylcholinesterase resistances in C. elegans (Miller et al., 1996). It is a highly conserved
chaperone mostly of nAChRs in the wider a7 group (Lansdell et al., 2005) but can also

influence the surface expression of other vertebrate neuronal nAChRs depending on the cell
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type (Lansdell et al., 2005; Bao et al., 2018; Halevi et al., 2003; Treinin, 2008). In C. elegans it
interacts with multiple nAChRs (Halevi et al., 2003; Treinin, 2008; Lansdell et al., 2005).

Human RIC-3 can be co-immunoprecipitated with human a3, a4, a7, 2 and B4 subunits
(Lansdell et al., 2005). Similarly RIC-3 isoforms from D. melanogaster can be co-
immunoprecipitated with the a2, a3, a6 and B3 subunits from D. melanogaster (Lansdell et al.,
2008). RIC-3 was found to decrease the acetylcholine induced current of X. laevis oocytes
injected with human a4p2 and a3p4 nAChRs (Halevi et al., 2003). RIC-3 can also influence the
composition of NAChRs, expressed at the surface of X. laevis oocytes, preferentially promoting
the maturation of degeneration of certain neurons 3 (DEG-3) rich DEG-3/degeneration
suppressor 2 (DES-2) receptors (Ben-Ami et al., 2005). The effects of RIC-3 also depend on cell
type (Bao et al., 2018); in D. melanogaster cell lines RIC-3 from D. melanogaster enhanced
nAChR maturation to a greater extent than human RIC-3 but the converse was the case in
human cell lines (Lansdell et al., 2008). RIC-3 can affect expression of other cys-LGICs where it
was found to enhance the expression of homomeric 5HT3aR in human cells (Walstab et al.,
2010). RIC-3 has been localised to the endoplasmic reticulum and Golgi body (Rex et al., 2016)
and has multiple isoforms arising from alternative splicing in many species but so far it appears
only the transmembrane and N-terminal regions (proline-rich domain) are required to enhance
human a7 expression (Lansdell et al., 2008; Castelan et al., 2008). Expression of RIC-3 changes
the proteins in the human a7 nAChR interactome, with 39 proteins only associating with
human a7 when RIC-3 is expressed (Mulcahy et al., 2015). RIC-3 is an obligatory chaperone for
the maturation, assembly and surface trafficking of the vertebrate a7 nAChR but does not
actually increase expression of the subunits (Dau et al., 2013; Williams et al., 2005). At very
high concentrations RIC-3 can prevent the a7 nAChRs from leaving the endoplasmic reticulum
(Alexander et al., 2010). However, it appears that RIC-3 alone is not sufficient for the surface
expression of human a7 nAChRs, with only a small proportion of a7 subunits reaching the
surface (Rex et al., 2016; Mukherjee et al., 2009). RIC-3 has synergistic effects with NACHO,
suggesting they act in different parts of the nAChR assembly pathway (Gu et al., 2016;
Shelukhina et al., 2017).

The heterologous expression of insect nAChR has allowed quantification of the interactions
between some nAChRs and insecticides (Watson et al., 2010; lhara et al., 2020; Hawkins,

Mitchell and Jones, 2022), confirming the importance of nAChRs as insecticide targets.
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1.6 Insecticides and Crop Protection

It is thought by some that insecticides are required to achieve global food security (Holt et al.,
2016). With 20-30% of crops being lost to pests and pathogens globally (Savary et al., 2019),
we are heavily reliant on pesticides to protect crops. In situations where certain pesticides
have been banned this has led to difficulties in food production. In 2018, three N-
nitroguanidine neonicotinoids (imidacloprid, clothianidin and thiamethoxam) were banned
from outdoor use in the European Union (Ldmsa et al., 2018) due to the risk they pose to bee
populations. Several neonicotinoid products have had registrations cancelled in the United
States as part of a settlement with environmental groups (Hou, 2019). The banned
neonicotinoids have mostly been replaced by pyrethroids, which is an older class of insecticide,
to which pests have developed resistance (Bass et al., 2014). The ban on neonicotinoids in the
European Union has proven problematic in the production of oilseed rape due to resistance to
the replacement pesticides, pyrethroids (Scott and Bilsborrow, 2019). In 2022 an emergency
application to the Department for Environment, Food and Rural Affairs (DEFRA) from the
National Farmers Union and British Sugar allowed the use of the neonicotinoid, thiamethoxam
on sugar beet in certain conditions to prevent the spread of the beet yellow virus carried by
aphids (Statement of reasons for the decision on the application for emergency authorisation
for the use of Cruiser SB on sugar beer crops in 2022, 2022). However this has been criticised
in the media as being against expert advice (Dalton, 2022). This highlights the requirement for
novel crop protection agents, including insecticides that have a higher selectivity toward pest

species than beneficial insects.

1.7 Insecticides and Insect Populations

There are major concerns that the use of insecticides has contributed to a decline in insect
populations, particularly pollinators on which agriculture relies (Sanchez-Bayo and Wyckhuys,
2019; Wagner et al., 2021; van Klink et al., 2020a; van Klink et al., 2020b). It is difficult to
assess changes in insect populations against natural generational background fluctuations
(Wagner, 2020; Wagner et al., 2021). The global status of insect populations is also extremely
complex, with a lack of data from pre-industrial times and many regions outside Europe
(Wagner, 2020; Thomas, Jones and Hartley, 2019). Species and ecosystem level detail is also

lost when data is aggregated together to draw general conclusions (Wagner et al., 2021). This
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is currently an area of much study with large metareviews of many datasets underway, such as
EntoGEM (Grames and Montgomery, 2022). Below is a summary of the current state of

research in changes to insect populations and the probable causes.

In 2021, the journal The Proceeding of the National Academy of Sciences (PNAS) dedicated a
special issue to the global status of insects after a symposium of the Entomological Society of
America in 2019 (Wagner et al., 2021). The introduction gives a good general overview of the
state of the field: there is much variation between studies into the changes in insect
abundance with some insect populations decreasing and others increasing, however there is a
large decline in previously abundant species. There is also a common finding that the
populations of specialists have declined faster than the populations of generalists (Wagner et
al., 2021). A review of 73 reports (Sanchez-Bayo and Wyckhuys, 2019) concluded over 40% of
insect species are threatened with extinction. The main driver of this was proposed to be
habitat loss (including the intensification of agriculture) but pollution from pesticides and
fertilisers was also thought to be a major contributing factor and therefore a reduction in
pesticide usage in order to halt population declines was recommended. This paper received
much media coverage (Carrington, 2019). However, this paper has been criticised for
methodological flaws due to bias in the literature search, the difficulty of combining diverse
data sets and assigning the importance of different factors to the decline using an unreliable
method, so these conclusions may be unreliable (Komonen, Halme and Kotiaho, 2019). There
was criticism of extrapolating global extinction rates of insects from data from individual sites,
mostly in Europe (Thomas, Jones and Hartley, 2019). Overall, this paper received 6 rebuttals
(Wagner et al., 2021), however it was the catalyst for the initiation of many more studies
(Thomas, Jones and Hartley, 2019; Crossley et al., 2020). A meta-analysis of 116 long-term
surveys came to the conclusion that globally there had been a decline in terrestrial insect
abundance but an increase in freshwater insect abundance (van Klink et al., 2020a). There
was, however, a lot of variation between sites and the trends were mostly driven by Europe
and North America. There was a small association between increased urbanisation and
decreasing terrestrial insect abundance but there were some other strong trends illustrating
the possible drivers of changes in terrestrial insect abundance such as changes in agricultural
practices (van Klink et al., 2020a). There were some errors in the analysis where the wrong
numbers and duplications were analysed but removing these did not change the overall results
(van Klink et al., 2020b). So far this is considered the most expansive and definitive study of
insect population change (Wagner et al., 2021). A study combining data from long-term

surveys in the USA was conducted to try and fill a data gap for insect populations outside

36



Europe (Crossley et al., 2020). This study concluded there was no net change in insect
populations across the USA (Crossley et al., 2020). However, these conclusions have been
criticised as they relied on the assumption that sampling was consistent across the surveys

which was flawed (Welti et al., 2021).

It is difficult to assign direct causes to declines in insect populations as there are many factors
involved that act synergistically (Outhwaite, McCann and Newbold, 2022; Wagner et al., 2021,
Wagner, 2020). It is particularly difficult to distinguish the effects of pesticides as they are
often not separate from the other aspects of agricultural intensification, including loss of
habitat on both a local and a large scale (Outhwaite, McCann and Newbold, 2022; Wagner et
al., 2021; Wagner, 2020). However, in terms of neonicotinoids, declines predate their use and
occur in areas with little pesticide usage (Wagner, 2020). There are many stressors affecting
insect populations, the most important stressors have been considered climate change,
habitat loss and degradation as well as agriculture but there is uncertainty to their relative
contributions (Wagner et al., 2021). In Europe and California, the increase in agricultural
intensification is probably the primary cause of loss of insects (Wagner, 2020). However, the
contributions of climate change may increase, insects are particularly vulnerable to desiccation
so changes in precipitation might be considerably influential (Wagner, 2020). According to
analysis the primary driver of global changes in biodiversity is a combination of land-use
changes (habitat loss and intensification of agriculture) and climate change acting
synergistically (Outhwaite, McCann and Newbold, 2022), with a decline of 50% in abundance
and 27% in the number of species relative to less disturbed habitats with lower warming.
Tropical species are more sensitive to climate change than temperate species as they have
narrower thermal niches (Outhwaite, McCann and Newbold, 2022). These conclusions were
drawn from analysis of the PREDICT database with 6,094 locations and 264 studies (Outhwaite,
McCann and Newbold, 2022).

So in conclusion, there seems to be an overall decline in insect populations and this decline is
due to various factors, with no evidence that populations are decreasing for inexplicable
reasons (Wagner, 2020). However, it is difficult to disentangle the contributions of insecticides
to changes in insect populations and in terms of neonicotinoids in particular declines predate
their use, so any contribution they make to population declines is likely not uniquely

extraordinary compared to other insecticides (Wagner, 2020).
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1.8 Neonicotinoids and Spinosad

Neonicotinoids are insecticides which act as agonists and antagonists at nAChRs, causing insect
death by prolonged excitation of the nervous system (Millar and Denholm, 2007; Sparks et al.,
2021). The first neonicotinoid, imidacloprid, was introduced in 1991, followed by several other
neonicotinoids from the 1990s to the early 2000s, including thiacloprid and clothianidin (Millar
and Denholm, 2007; Matsuda, lhara and Sattelle, 2020) (Figure 1.4). Neonicotinoids have a
large share of the insecticide market with imidacloprid being the first insecticide to achieve
USS1 billion annual sales (Ihara et al., 2008). Neonicotinoids have traditionally been divided
into N-nitroguanidine neonicotinoids (imidacloprid, clothianidin and thiamethoxam among
others) and N-cyanoamidine neonicotinoids (thiacloprid among others) (Millar and Denholm,
2007). N-cyanoamidine neonicotinoids have been found to be much less toxic to bees than N-
nitroguanidine neonicotinoids (Kumar, Singh and Pramod Kodigenahalli Nagarajaiah, 2020),
due to the highly efficient metabolism of N-cyanoamidine neonicotinoids by CYP9Q enzymes,
rather than any difference in effect at the target site (Manjon et al., 2018). Neonicotinoids
bind to the same site as acetylcholine and loops D, E and G contribute to neonicotinoid
sensitivity (lhara et al., 2017). In studies to determine the involvement of various nAChRs in
insecticide resistance using knockouts of nAChR subunits in D. melanogaster (Table 1.2), the
knockout combinations that were resistant to different neonicotinoids seemed to be
dependent on the neonicotinoid ring size and the R; substituents rather than the N-
nitroguanidine/ N-cyanoamidine pharmacophore (Table 1.2) (Lu et al., 2022). Thus, the N-
nitroguanidine and N-cyanoamidine groups determine how the neonicotinoids are
metabolised but the shape and other chemical substituents of the neonicotinoid determines
the target site. The fourth generation of neonicotinoids, for example sulfoxaflor, has recently
been developed (Wang et al., 2018), this is in category 4C of the IRAC classification compared
to the neonicotinoids which are 4A (Sparks et al., 2021). Slowly, some resistance has
developed to neonicotinoids in the field, for example in the aphid M. persicae resistance has
developed both through target site alteration (Bass et al., 2011) and from enhanced

metabolism (Puinean et al., 2010) (see section 1.11).

38



N, -

' X

5 NH TRy M MNH
P P
(] M

Mithiazine Imidacloprid
Pl MO, : _oN
it M )\S S M TH | S T)\
= P k P
cl N cl ] cl M
Thiacloprid Nitenpyram Acetamiprid
MO, O MO
i N/ | Nl/
s N N s m)\NH: N HH
1 | S
o N, o W,
M 0 M [}
Thiamethoxam Clothianidin Dinotefuran

Figure 1.4 Chemical structure of nithiazine and neonicotinoid insecticides. Nithiazine is a synthetic compound with
insecticidal activity on nAChRs which was a lead compound for the development of neonicotinoid insecticides. The
neonicotinoid insecticides include chloronicotinyl compounds (imidacloprid, nitenpyram, acetamiprid and
thiacloprid), thianicotinyl compounds (thiamethoxam and clothianidin) and the furanicotinyl compound
(dinotefuran) from (Millar and Denholm, 2007).

Spinosad was developed in 1997 and is a combination of spinosyn A and spinosyn D from soil
bacterium, Saccharopolyspora spinosa (Millar and Denholm, 2007; Jones and Sattelle, 2010;
Galm and Sparks, 2016; Thompson, Dutton and Sparks, 2000). It acts as an agonist and
positive allosteric modulator of the a6 nAChR (Hawkins, Mitchell and Jones, 2022; Sparks et al.,
2021). Spinosad only appears to act on the a6 nAChR subunit (Perry et al., 2015; Somers et al.,
2015) and thus various species have developed resistance either by mutations in the a6
binding site (Puinean et al., 2012; Hiruta et al., 2018; Urefia et al., 2019; Silva et al., 2016) or by
producing non-functional a6 subunits, as this subunit appears to be redundant (Berger et al.,
2016; Wan et al., 2018). This has been further confirmed by systematic knockouts of insect
nAChRs in D. melanogaster, where only the a6 knockouts displayed resistance to spinosad

(Table 1.2) (Perry et al., 2021; Lu et al., 2022; Zhang et al., 2022b).

39



1.9 Knockout Studies of nAChR in Insects

Knockout studies of nAChRs can give insights into their functional role and through resistance
in the knockouts, which insecticides interact with which subunits. Most of the knockout
studies have been carried out in the model organism D. melanogaster (Perry et al., 2021; Lu et
al., 2022; Zhang et al., 2022b), summarised in Table 1.2. These studies vary slightly in the
insecticides they tested, the level of detail in the results and how they categorised the level of

resistance (Perry et al., 2021; Lu et al., 2022; Zhang et al., 2022b).

Table 1.2 A summary table of the results of knocking out nAChR subunits in D. melanogaster. Both the a4 and 81
homozygous knockouts appear to be lethal so any information about these subunits has to be deduced from
heterozygous knockouts or other mutants (Perry et al., 2021; Lu et al., 2022). In the case of the 81 subunit this was a

somatic knockout using a GAL4-UAS driver (Perry et al., 2021).

Subunit | Behavioural References | Resistance References
Effects
al Decreased (Somers et | High: Imidacloprid, (Perry et al.,

courtship, change al., 2017; thiacloprid, acetamiprid, 2021; Lu etal.,
in sleep patterns, Zhang et triflumezopyrim; 2022; Zhang et

decreased al., 2022b) ) al., 2022b)
Moderate: thiamethoxam,

longevity,
gevity clothianidin, dinotefuran,

decreased fertility )
nitenpyram

Low: spinetoram

a2 Decreased fertility, | (Zhang et High: Imidacloprid, (Perry et al.,
decreased climbing | al., 2022b) | thiacloprid, 2021; Luetal.,
triflumezopyrim, 2022; Zhang et
thiamethoxam al., 2022b)

Low: dinotefuran,

sulfoxaflor, spinetoram
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a3 Decreased climbing | (Zhang et Moderate: thiamethoxam, (Luetal.,
al., 2022b) | clothianidin, dinotefuran, 2022; Zhang et
nitenpyram, sulfoxaflor, al., 2022b)
flupyradifurone,
imidacloprid,
triflumezopyrim
Low: spinetoram
a4l Lethal (Luetal., Mutant: Moderate: (Luetal.,
2022) imidacloprid 2022)
a5 None detected (zhang et Moderate: Imidacloprid, (zhanget al.,
al., 2022b) | nitenpyram, 2022b)
thiamethoxam, sulfoxaflor
Low: dinotefuran,
spinetoram
ab None detected (Homem et | High: Spinosad, spinetoram | (Perry et al.,
al., 2020) ) 2021; Lu et al.,
Moderate: nitenpyram,
) 2022; Zhang et
thiamethoxam,
_ _ al., 2022b)
triflumezopyrim
Low: dinotefuran,
sulfoxaflor
a7 Decreased climbing | (Zhang et Moderate: imidacloprid, (Perry et al.,
al., 2022b) | acetamiprid, nitenpyram, 2021; Luetal.,

thiamethoxam,

dinotefuran, sulfoxaflor

2022; Zhang et
al., 2022b)
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B1 Knockout lethal. (Perry et Mutant: Imidacloprid, (Perry et al.,

al., 2021; nitenpyram, sulfoxaflor 2021; Lu et al.,
Mutant: reduced
. Luetal., o . 2022)
locomotion, R81T: imidacloprid,
. 2022; . . o
fertility and thiacloprid, acetamiprid,
. Homem et .
longevity thiamethoxam,
al., 2020)

clothianidin, dinotefuran,
nitenpyram, sulfoxaflor,
flupyradifurone,

triflumezopyrim

B2 Decreased fertility, | (Zhang et Moderate: Imidacloprid, (Perry et al.,
decreased al., 2022b) | nitenpyram, 2021; Zhang et
climbing, thiamethoxam, sulfoxaflor, | al., 2022b)
decreased triflumezopyrim
longevit

gevity Low: dinotefuran,
spinetoram

B3 Decreased fertility | (Zhang et Moderate: Imidacloprid, (zhang et al.,

al., 2022b) | nitenpyram, 2022b)

thiamethoxam,
triflumezopyrim, spinosad,

spinetoram

Low: dinotefuran,

sulfoxaflor

1.10 Myzus persicae

M. persicae (Figure 1.5), also known as the green peach aphid or peach potato aphid, is
considered the most important global pest aphid with over 400 host plant species and a global
distribution (Bass et al., 2014; Capinera, 2001; Fenton, Woodford and Malloch, 1998). Most

damage to crops occurs through the transmission of plant viruses (Capinera, 2001). During the
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spring and summer wingless adults reproduce by clonal parthenogenesis and the rate of
reproduction is correlated with temperature. Winged adults are occasionally produced when
host plants become too overcrowded (Capinera, 2001). In the autumn winged females and
males are produced, the winged females birth egg-laying females (oviparae) on peach trees
(genus: Prunus), these then mate with the males to produce eggs that overwinter on the peach
tree (Capinera, 2001). In the UK, where peach trees are rare, M. persicae overwinter
parthenogenetically and so all the M. persicae found in the UK are clones (Fenton, Woodford

and Malloch, 1998).

Figure 1.5 M. persicae David Cappaert, Bugwood.org.

Over time M. persicae has developed resistance to most insecticides, with eight independent
mechanisms of resistance described (Troczka et al., 2021). For example, a neonicotinoid-
resistant strain (FRC) of M. persicae was discovered in Southern France (Bass et al., 2011), and
has spread throughout the Mediterranean and across the Mediterranean sea to Tunisia
(Charaabi et al., 2017; Slater et al., 2012; Panini et al., 2014). The resistance is due to a target
site mutation in the B1 nAChR subunit, with some contribution from enhanced metabolism
(Bass et al., 2011) and is semirecessive (Mottet et al., 2016). The resistance mutation, R81T, is
in loop D and is a key determinant in neonicotinoid binding. The lack of an arginine residue
gives the receptor a more vertebrate-like ligand binding site, that does not bind neonicotinoids

as well (lhara et al., 2014). The equivalent mutation in D. melanogaster, generated using
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CRISPR/Cas9, lead to deficits in fertility and locomotion as well as neonicotinoid resistance
(Table 1.2) (Homem et al., 2020). This mutation was also found in laboratory selected and field
strains of the aphid, Aphis gossypii showing resistance to thiamethoxam, imidacloprid,
acetamiprid and sulfoxaflor (Zhang et al., 2022a; Wang et al., 2020; Chen et al., 2017). The
resistance derived from the R81T mutation in the FRC strain has never been found without
additional metabolic resistance; alone R81T induces modest resistance but it acts
synergistically with the overexpression of cytochrome P450 enzymes to produce strong
resistance (Troczka et al., 2021). There is also a subspecies of M. persicae from Greece that
has adapted to a tobacco host, that has resistance to nicotine and neonicotinoids that pre-
exists the development of neonicotinoids (Bass et al., 2013; Troczka et al., 2021). This
resistance is entirely due to metabolism with many more copies of cytochrome P450 enzymes

(Bass et al., 2013).

1.11 Apis mellifera

The European honeybee, A. mellifera is a eusocial insect and as beekeeping is well established,
it is used as a model organism for social behaviour (Robinson, Fahrbach and Winston, 1997).
However, as it is a eusocial insect it is difficult to extrapolate changes in behaviour from the
model organism D. melanogaster, for which knockout studies of nAChRs have been done
(Zhang et al., 2022b). Thus, when comparing the effect of knockout studies in D. melanogaster
(Zhang et al., 2022b) and the sublethal effects of neonicotinoids in bees (Table 1.3), they do
not seem to have related effects because different behaviours are being measured (opposite
effects would be expected as neonicotinoids are nAChR agonists). Bees are agriculturally
important pollinators, pollinating nearly 75% of crop species according to the UN Food and
Agriculture Organisation (FAO's Global Action on Pollination Services for Sustainable
Agriculture). Therefore, it is an important non-target species to study so insecticides can be

developed that have a lower impact on this beneficial insect.

A. mellifera are potentially vulnerable to pesticides as they have fewer detoxifying enzymes
(Claudianos et al., 2006). However, A. mellifera has not been found to be more sensitive to
insecticides compared to other insects (Hardstone and Scott, 2010). Usually the field dose of
neonicotinoids bees are exposed to is not lethal (Cresswell, 2011), however a larger lethal dose
can be acquired if neonicotinoids accumulate in leaf guttation drops which bees may drink

(Girolami et al., 2009). The emergence of colony collapse disorder in the USA in 2006
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(Oldroyd, 2007) has led to concern about the sustainable availability of A. mellifera colonies for
agricultural pollination. Colony collapse disorder is a phenomenon where overwintering hives
are found empty with few dead bees and no obvious signs of infection or other problem:s.
There are contradicting results from studies over the role of neonicotinoids in colony collapse
disorder (Lu, Hung and Cheng, 2020). As bees are not directly exposed to lethal doses of
neonicotinoids, effects caused by sublethal doses may be the cause of negative consequences
of neonicotinoids on bee populations. There is a good synopsis of the effects of sublethal
doses in (Lu, Hung and Cheng, 2020). Table 1.3 contains a summary of some of the effects low
doses of neonicotinoids have in bees, which tend to lead to impairments of learning, memory,
locomotion and reproduction. There may be greater consequences of using neuroactive
pesticides on eusocial insects, as opposed to controlling Varroa destructor mites that afflict
bees (Abbo et al., 2016), as the health of the entire colony is more dependent on complex
behaviours such as navigation and communication from certain individuals (Lu, Hung and

Cheng, 2020).

Table 1.3 The sublethal effects of neonicotinoids on bees

Species

Insecticide

Effect

Reference

All

Any

More energy required to

detoxify insecticides

(Colgan et al., 2019;
Abbo et al., 2016)

A. mellifera,

B. terrestris

Thiamethoxam,
imidacloprid,

clothianidin

Difficulties foraging,

particularly navigation

(Lu, Hung and Cheng,
2020; Lamsa et al., 2018;
Yang et al., 2008; Henry
etal., 2012; Gill, Ramos-
Rodriguez and Raine,
2012; Kumar, Singh and
Pramod Kodigenahalli

Nagarajaiah, 2020)

A. mellifera

Imidacloprid,

acetamiprid

Decreased capacity for

learning

(Lu, Hung and Cheng,
2020; Han et al., 2010;
Zhang et al., 2020)
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Osmia

bicornis

Thiamethoxam

Difficulties in reproduction and

raising larvae

(Lu, Hung and Cheng,
2020)

A. mellifera

Imidacloprid,
thiamethoxam,
clothianidin,

thiacloprid

Reduce acetylcholine in brood
food, developmental

impairments

(Grinewald and Siefert,

2019)

A. mellifera

Thiamethoxam

Locomotor deficits

(Charreton et al., 2015)

A. mellifera | Imidacloprid Damaged midgut and Kenyon (Catae et al., 2018)
(Africanised) cells
B. terrestris | Imidacloprid Less pollen foraging (Feltham, Park and
Goulson, 2014)
A. mellifera | Imidacloprid Reduce density micro- (Peng and Yang, 2016)
glomerulus in mushroom
bodies.
A. mellifera | Clothianidin Memory impairment (Tison et al., 2019)

1.12 Aim of Thesis

As nAChRs are the targets of efficient and widely used insecticides it is important to study

them in detail in order to provide a basis for developing improved insecticides with less

specificity towards non-target and beneficial organisms. Whilst the recent use of chaperone

proteins have provided a breakthrough in enabling heterologous expression of nAChRs from D.

melanogaster, A. mellifera and B. terrestris (Ihara et al., 2020), a nAChR from a crop pest has

yet to be robustly expressed.

The aim of this thesis, therefore is to clone and functionally characterise nAChR subunits from

a major pest species, M. persicae, using the X. laevis oocyte expression system. Also, a nAChR

from a beneficial species, A. mellifera, will be similarly characterised. Findings from these

studies will enhance our understanding of functional and pharmacological properties of

nAChRs from diverse insect species.
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Part of the aim of my project in studying nAChRs from a pest species and a beneficial species is
that a greater understanding of insect nAChRs will assist in the development of pest-specific
insecticides. This will allow the use of insecticides to increase crop yield and require less land

to produce crops, while reducing the negative effects of insecticides on biodiversity.
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Chapter 2 Methods

2.1 Reagents

Agarose, neomycin, antibiotic antimycotic solution, collagenase type | from Clostridium
histolyticum, ampicillin, amikacin, imidacloprid, thiacloprid, clothianidin, acetylcholine
chloride, spinosad, choline chloride, dopamine hydrochloride, potassium phosphate, acetic
acid (Acros Organics), tyramine, amitraz, GABA, glycine and a-bungarotoxin were purchased
from Sigma-Aldrich (Gillingham, UK). Luria-Bertani (LB) medium capsules were from MP
Biomedicals (Irvine, CA, USA). Glycerol was from Fisher Bioreagents; Tris-Base and LB Agar
were from Fisher Scientific (both Loughborough, UK). Calcium chloride and sodium chloride
are from VWR Amresco Life Sciences (Lutterworth, UK) and potassium chloride from VWR
Prolabo Chemicals (Lutterworth, UK). Magnesium chloride, histamine dihydrochloride, sodium
L-glutamate monohydrate and octopamine hydrochloride were from Merck (Gillingham, UK).
Chloroform and ethanol were from Honeywell (Charlotte, NC, USA). HEPES and ampicillin
were from Melford (Ipswich, UK). Atropine was from Scientific Laboratory Supplies
(Nottingham, UK). Serotonin (5-hydroxytryptamine) hydrochloride was from Alfa Aesar
(Heysham, UK). Isopropanol was from Serva (Heidelberg, Germany). Dimethyl sulfoxide
(DMSO) and EDTA were from BDH Laboratory Supplies (Poole, UK). Nicotine di-d-tartrate was
from Research Biochemicals International (Natick, MA, USA). 1-(m-chlorophenyl)-biguanide

(mCPBG) hydrochloride and quipazine dimaleate were from Tocris (Abingdon, UK).

2.2 Animals

Oocytes were either obtained ready to inject from Ecocyte Europe (https://ecocyte-
us.com/products/xenopus-oocyte-delivery-service/) or ovary tissue from adult female X. laevis
was purchased from The European Xenopus Resource Centre based at Portsmouth University,
(Portsmouth, UK) or X. laevis frogs were purchased from Xenopus 1, Dexter, Michigan, USA.
Frogs were handled strictly adhering to the guidelines of the Scientific Procedure Act, 1986, of

the United Kingdom.
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2.3 DNA sequencing

DNA sequences were verified at SourceBioscience (https://www.sourcebioscience.com/home).
Primers used for sequencing subunits cloned into the pCl vector were usually pClfor: 5’
CTTACTGACATCCACTTTGC 3’ and pClrev: 5° AGCTTATAATGGTTACAAATAAAGC 3’, which

recognise the pCl vector.

2.4 Molecular Biology

2.4.1 RNA Extraction and Reverse Transcription

50 snap frozen M. persicae were provided by Syngenta. These were the Braveheart clone, first
identified in Scotland in 1997 (Fenton, Woodford and Malloch, 1998). This is sensitive to all
insecticides, a possible consequence of adaption to the cold (Fenton, Woodford and Malloch,
1998). Total RNA was extracted from M. persicae using TRIzol™ according to the
manufacturer’s protocol (Invitrogen, Waltham, MA, USA). mRNA (at 225.6ng/ul) was then
reverse transcribed to cDNA using the GoScript™ Reverse Transcription System (Promega,

Madison, WI, USA).

RNA from A. mellifera had been previously extracted (Jones et al., 2006).

2.4.2 Cloning Protocol

A flowchart illustrating the process of cloning the M. persicae nAChR subunits (and the A.

mellifera a5 subunit) is shown in Figure 2.1.
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Figure 2.1 A flowchart of the cloning process for M. persicae nAChR subunits.
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2.4.2.1 PCR

A nested PCR was used to clone the nAChR subunits using the primers in Table 2.1. The first

reaction used the gfor and grev primers based on the 5’ and 3’ untranslated regions

respectively. The second reaction used the Xho and Xba primers incorporating start and stop

codons and Xho and Xba restriction sites respectively. Amplification products from the first

reaction were used at a dilution of 1:100 as a template for the second PCR reaction. PCR used

the Q5°® High-Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA, USA) according to the

manufacturer’s protocol with a 50 pl reaction, a 55°C annealing temperature was used unless

there was too much amplification of non-specific DNA then the annealing temperature was

increased to 60°C, other conditions are in Table 2.2.

Table 2.1 Primers used for cloning; restriction sites underlined. Primers are written in the 5’ to 3’ direction.

Primer

Sequence

Mper_algfor

GGTCCAATTGCCGTCTCGAG

Mper_alXho

ATCGCTCGAGATGAAAATCATTTGCGCGATATTC

Mper_alXba

CGATCGTCTAGATCATAAAATGGCTTGCAGTTTCTT

Mper_algrev

GAGCTTTGTATTGTTGTGGTGTC

Mper_a2gfor

ATTCAGTCGACCGCCGCCG

Mper_a2Xho

ATCGCTCGAGCGCGATGCCGTCCGTCGC

Mper_a2Xba

CGATCGTCTAGAGACTATTCCAAATCGGACGTTG

Mper_a2grev

CATCAACCGTTTAACGCCGAG

Mper_a3gfor

GTGACCTTTGATATGGTCACCG

Mper_a3Xho ATCGCTCGAGATGAAGACGTTGGCCGGCGC
Mper_a3Xba CGATCGTCTAGATTACATAATGTTATTATAATTCTGTTTC
Mper_a3grev CTGGCCTGTCCAATGTTGACC

Mper_adgfor CCGTCAACAGCCGGATCGG

Mper_a4Xho

ATCGCTCGAGCAGATATGTGGCCG

Mper_a4Xba

CGATCGTCTAGATTTATGAGGTTTGGTATTCGCTG

Mper_adgrev

TAAAAGGCGTCCTCCAATCGG

Mper_a6gfor

CGCCGCGAGCGTACCATCC

Mper_a6Xho

ATCGCTCGAGATGACGTCGTCCACATCAAAG

Mper_a6Xba

CGATCGTCTAGATCACTCAACGATTATGTGAGGC

Mper_abgrev

CATGACTGCCATATCGACATCC

Mper_a7gfor

CCGCCGCCGCTGAATGGG

Mper_a7Xho

ATCGCTCGAGATGGGAATACTCCCGTATCTGC

Mper_a7Xba

CGATCGTCTAGATCACGTGACGATGACATGCGG
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Mper_a7grev

GACGCAATGACGTCGGTGGC

Mper_a8gfor

GTCTTACTAGTTTCAAACGGCG

Mper_a8Xho

ATCGCTCGAGATGAATATCTTATACATCCTCCCG

Mper_a8Xba

CGATCGTCTAGACTAGTTGGCACCGTAAGTGCG

Mper_a8grev

GCCGCGTAGTCATATAAAGTTG

Mper_a9gfor

GTGCCAATATTGCCACCAGAC

Mper_a9Xho

ATCGCTCGAGGATGGACGGTCTACGGTCGG

Mper_a9Xba

CGATCGTCTAGACTAAAACACAAAGCGAGATAGAAG

Mper_a9grev

TCGTACATATCAGGCCCAATTG

Mper_alOgfor

TAGATTGTTGTTGCTCGTGGTG

Mper_al0Xho

ATCGCTCGAGATGTTGGGCACTCGTCATATTG

Mper_al0Xba

CGATCGTCTAGACTACGGCATGAGCCTCAAGAG

Mper_alOgrev

TGCCTTTATTGAAGAGGATGCG

Mper_blgfor

GTACAAGTGCCAAAGGCCGC

Mper_b1Xho

ATCGCTCGAGATGAACACTTCCGTTGGACTAC

Mper_b1Xba

CGATCGTCTAGATTATTTTCCGCCGTAGATTTCG

Mper_blgrev

CAGTAACAAAATTGTACGTACACC

Mper_b2gfor

TAGGCATATATATCCGCCGCC

Mper_b2Xho

ATCGCTCGAGATCTACTGTACTCTACTTGTATTC

Mper_b2Xba

CGATCGTCTAGATATTCACTTCAGAAAATAAATCACC

Mper_b2grev

GATCTTTGGTGAAATATTGTTTTCG

Mper_b3gfor

TTACAGCTTTCGGCTTTAGTTAG

Mper_b3Xho

ATCGCTCGAGTTTATGTTGAACACGATGGGTG

Mper_bh3Xba

CGATCGTCTAGAAATTCACAAGTAAATCTAATTAGGG

Mper_b3grev

TAAAATATAAATTAAATTAAAGTTATCATTG

Amel_a5gfor TCTCGCGTTTAAGTGGTCCATCAA
Amel_a5Xho ATCGCTCGAGATGTCGCCTTTGGTCCTGTTC
Amel_a5Xba CGATCGTCTAGATTAACCCTCTTTGGCAATGTTCG

Amel_a5grev

CCGTATTTCTACCATCGTCCATT

Mper_nachogfor

CGTAAAAGTAGCTGCAGTGTAG

Mper_nachoXho

ATCGCTCGAGGATATGGGATCAATAGTTCTAAAG

Mper_nachoXba

CGATCGTCTAGACTATTCTTGTTTTTGAGCTTTAGG

Mper_nachogrev

AATGAGCTAAGTTTGGGAAAATTG

Mper_RIC3gfor

AAATTGGTTGACGAAGTTCGGC

Mper_RIC3Xho

ATCGCTCGAGGACATGGCGACAGAGATAAGT

Mper_RIC3Xba

CGATCGTCTAGACCATATGTTTATATTTTCATTTTTCG

Mper_RIC3grev

TTTTAAAACCGTGCATGTACATTG

Amel_RIC3gfor

AGTTATACGAACGAAAAATTTACG

Amel_RIC3Xho

ATCGCTCGAGATGGCTGAAATAACAGATTTCGG

Amel_RIC3Xba

CGATCGTCTAGATTTTTATATGTTTTTGCTATTATTCTC

Amel_RIC3grev

CAATGATTTAACACGAAATATAATG
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Mper_UNC50gfor

TAACAAATCTTAAAATTGAAGTTACAC

Mper_UNC50Xho

ATCGCTCGAGTAATGCCAAGCAGCGTAAATTCC

Mper_UNC50Xba

CGATCGTCTAGATTATAGAATTCTGTACTTGTATATGG

Mper_UNC50grev

CATAAAATTTCTATAAACATATAATTGG

Mper_TMX3gfor

GTAATTTGAGAAATGTGTATAATCTG

Mper_TMX3Xho

ATCGCTCGAGATGATGATCTCTAATATATTTACTAC

Mper_TMX3Xba

CGATCGTCTAGATGAATATTTTAATGAGTAGTTTTATTC

Mper_TMX3grev

CATCTGTTAATAAATCAATACGCC

Table 2.2 PCR protocol

Step Temperature (°C) Time (s)
1 98 30

2 98 10

3 55/60 20

4 72 30

5 Go to step 2 x35

6 72 120

7 12 oo

The PCR products were then run on a 1% agarose gel with SYBR Safe (Life Technologies,

Carlsbad, CA, USA) or Diamond™ Nucleic Acid dye (Promega, Madison, WI, USA) in TAE buffer,

using a Power Pcc300 Bio-rad, E143 Consort. The band, identified by size using the 1 kb plus
ladder (New England Biolabs, Ipswich, MA, USA) (Figure 2.2), from the second PCR was then
cut out and purified using the Monarch® DNA Gel Extraction Kit (New England Biolabs). The
concentration of the purified PCR product was measured using a NanoDrop One (Thermo

Scientific, Waltham, MA, USA) and if there was less than 1 pg of DNA the second PCR was

repeated in order to generate enough DNA for the restriction digest.
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Figure 2.2 1 kb plus ladder used for gels from https://international.neb.com/products/n3200-1-kb-plus-dna-

ladder#Product%20Information

2.4.2.2 Restriction Digest

The restriction digest of PCR products was set up with Xhol and Xbal from New England
Biolabs, using the manufacturer’s protocol and incubated at 37°C for 1 hour. Either Monarch®
PCR and DNA Cleanup Kit (New England Biolabs, Ipswich, MA, USA) or SmartPure PCR

(Eurogentec, Seraing, Belgium) was use to purify the digested DNA for the ligation.

2.4.2.3 Ligation

A 10 pl ligase reaction was set up with T4 ligase (Promega, Madison, WI, USA) and appropriate
buffer with 50 ng pCl pre-digested as above with Xhol and Xbal and the digested DNA insert in

a 3:1 ratio insert to PCI. This was then left at 4°C overnight.

2.4.2.4 Transformation
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For transformation, 4 ul of the ligation reaction (50 ng DNA) was incubated with 100 pl
competent bacteria (Escherichia coli DH5a, competent cells generated at Oxford Brookes
University) on ice for 10 min. They were then placed in a 42°C water bath for 45 s, after
recovery for 2 min on ice, 1 ml LB was added and the cells were incubated for 1 hour at 37°C.
100 pl culture was then spread on plates with 100 pg/ml ampicillin and incubated at 37°C

overnight.

2.4.2.5 Colony PCR

A colony PCR was then used to determine which colonies contained the insert. This used Q5®
High-Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA, USA) in a 25 ul reaction with
the conditions in Table 2.3 and pClfor and pClrev primers. The colony was transferred to the
PCR reaction using a pipette tip. The PCRs were then run on an agarose gel as above to see if

they contained the insert.

Table 2.3 Colony PCR protocol

Step Temperature (°C) Time (s)
1 98 30

2 98 10

3 55 20

4 72 30

5 Go to step 2 x29

6 72 120

7 12 oo

2.4.2.6 Minipreps

A selection of colonies that contained inserts were then used to inoculate 2.5 ml LB containing
100 pg/ml ampicillin overnight at 37°C. DNA was extracted from 1.5 ml of these cultures using

the E. Z. N. A.® Plasmid DNA Mini Kit (Omega Bio-tek, Norcross, GA, USA). A 5 ul sample of the
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purified plasmid was then digested with Xhol and Xbal as above and run on an agarose gel as
above to confirm the presence of the insert. The miniprep was then sent for sequencing as
described above. The remaining 1 ml of culture was used to make a 20% glycerol stock, which

was then stored in a -80°C freezer.

2.4.3 Midipreps

In order to increase the concentration of DNA for injection; colonies were plated from the
glycerol stocks and then used to inoculate 100 ml LB with 100 pg/ml ampicillin overnight.

DNA was then purified using the PureYield™ Plasmid Midiprep System (Promega, Madison, W],
USA).

2.4.4 Maxipreps

In order to increase the concentration of DNA for injection; colonies were plated from the
glycerol stocks and then used to inoculate 100 ml LB with 100 pg/ml ampicillin overnight. DNA
was then purified using the E. N. Z. A.® Plasmid Maxi Kit (Omega Bio-Tek, Norcross, GA, USA).

2.4.5 In vitro Transcription

To prepare the DNA for transcription it was either amplified by PCR (with pClfor and the
relevant rev primer) (M. persicae al and a2) or pCl was linearised with Xbal (M. persicae a3,
a8, B1, RIC-3, UNC-50, TMX3 and NACHO). The DNA was then transcribed using the
MMESSAGE mMACHINE® Kit (Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s protocol. The mRNA was purified using the lithium chloride protocol provided

and stored in nuclease free water.
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2.4.6 Site-Directed Mutagenesis

Site directed mutagenesis was attempted to fix a PCR error near the C-terminus of the M.

persicae a2 subunit, where two bases were skipped and to introduce the R81T point mutation

to the M. persicae B1 subunit (Table 2.4). The Q5@ Site-Directed Mutagenesis Kit (New

England Biolabs, Ipswich, MA, USA) was used according to the manufacturer’s protocol.

Primers were designed using NEBase Changer (https://nebasechanger.neb.com/) (Table 2.5).

Table 2.4 The sequences for site-directed mutagenesis.

Key: insertion,

substitution.

Sequence

M. persicae a2 original

TCCTGTGCGAAGCACCGGCTCTACGACGACACGAAGCCAATCGACC

GGGACCTGTCGTTCATCGCTAG

M. persicae a2 target

TCCTGTGCGAAGCACCGGEGCTCTACGACGACACGAAGCCAATCGA

CCGGGACCTGTCGTTCATCGCTAG

M. persicae B1 original

ATAATGAAATCAAACGTTTGGTTGAGACTTGTATGGAGGGACTATCA

ATTACAATGGGACGAGGCAGA

M. persicae B1 R81T

ATAATGAAATCAAACGTTTGGTTGACACTTGTATGGAGGGACTATCA

ATTACAATGGGACGAGGCAGA

Table 2.5 Primers for site-directed mutagenesis

Primer Sequence
Mperalpha2_endfor GCGCTCTACGACGACACGAAG
Mperalpha2_endrev CGGTGCTTCGCACAGGAT

MperbetalPCIR81Tfor

GTTTGGTTGACACTTGTATGGAG

MperbetalPCIR81Trev

GTTTGATTTCATTATTTGACTCTTTTC
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2.4.7 Acquiring M. persicae B1 R81T Mutant from Twist Bioscience

After site-directed mutagenesis was unsuccessful in producing the M. persicae f1 R81T
mutant, Syngenta provided the mutant subunit DNA from Twist Bioscience (San Francisco, CA,

USA). This was then cloned into pCl, using Xhol and Xbal restriction sites.

2.4.8 Sequence Analysis

Unless otherwise specified signal peptides were predicted using
(http://www.cbs.dtu.dk/services/SignalP/) and transmembrane helices were predicted using
(https://embnet.vital-it.ch/software/TMPRED_form.html) (website no longer available). All
alignments use ClustalW and MEGAX (Kumar et al., 2018). Peptide sequences were used to
construct the phylogenetic tree with MEGAX software (Kumar et al., 2018) using the Maximum
Likelihood method and Jones-Taylor-Thornton matrix model (Jones, Taylor and Thornton,

1992). The trees with the highest log likelihood after 1000 bootstrap replications are shown.

2.5 Electrophysiology

Functional studies on insect NnAChRs were performed using the X. laevis oocyte expression

system and two-electrode voltage-clamp electrophysiology.

2.5.1 Preparing Oocytes

Oocytes were obtained as above (2.2 Animals). Oocytes from Ecocyte arrived ready for
injection. Otherwise, ovaries were dissected from culled X. laevis by making an incision in the
abdomen and removing the ovarian lobes which are then placed in oocyte dissecting solution
(OR2) (sodium chloride 82 mM, potassium chloride 2 mM, magnesium chloride 2 mM, HEPES 5
mM, pH 7.6). Oocytes were either prepared for injection by incubation with collagenase type |

at 2 mg/mlin OR2 for 45 min at room temperature with shaking at 150 RPM or the protocol in
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Chapter 11 (Xiong and Gendelman, 2014); which involves incubating with 2 mg/ml collagenase
type | for 30 min at 30 RPM, then defolliculating with 0.1 m potassium phosphate pH 6.5 for 10
min or by manual defolliculation followed by incubation with 0.5 mg/ml collagenase type | in

OR2 for 6 min at room temperature at 150 RPM.

2.5.2 Injecting DNA or RNA

Oocytes were injected using a Nanoject Il (Drummond Scientific Company, Broomall, PA, USA)
with 23 nl of DNA at concentrations in Table 2.6 or Table 2.7 or 50.6 nl RNA at specified
concentrations. The al subunit from D. melanogaster was previously cloned by Alexandra
Cuevas at 97 ng/ul (NM_079757.4), the nAChR subunits from A. mellifera apart from a5 were
cloned by Dr Joseph Hawkins. All combinations were injected at a 1:1 ratio molar ratio (except
M. persicae a6, a7, NACHO and RIC-3 2:2:1:1 ratio). Oocytes were stored in Ca?* OR2 (sodium
chloride 82 mM, potassium chloride 2 mM, calcium chloride 2 mM, HEPES 5 mM, pH 7.6),
supplemented with 1 x antibiotic antimycotic solution and 0.05 mg/ml neomycin or in
standard oocyte saline solution (SOS; 100 mM sodium chloride, 2 mM potassium chloride, 1.8
mM calcium chloride, 1 mM magnesium chloride, 5 mM HEPES, pH 7.4) supplemented with 1 x

antibiotic antimycotic solution, 0.1 mg/ml amikacin and 0.05 mg/ml neomycin.

Table 2.6 Concentrations of A. mellifera nAChR subunits in pCl injected into X. laevis oocytes

A. mellifera nAChR subunit DNA concentration (ng/ul)
a5 498.1

a6 455.2

a7 604.2

al 331.9

a2 430.1

a3 337.6

a8 323.8

a9 504.5

B1 115
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Table 2.7 Concentrations of M. persicae nAChR subunits and chaperones in pCl injected into X. laevis oocytes

M. persicae nAChR subunit or chaperone DNA concentration (ng/ul)
a6 (miniprep) 120.4
a7 isoform 7a (miniprep) 93.3
NACHO (miniprep) 77.1
human NACHO 277.6
RIC-3 (c23) (miniprep) 114.0
a6 (midiprep) 764.8
NACHO (midiprep) 388.1
RIC-3 (c30) (midiprep) 1171.1
a6 (maxiprep) 3854.0
a7 (maxiprep) 4503.3
NACHO (maxiprep) 1523.0
RIC-3 (c21) (maxiprep) 4998.7
al (miniprep) 104.1
a3 (miniprep) 118.7
a8 (miniprep) 110.5
B1 (miniprep) 210.1
UNC-50 (miniprep) 89.5
TMX3 (miniprep) 132.1
al (maxiprep) 296.9
a3 (maxiprep) 353.7
a8 (maxiprep) 291.8
B1 (maxiprep) 390.9
UNC-50 (maxiprep) 214.7
TMX3 (maxiprep) 248.4
a2 151.7
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2.5.3 Two-Electrode Voltage-Clamp Electrophysiology

Oocytes were tested for responses 2-5 days after injection using two-electrode voltage-clamp
electrophysiology; one of the electrodes in the oocyte and one of the electrodes in the bath
are used to hold the potential difference across the membrane at a specified voltage, using a
negative feedback amplifier, when channels in the membrane open the movement of ions
across the membrane can be measured as a current by the other electrode in the oocyte
(Figure 2.3) (Rettinger, Schwarz and Schwarz, 2016; Bretschneider and de Weille, 2006). This
used borosilicate glass microelectrodes (Harvard Apparatus, Holliston, MA, USA) filled with 3
mM potassium chloride (resistance 2-20 MQ) and an Oocyte Clamp OC-725C amplifier (Warner
Instruments, CT, USA). Oocytes were clamped at -80 mV and responses were recorded on a
flatbed chart recorder (Kipp & Zonen BD-11E, Delft, The Netherlands). The oocytes were
continuously perfused with SOS at a flow rate of 10 ml/min. Oocytes were selected for
experiments if responses were consistent for two or more applications of the normalising

concentration of agonist.
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voltage steps -

Negative feedback

amplifier

+
-||| ‘ i
~Bath
_—— electrode

Grounding bath
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~
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-
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Figure 2.3 Circuit diagram of the two-electrode voltage clamp system. Mitchell personal figure.
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2.5.4 Dose-Response Curves

Agonist ECso concentration was determined using agonist concentration response curves,
which were generated by challenging oocytes to different concentrations of agonist in SOS for
5 s, with 3 min between challenges which was tested as adequate time to allow for
desensitisation. Curves were calculated by normalising the current response to maximal

responses induced by the agonist (see 2.6).

2.5.5 Testing Chemicals

Spinosad (10 mM), imidacloprid (100 mM), thiacloprid (100 mM) and amitraz (10 mM) were
initially dissolved in DMSO then diluted to working concentrations in a 1:1000 ratio in SOS.
The working DMSO concentration did not affect electrophysiological readings. All other
chemicals were either dissolved in distilled water to make frozen stocks (100 mM) then
dissolved to working concentrations in SOS or dissolved directly in SOS (10 mM) on the day of

use. Test chemicals in SOS were applied at 3 min intervals.

2.6 Statistical Analysis

Concentration-response data were fitted with the Hill equation to estimate the ECso and Hill

coefficient:

y = Imax/( —) Where y is the normalised current amplitude, Imax is the maximal

1
([ajgi?st])

response, EC50 is the agonist concentration at half-maximal efficacy, [agonist] is the agonist

concentration, and nH is the Hill coefficient. Curve fitting was carried out using GraphPad
software version 8 (GraphPad Software, La Jolla, CA, United States). All curves were plotted as
log(agonist) vs response — Variable slope. The peak of the current responses was normalised
to the agonist concentration that gave a maximal response. Error bars on concentration-
response curve graphs show standard error, ‘n’ indicates the number of oocytes and ‘N’

indicates the number of frogs these oocytes came from. ECso values and Hill coefficients are
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shown as mean + 95% confidence limits whilst other values are shown as mean * standard

error unless specified. Original data given to a maximum of three significant figures.
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Chapter 3 Cloning of Myzus persicae Nicotinic Acetylcholine

Receptor Subunits and Chaperones

3.1 Introduction

3.1.1 Cloning of Insect Nicotinic Acetylcholine Receptor Families

The complete nAChR subunit gene families have been identified from several insect species
such as A. gambiae, A. mellifera, B. mori, B. terrestris, Bombus impatiens, P. americana, B.
germanica and T. castaneum (Jones, Grauso and Sattelle, 2005; Jones et al., 2006; Shao, Dong
and Zhang, 2007; Sadd et al., 2015; Jones et al., 2020; Jones and Sattelle, 2007) (see Chapter
1.3). The core subunits have over 60% identity between orthologues from different insect
species whereas the divergent subunits have less than 29% identity to other nAChR subunits
(Jones and Sattelle, 2010). The complete nAChR gene family from M. persicae has yet to be
reported, although several nAChR from M. persicae have been cloned; the al subunit
(X81888), a2 subunit (incomplete) (X81887), a3 subunit (AJ236786), a8 subunit (AJ236787), B1
subunit (AJ251838), a6 subunit (AJ880086), a partial a7 subunit (AJ880085) and a partial a4
subunit (AJ236788), since publication some of these subunits have been renamed in light of
phylogenetic analysis (Sgard et al., 1998; Huang et al., 1999; Jones et al., 2005; Huang et al.,
2000; Kirwan, 2003). However, nAChR subunits have been characterised from another aphid
A. pisum (Dale et al., 2010; Liu et al., 2013). A. pisum possesses 11 nAChR subunit genes (al-
a4, a6-a8 and B1). Interestingly, no a5 subunit was found. It was suggested that since the
aphid’s nAChR gene family is the most ancient to be described, the a5 subunit appeared later
on in the evolution of insects (Dale et al., 2010). As with other insects alternative splicing was
found for the a4 (exon 4) and a6 (exon 8) subunits and a7 subunit had unusual tandem
duplications of exons 6 and 7, speculated to represent early genome duplication events that
would give rise to a5 subunits in more evolutionarily advanced insects (Dale et al., 2010). The
divergent A. pisum nAChR subunits consisted of one B subunit (B2) and two a subunits (a9 and
a10). Neither of the divergent a subunits have the two-cysteines forming the cys-loop,
although they do possess aromatic amino acids commonly conserved in this region (Dale et al.,

2010). No A to | editing was found in any of the A. pisum nAChR subunits.
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3.1.2 Cloning of Insect Nicotinic Acetylcholine Receptor Chaperones

3.1.2.1 NACHO

In the paper that originally identified NACHO as a nAChR chaperone (Gu et al., 2016) NACHO
from D. melanogaster was cloned. It had 37% sequence identity with the human NACHO and
could also fully augment the functional surface expression of the human a7 nAChR in HEK293T
cells. More recently in the Jones laboratory, NACHO from A. mellifera was cloned and used to
enable the expression of the homomeric A. mellifera a6 nAChR in X. laevis oocytes (Hawkins,
Mitchell and Jones, 2022). Another study also reported the cloning of the A. mellifera NACHO
(Brunello et al., 2022), this increased the acetylcholine current from human a4p2 nAChRs

expressed in X. laevis oocytes.

3.1.2.2 UNC-50 and TMX3

UNC-50 and TMX3 genes were cloned from D. melanogaster, A. mellifera and B. terrestris
(Ihara et al., 2020) to facilitate the expression of nAChRs from the respective species in X.
laevis oocytes. UNC-50 and TMX3 genes were also cloned from L. salmonis (a crustacean) to
enable the expression of nAChRs (Rufener et al., 2020). A. mellifera UNC-50 and TMX3 were
also cloned in (Brunello et al., 2022) where the UNC-50 gene encoded a 268 amino acid protein
with 44% sequence identity to C. elegans UNC-50 and the TMX3 gene encoded 432 amino
acids and had 30% sequence identity with C. elegans UNC-74 (Brunello et al., 2022).

3.1.2.3 RIC-3

11 alternatively spliced isoforms of D. melanogaster RIC-3 were cloned and characterised
(Lansdell et al., 2008). These were created by either including or excluding exon 2, exon 6 or
exon 9 or by alternative versions of exon 7. Exon 7 contains the entire coiled-coil domain but
this does not seem to contribute to the expression of the human a7 nAChR (Lansdell et al.,
2008). In some conditions RIC-3 lacking exon 2, in the proline-rich domain, lead to larger
surface expression of human a7 and a hybrid nAChR of D. melanogaster a2 and rat 2
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(Lansdell et al., 2008). In D. melanogaster S2 cell lines RIC-3 from D. melanogaster enhanced
nAChR maturation to a greater extent than human RIC-3 but the converse was the case in
human tsA201 cell lines (Lansdell et al., 2008). RIC-3 genes were cloned from D. melanogaster,
A. mellifera and B. terrestris (Ihara et al., 2020) and from L. salmonis (Rufener et al., 2020) to
facilitate nAChR expression. The A. mellifera RIC-3 has a very long proline-rich domain and no
detected coiled-coil domain (Figure 3.17) (Ihara et al., 2020). In contrast the B. terrestris RIC-3
is very short lacking the second transmembrane helix (Ihara et al., 2020). The A. mellifera RIC-
3 was also cloned (Brunello et al., 2022), where five isoforms were found (Figure 3.1). All the
isoforms contained two transmembrane helices; some had an extra section between the two
transmembrane helices. Only two isoforms contained the exon with the coiled-coil domain
(and these did not have the extra section in the proline-rich domain). Two isoforms were

missing most of the C-terminal domain due to premature stop codons.

Amel RIC-3A | 0 5 O surcoson
AmelRIC-3B ———— i ':'] O Tane
- —ar— ™
pmincc e : = oo

mel RIC-30 ——r——
— &  Siop cod
Amel RIC-3E —r—1— ~ 1" == e

Figure 3.1 Schematic representation of the alternatively spliced A. mellifera RIC-3 variants. Adapted from (Brunello
etal., 2022).

3.2 Aim

The aim of the study described in this chapter was to clone all the nAChR subunits and protein
chaperones that could potentially contribute to the expression of nAChRs from the aphid, M.
persicae, which would be the first robust heterologous expression of receptors consisting

wholly of nAChR subunit from an insect pest species.

66



3.3 Results

3.3.1 Sequence Predictions

Putative M. persicae nAChR subunit sequences were predicted by tBLASTn using the A. pisum
nAChR peptide sequences (Dale et al., 2010) against the M. persicae database on the

AphidBase website (https://bipaa.genouest.org/sp/myzus_persicae/).

3.3.2 Cloning of M. persicae 1 and B2 Subunits

The process of cloning the M. persicae nAChR subunits and chaperones is outlined in Chapter
2, Figure 2.1. Here, the cloning of the M. persicae B1 and B2 subunits is used as an example to
illustrate the cloning process that was used to clone the other nAChR subunits and

chaperones.

After the nested PCRs, both PCR1 and PCR2 products were run on an agarose gel and the band
from the second PCR, if it was at approximately the expected size (commonly around 1.5 kb),

was excised for further purification (Figure 3.2). Purified nAChR subunit chaperones were then
cloned into the pCl plasmid (Chapter 2.4.2.2-3), which were then used to transform competent

E. coli (Chapter 2.4.2.4).

67


https://bipaa.genouest.org/sp/myzus_persicae/

3 kb

1kb
0.5 kb

3kb

1kb
0.5 kb

Figure 3.2 Example agarose gels showing amplification products after reverse transcription and PCR. Well numbers
in table correspond to labelled well numbers on gel. Gel images of amplification products of M. persicae 81 and 82
nAChR subunits before and after band excision. The photograph of the top gel was taken with low UV before excision
on a Transilluminator Model MUV2020-312 (Major Science, Saratoga, CA, USA). The bottom gel photograph was
taken, after excision using a Bio-rad Gel imager (Hercules, CA, USA). The 1kb NEB plus ladder (Figure 2.2.) was used.

After colony PCRs were carried out on E. coli transformants (see Chapter 2.4.2.5), amplification
products were run on an agarose gel to identify which colonies contained an insert. In the

case of B1 colonies 1, 2, 3, 4, 5, 6, 7 contain the cloned subunit and for B2 colonies 11, 13, 14
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and 18 contain the cloned subunit, indicated by amplification products of the expected size of

~1.5 kbp and ~1.3 kbp for B1 and B2, respectively (Figure 3.3).

Well 1 2 3 4 5 6 7 8 9 10 | 11 | 12
Row 181 | 1kb plusladder | 1 2 3 4 5 6 7 8 9
Row2B2 | 1kb plusladder | 10 (11 (12 | 13 |14 | 15 | 16 | 17 | 18

3kb

1kb
0.5kb

3 kb

1kb
0.5kb

Figure 3.3 Agarose gel of colony PCR to detect the cloning of M. persicae 81 and 82 nAChR subunits from
transformed E. coli colonies. Well numbers in table correspond to labelled well numbers on gel. The top row shows
81 colonies and the bottom row 82 colonies. The image taken using a Bio-rad Gel imager. The 1kb NEB plus ladder
(Figure 2.2) was used.

Colonies identified as containing the pCl plasmid with a cloned insert were used to inoculate

LB medium for purification of the plasmid by miniprep (Chapter 2.4.2.6). After the minipreps a

5 ul sample was digested with Xhol and Xbal. The digests were then run on a gel to confirm

that the minipreps contained the insert (Figure 3.4).
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Well |1 2 3 4 5

1 kb plus ladder Blc4 | P1c6 | B2cll | B2cl8

3kb

1kb

0.5 kb

Figure 3.4 An agarose gel showing the digest of the minipreps of M. persicae 81 and 82 with Xhol and Xbal. Well
numbers in table correspond to labelled well numbers on gel. Both the pCl plasmid (~3 kb) and insert (1-1.8 kb) can
be seen. The image taken using a Bio-rad Gel imager and the red bands were a result of overexposure. The 1 kb
plus ladder (Figure 2.2) was used.

3.3.3 Sequences of Cloned M. persicae Nicotinic Acetylcholine Receptor Subunits

The al, a2, a3, a6, a7, a8, a9, al0 and B1 M. persicae nAChR subunits were successfully
cloned into the pCl vector and sequenced. Phylogenetic analysis of the resulting peptide
sequences confirmed their orthologous relationships with subunits from other insect species
(Figure 3.20 and 3.3.5). For the a4 and 2 subunits, only splice variants with incomplete
predicted open reading frames were cloned (Figures 3.8 and 3.14). The a3 and a8 sequences
were identical to the predicted and previously cloned sequences (Huang et al., 1999) and had
all the features expected of nAChRs (Figure 3.5). The a3 subunit has a slight variation of the

cation selectivity sequence preceding the second transmembrane region, NEK, instead of GEK
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(Figure 3.5) (Corringer, Novere and Changeux, 2000; Jensen, Schousboe and Ahring, 2005).
The al, a4 and B1 subunits have splice variants. Both the a6 and a7 subunits have alternative

exons and different splice variants have been obtained for each of these.

Mper a3

1mktlagaiilcimlviisgcSMNPDAKRLYDDLLSNYNKLVRPVLNNTDPLEPVRIKLKLSQLIDINLK
GEONQIMTTNLWVEQYWYDYKLTWNPDEYGGVEGLHVPSEHVWREPDIVLYNNADGNFEVT LATKAMIHYSG
137 RVEWKPPATYKSSCEIDVEFFPFDEQTCVMKEGSWTYDGEFQVDLRHANEVSGSRVVDVGVDLSEEFYAS
205 VEWDILEVPATIRNEKYYTCCEEPYLDITFNITMRRKTLFYTVNLITPCMGISFLTILVFYLPSDSNEK
2713 VSLSISILLSLTVFFLLLAEITPPTSLVVPLLGKFVLFTMILDTLSICVTVVVLNIHFRSPTTHVMSP
341WVRRVFIHILPRMLIMRRPHYOQMERKSLMGTCHRIMVRTCNGLELRDQESADQLTLHSNDVEPARDLES
408 GVIGCCEIHGPIIALPSSSEINLNAPVPKGRKHWHDCPELHKAVEGAAYTADY TKKEEEEKKIKEDWE
417 YVAMVLDRLFLWIFTLAVTMGSAGIILQAPTLYDNRLPINVRLSEILAHTPTVEKQNYNNIM

Mper a8

1mnilyilplllplsycEFALNNTKFEGNPYKKHLEFDDLLSNYNRLIRPVQNHSENLTVWMGLEKLTQLT
€9 EMNLESQVMTTSVWLIQKWFDCNLEWDPKDYGGLDKLYVPSDHIWLPDIVLENNADGNYEVTLMTKAV
137 LKYTGEVLWSPPATYKSYCEINVLYFPFDEQNCYMMEGSWTYNGNQVDLRHIDQSQGRNRVDVGIDLS
205 EFYLSVEWDLLEVPAVRNEEFYSCCSESYTDITENIKMRRKTLEYTVNLIIPCVGLTEFMTVLVEYLPS
272 DSGEKVTLCSNILVSLTVFFLLLAEITPPTSLAVPLLGKYLLFTMVLVSMSIGMTVVVLNIHFRSPST
341 HTLSPWVRTVFLHMMPQILMMRRPPY SLMTNDGFQSSPGYFNELDYSRDSISDSGGTEQKPPSLTQRH
409 WSFKKIQSVQPHNYPENVMPKTMSPDLLKALQGVCYIAQHTKDADKDKEVIEDWKYVSMVEDRFFLWV
471 FTLACIVGTCAIIFQAPSLYDQRQPIDFQLSSI PRRRSNLALPHEIDFYERT YGAN

Figure 3.5 Peptide sequences of cloned M. persicae a3 and a8 nAChR subunits, which are identical to accession
numbers AJ236786 and AJ236787 when translated respectively. The predicted signal peptide is in lowercase,
predicted transmembrane helices in bold, the cys-loop cysteines underlined and the consecutive cysteines present in

o subunits double underlined.

3.3.3.1 The al Subunit.

Two clones for the M. persicae al subunit were identified. The al sequences of both clones
had all the features associated with nAChRs (Figure 3.6). One clone, c22, is identical to the
predicted and previously cloned sequence (Sgard et al., 1998). The other clone, c21, is missing
20 amino acids when compared to c22 (Figure 3.6) (0Q102299), most likely a result of
alternative splicing. The missing amino acids are located in the intracellular loop, between
TM3 and TM4, which is commonly variable in nAChR subunits (Jones and Sattelle, 2010). The
missing sequence contains a putative protein kinase C (PKC) phosphorylation site (S415) and

another kinase site (S416) (Figure 3.6), predicted using NetPhos 3.1
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(https://services.healthtech.dtu.dk/service.php?NetPhos-3.1). Alternative splicing in the TM3-
TM4 intracellular loop leading to the inclusion/exclusion of potential phosphorylation sites
have been observed in other subunits, for example, the A. mellifera a3 nAChR subunit (Jones
et al., 2006). The clone containing the complete sequence (c22) was used for further

experiments.

Mper alc22 1mkiicaifasvivgqlampYASVYGSADAKRLYDDLLSNYNRLIRPVGNNSDRLTVK
Mper alc2l 1mkiicaifasvivggqlampYASVYGSADAKRLYDDLLSNYNRLIRPVGNNSDRLTVK

Mper alc22 58 MGLKLSQIIEVNLRNQIMTTNVWVEQEWNDYKLKWNPEDYGGVDTLHVPSEHIWLPD
Mper alc2l 58 MGLKLSQIIEVNLRNQIMTTNVWVEQEWNDYKLKWNPEDYGGVDTLHVPSEHIWLPD

Mper alc22 115 IVLYNNADGNYEVTIMTKAILHYTGKVVWKPPAIYKSFCEINVEY FPFDEQTCSMKF
Mper alc2l 115IVLYNNADGNYEVTIMTKAILHY TGKVVWKPPAIYKSFCEINVEYFPFDEQTCSMKF

Mper alc22 172GSWTYDGYMMDLRHISQAPDSDVIEVGIDLQDYYLSVEWDIMGVPAVRHEKFYVCCE
Mper_achlITZGSWTYDGYMMDLRHISQAPDSDVIEVGIDLQDYYLSVEWDIMGVPAVRHEKFYVEEE

Mper alc22 229EPYLDIFFNITLRREKTLEYTVNLIIPCVGISFLSVLVEFYLPSESGEKVSLCISILLS
Mper alc2l 229EPYLDIFFNITLRRKTLFYTVNLIIPCVGISFLSVLVFYLPSESGEKVSLCISILLS

Mper alc22 286 LIVFFLLLVEIIPPTSLTVPLLGKYLLEFTMVLVTLSVEVIVAVLNVNFRSPVTHKMR
Mper alc2l 286LTVFFLLLVEIIPPTSLTVPLLGKYLLFTMVLVTLSVEVTVAVLNVNFRSPVTHKMR

Mper alc22 343PWVVKLFIQILPKVLFTIERPKKGDSIDEDDDDDDEKHGE ILSGVFNVPSEIDKYLGY
Mper alc2l 343PWVVKLFIQILPKVLFIERPKKGDSIDEDDDDDDEKHGEILSGVEFNVPSEIDKYLGY

Mper_achZ400NRGYSFDYDVPPPLP@EhICGARAVCAGGVNGGBGVSAGAGAVTGSNDTVVNMASDE
Mper alc2l 400NRGYSFDYDV———————————————————— NGGAGVSAGAGAVTGSNDTVVNMASDE

Mper alc22 457DEDAIELDAEDEYDDMFSPTTTTDDGLASPTFESHHHHHQHQHGCPVDQQPRHDPAM
Mper alc2l 437DEDAIELDAEDEYDDMFSPTTTTDDGLASPTFESHHHHHQHQHGCPVDQQPRHDPAM

Mper alc22 514QTIQDAKFIAQHVKNQDKFDEIIEDWQYVAMVLDRLFLWIFTCACLIGTALIIFQAP
Mper alc2l 494QTIQDAKFIAQHVKNQDKFDEITIEDWQYVAMVLDRLFLWIFTCACLIGTALIIFQAP

Mper alc22 571ALYDKTKPIDVVYSKIAKKKLOAIL
Mper alc2l 551ALYDKTKPIDVVYSKIAKKKLQATL

Figure 3.6 The aligned sequences of two clones (a1c22 and alc21) of M. persicae al nAChR subunits. The predicted
signal peptide is in lowercase, predicted transmembrane helices in bold, the cys-loop cysteines underlined, the
consecutive cysteines present in a subunits double underlined and putative phosphorylation sites that differ between
the two isoforms circled, predicted using NetPhos 3.1 (https://services.healthtech.dtu.dk/service.php?NetPhos-3.1).

3.3.3.2 The a2 Subunit

We were initially unable to find from AphidBase
(https://bipaa.genouest.org/sp/myzus_persicae/) a complete transcript of the a2 subunit with
the N-terminus required to design primers, the previously cloned a2 subunit had not included
the N-terminus (Sgard et al., 1998). However, by 2020 updates to the website allowed us to
find a predicted complete transcript (LOC111030749). Neither the transcript nor any of the
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clones contained a detectable signal peptide (using SignalP-5.0
https://services.healthtech.dtu.dk/service.php?SignalP-5.0) (Figure 3.7). Starting at the 17t
amino acid there is a series of asparagine residues encoded by a repeated sequence, the
number of these asparagine residues varies with each PCR possibly due to the DNA polymerase
slipping on the repeated sequence (Figure 3.7) (Viguera, Canceill and Ehrlich, 2001). The initial
cloning of the a2 subunit had a frame shift mutation near the C-terminus, this was corrected
using site-directed mutagenesis using the protocol in Chapter 2. The ¢31 and c37 clones were
cloned using the corrected a2 clone as a template. Otherwise, the a2 sequences cloned had
features commonly associated with nAChRs (Figure 3.7). There was a slight variation in the
cation selecting GEK motif from GEK to KEK (Corringer, Novére and Changeux, 2000). The site-
directed mutagenesis-corrected clone was used in DNA expression experiments and the

transcribed c37 clone was used in RNA expression experiments.
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Mper aZ

Mper aZc2o
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Mper a2

Mper aZco
Mper aZc3l
Mper aZc37

Mper a2

Mper aZc2o
Mper aZc3l
Mper aZc37

Mper aZ2

Mper aZc2o
Mper aZc31
Mper aZc37

Mper aZ2

Mper aZco
Mper aZc31
Mper aZc37

Mper aZ

Mper aZco
Mper aZc31
Mper aZc37

1 MPSVAPAAAHDGDIRHNNNNNNNNNNNNNAGTGSSNYNSKKFRGRRRRRGCAQLT
1 MPSVAPAAAHDGDIRHNNNNNNNNN---—-AGTGSSNYNSKKFRGRRRRRGCAQLT
1 MPSVAPAAAHDGDIRHNNNNNNNN-———-— AGTGSSNYNSKKFRGRRRRRGCAQLT
1 MPSVAPAAAHDGDIRHNNNNNNNNNN---AGTGSSNYNSKKFRGRRRRRGCAQLT

56 SSLPLLLLSAVGCLCNPDAKRLYDDLLSNYNRLIRPVSNNTDTVLVKLGLRLSQL
52 SSLPLLLLSAVGCLCNPDAKRLYDDLLSNYNRLIRPVSNNTDTVLVKLGLRLSQL
51 SSLPLLLLSAVGCLCNPDAKRLYDDLLSNYNRLIRPVSNNTDTVLVKLGLRLSQL
53 SSLPLLLLSAVGCLCNPDAKRLYDDLLSNYNRLIRPVSNNTDTVLVEKLGLRLSQL

111 TELNLKDQILTTNVWLEHEWADHKF IWEPLEYGGVKELYVPSEHIWLPDIVLYNN
107 IELNLEKDQI LTTNVWLEHEWADHKF IWNEPLEYGGVKELYVPSEHTIWLPDIVLYNN
106 IELNLKDQILTTNVWLEHEWADHKF IWEPLEYGGVKELYVPSEHIWLPDIVLYNN
108 IELNLEDQILTTNVWLEHEWADHKF IWEPLEYGGVKEKELYVPSEHIWLPDIVLYNN

166 ADGEYVVTTMTKAVLHHSGKVMWTPPAIFKSSCEIDVRYFPFDQQTCEMKEFGSWS
162 ADGEYVVTTMTKAVLHHSGKVMWTPPATFKSSCETDVRYFPFDQHTCFMKFGSRS
161 ADGEYVVTTMTKAVLHHSGKVMWTPPAIFKSSCEIDVRYFPFDQQTCEFMKEGSWS
163 ADGEYVVTTMTKAVLHHSGKVMWTPPAIFKSSCEIDVRYFPFDQQTCEMKEFGSWS

221 YDGNQINLKHIGQLVGTNKVDVGIDLSAYYPSVEWDILGVPAERHEKYYSCCAEP
217YDGNQINLKHIGQLVGTNKVDVGIDLSAYYPSVEWDILGVPAERHEKYYSEEAEP
MEYDGNQINLKHIGQLVGTNKVDVGIDLSAYYPSVEWDILGVPAERHEKYYSQQAEP
218 YDGNQINLKHIGQLVGTNKVDVGIDLSAYYPSVEWDILGVPAERHEKYYSCCAEP

276 YIDIFFNITLRRRTLEYTVNLIVPCVGISYLSVLVFYLPADSKEKISLCITILLS
272 YIDIFFNITLRRRTLEYTVNLIVPCVGISYLSVLVFYLPADSKEKISLCITILLS
271 YIDIFFNITLRRRTLEYTVNLIVPCVGISYLSVLVEFYLPADSKEKISLCITILLS
273 YIDIFFNITLRRRTLEYTVNLIVPCVGISYLSVLVFYLPADSKEKISLCITILLS

331 QTMFFLLISEIIPSTSLSLPLLGKYLLFTMLLVALCVVVTIITIINTHYRQPSTHK
327 QTMFFLLISEIIPSTSLSLPLLGKYLLFTMLLVALCVVVTIITIINIHYRQPSTHEK
326 QTMFFLLISEIIPSTSLSLPLLGKYLLFTMLLVALCVVVTIIIINIHYRQPSTHK
328 QTMFFLLISEIIPSTSLSLPLLGKYLLFTMLLVALCVVVTIITIINTHYRQPSTHK

386 IPSWMRTVFIRALPKMLLMRVPEQLLADSAMKQKOMKTCKKLNLNLARLNAASVG
382 IPSWMRTVEFIRALPKMLLMREVPEQLLADSAMKOKOMKTCKKLNLNLARLNAASVG
381 TPSWMRTVFIRALPKMLLMRVPEQLLADSAMKOEKQOMKTCEKLNLNLARLNAASVG
383 IPSWMRTVEFIRALPKMLLMREVPEQLLADSAMKOQKOMKTCKKLNLNLARLNAASVG

441 ATLNVPPAPVASPPPGHRSPTDSLRRFVAATGRTGCNGTAAAAGAASRLVNAAVS
437 ATLNVPPAPVASPPPGHRSPTDSLRREVAATGRTGCNGTAAAAGAASRLVNAAVS
436 ATLNVPPAPVASPPPGHRSPTDSLRRFVAATGRTGCNGTAARAGAASRLVNAAVS
433 ATLNVPPAPVASPPPGHRSPTDSLRRFVAATGRTGCNGTAARAGAASRLVNAAVS

436 SIDDTLNEVPAATRKKYPFELEKAIHNVKFIQHHLORQDEYNTEDQDWGEVAMVL
492 SIDDTLNEVPAATIRKKYPFELEKATHNVEKFIQHHLOROQDEYNTEDQDWGEFVAMVL
431 SIDDTLNEVPAATRKKY PFELEKATHNVKFIQHHLORQDEYNTEDQDWGEFVAMVL
493 SIDDTLNEVPAAIRKKYPFELEKATHNVKEF IQHHLORQDEYNTEDQDWGEFVAMVL

331 DRLFLWIFTVASIMGTILILCEAPALYDDTKPIDRDLSFIARKQFSPTSDLE
547 DRLFLWIFTVASIMGTILILCEAPALR--RHEANRPGPVVHR-——————————
546 DRLFLWIFTVASIMGTILILCEAPALYDDTKPIDRDLSFIARKQFSPTSDLE
548 DRLFLWIFTVASIMGTILILCEAPALYDDTKPIDRDLSFIARKQFSPTSDLE

Figure 3.7 The aligned sequences of the predicted sequence and three clones (a2c20, a2c31 and a2c37) of M.

persicae a2 nAChR subunits. Predicted transmembrane helices are shown in bold, the cys-loop cysteines underlined

and the consecutive cysteines present in o subunits double underlined.
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3.3.3.3 The a4 Subunit

Four clones of the M. persicae a4 subunit were obtained, none of which had the complete

predicted sequence (Figure 3.8), only a partial sequence had previously been cloned (Huang et

al., 1999). Two clones, c7 and c18, had a splice variant that was missing amino acids 116-212

of the predicted sequence without a frame shift (Figure 3.8). This removes several essential

ligand-binding loops, as well as the cys-loop, so this protein is predicted to be non-functional.

The clones through do possess all of four transmembrane domains and a C-terminal

extracellular domain. The other two a4 clones, c5 and c13, have a splice variant that

introduces a frame shift, producing truncated proteins of only 114 amino acids that ends

within the N-terminal region (Figure 3.8).

Mper a4
Mper adc?
Mper adcb

Mper a4
Mper adc?
Mper adcb

Mper a4
Mper adc’
Mper adcb

Mper a4
Mper adc?
Mper adcb

Mper a4
Mper adc?
Mper adcb

Mper a4
Mper adc?
Mper adcb

Mper a4
Mper adc’
Mper adcb

Mper a4
Mper adc?
Mper adcb

Mper a4
Mper adc?
Mper adcb

Mper a4
Mper adc?
Mper adcb

lmwpkfaflglviirlmvsaNPDAKRLYDDLLSSYNKLVRPVVNTSDVLRVSIKLK
imwpkfaflglviirlmvsaNPDAKRLYDDLLSSYNKLVRPVVNTSDVLRVSIKLK
1mwpkfaflglviirlmvsaNPDAKRLYDDLLSSYNKLVRPVVNTSDVLRVSIKLK

56 LSQLIDVNLENQIMTTNVWVEQAWNDYKLOWDPEEYGGVQMLHVPSDHIWRPDIV
56 LSQLIDVNLENQIMTTNLWVEQAWNDYKLOWDPKEY GGVOMLHVPSDHIWRPDIV
56 LSQLIDVNLENQIMTTNLWVEQAWNDYKLOWDPRKEYGGVOMLHVPSDHIWRPDIV

111 LYNNADGNFDVTPATKAT IYHVGLVEWKPPAIFKSSCEIDVEFFPFDEQTCVLKFE
111 LYNK——————————mm e
111 LYNK-—————————— =

166 GSWTYDGFKVDLRHMDEKVGSNIVDVGVDLSEFYMSVEWDILEVPAVRNEKIYPC

221 CDEPYLDITEFNITMRRKTLEYTVNIIIPCMGISFLTVLTFYLPSDSGEKVTLSIS
122 CDEPYLDITFNITMRRKTLEYTVNITIPCMGISFLTVLTFYLPSDSGEKVTLSIS

276 ILISLHVFFLLVVEIIPPTSLVVPLLGKYLIFAMILVSISICVTVVVLNVHEFRSP
177 ILISLHVFFLLVVEIIPPTSLVVPLLGKYLIFAMILVSISICVTVVVLNVHFRSP

331QTHKMAPWVKRVEIHILPRLLVMRRPOQYQFEPNKFNAGSIMLKGRDIHPCEFQAG
232QTHKMAPWVEKRVEFIHILPRLLVMRRPQYQFEPNKFNAGSIMLKGRDIHPCEFFQAG

386 CGYDSTEPGRDKGRRQTDDSSVSKGTRETSKEDLSSDGEGGSCQIHGVAQSLISD
287CGYDSTEPGRDKGRRQTDDSSVSKGTRETSKEDLSSDGEGGSCQIHGVAQSLISD

441 EISVTIEMTTDCSKSSILLRSPGFLHSSCPPAMHKSCEFCIRFIAEHTKITDDATKV
342 EISVTEMTTDCSKSSILLRSPGFLHSSCPPAMHKSCFCIRFIAEHTKITDDATKV

496 KEDWKYVAMVLDRLFLWIFTLAVFAGTAGIILOAPTLYDDRIPIDKKESEYQTS
397 KEDWKYVAMVLDRLFLWIFTLAVFAGTAGIILOAPTLYDDRIPIDKKFSEYQTS

Figure 3.8 Alignment of the predicted sequence and two clones (a4c7 and a4c5) of M. persicae a4 nAChR subunits.
The predicted signal peptide is in lowercase, predicted transmembrane helices in bold, the cys-loop cysteines
underlined and the consecutive cysteines present in a subunits double underlined.
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3.3.3.4 The a6 Subunit

The M. persicae a6 nAChR subunit is thought to have at least two splice variants with two

alternatives for exon 8, from the predicted sequences (Dale et al., 2010). We have cloned a

complete coding sequence containing exon 8a (c3 and c4) (which had previously been cloned

(Kirwan, 2003)) but the clones containing exon 8b (c6 and c8) had a nonsense mutation later in

the clone, most likely due to an error in the PCR (Figure 3.9). Thus, the complete clone (c3)

with exon 8a was used for further experiments. All the a6 sequences cloned had all the

features associated with nAChRs (Figure 3.9).

Mper a6c3
Mper_ aécé

Mper a6c3
Mper a6cé6

Mper aec3
Mper a6cé

Mper a6c3
Mper aecé

Mper a6c3
Mper a6c6

Mper aec3
Mper a6cé

Mper_ a6c3
Mper aecé

Mper a6c3
Mper_ a6cé6

Mper_ a6c3
Mper a6cé6

Mper aec3
Mper a6cé

ImtsstskfvavlfllaavkikesvgGKFERQLLDDLLIEYNPLERPVSNESDPLE
ImtsstskfvavlfllaavkikesvgGKFERQLLDDLLIEYNPLERPVSNESDPLE

56 VIFGITLQQITIDVDERNQIVITNAWLNMEWVDYNMRWNISEYGGVKEKDLRLNPNRL
SeVIFGITLOQIIDVDEKNQIVITNAWLNMEWVDYNMRWNISEYGGVKDLRLNPNRL

111WKPDILMYNSADEKFDGTYQTNVVVRHNGTCLYVPPGIFKSTCKIDITWEPEDDQ
111 WKPDILMYNSADEKFDGTYQTNVVVRHNGTCLYVPPGIFKSTCKIDITWEPEDDQ

166 NCLMKFGSWTYNGFQIDLVLKSDGGDLSDETTNGEWY LLGMPGKEKNVINYACCPE
166 NCLMKFGSWTYNGFQIDLVLKSDGGDLSDETTNGEWY LLGMPGKENV INYACCPE

221PYVDITFTIKIRRRTLYYFFNLIVPCVLISSMALLGFTLPPDCGEKLTL————-—
221 PYVDITFTIKIRRRTLYYFFNLIVPCVLISSMALLGFTLPPDCGEKLT LGHENKTL

267 ——-EITILLSLTVFLNLVAESMPTTSEAVPLIGTYFNCIMFMVASSVVLTLVVLN
276NVTGVTILLSLTVFINLVAETLPQVSDAT PLLGTYFNCIMFMVASSVVLTLVVLN

322YHHRTADIHTMGPWVKCEFFLLWLPWILCMORPGKDISFKAIRSRYTDRRGIELRE
331YHHRTADIHTMGPWVKCESCYGCHGSYVCKGQVKTYRSRPSEVDIQIEEASNSES

377RSSRSLLANVLDIDDDFRASVLSHRVYNSGAASSSSPASESRSVCNYSARELQLT
386 DRQEVY ——— = — == —— —m oo

432 LQEVRY ITDHMRKQQDDQEVINDWKYAAMVVDRFCLIVEFTFFTLVATVAVMYSAP

Figure 3.9 The aligned sequences of two clones (a6¢c3 and a6¢6) of M. persicae a6 nAChR subunits. The predicted
signal peptide is in lowercase, predicted transmembrane helices in bold, the cys-loop cysteines underlined and the
consecutive cysteines present in a subunits double underlined. Exon 8a is highlighted in light grey and exon 8b is
highlighted in dark grey.

3.3.3.4 The a7 Subunit
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The M. persicae a7 subunit was anticipated to have two alternative exons (exon 6 and exon 7)

based on the a7 subunit identified in the aphid, A. pisum (Dale et al., 2010), where exon 6

includes some of the ligand-binding loops and the first transmembrane helix, whilst exon 7

includes the second transmembrane helix. The M. persicae a7 clones identified in this study

contain exon6a and exon7a (c10, c11 and c13) (0Q102300) or exon6a and exon7b (c12)

(0Q102301) (Figure 3.10), thus two out of the four theorised isoforms were cloned. The c11

clone with exon 6a and 7a was used for expression experiments. All the a7 sequences cloned

possessed features associated with nAChRs subunits (Figure 3.10).

Mper a7clO
Mper alclZ2

Mper a7clO
Mper a7cl2

Mper a7clO
Mper a7cl2

Mper a7clO
Mper alclZ2

Mper a7clO
Mper a7cl2

Mper a7clO
Mper alcl2

Mper a7clO
Mper alcl2

Mper a7clO
Mper a7cl2

Mper a7clO
Mper alcl2

Mper a7cl0
Mper alcl2

1mgilpyllivyliiaetlcGPHEKRLLNDLLDPYNTLERPVANESEPLQLSEGL
lmgilpyllivyliiaetlcGPHEKRLLNDLLDPYNTLERPVANESEPLQLSFGL

SSMLMOQITIDVDEENQLLITNMWLKLEWNDVNLRWNHSDYGGVKDLRIPPHKIWKPD
SSMLMQITDVDEKNQLLITNMWLKLEWNDVNLRWNHSDYGGVKDLRIPPHKIWKPD

10SMLMYNSADEGEFDGTYATNVVVNSNGSCVEIPPGIFKSTCKIDITWEPEFDDQKCD
109MLMYNSADEGEDGTYATNVVVNSNGSCVFIPPGIFKSTCKIDITWEPEDDQKCD

163MKFGSWTYDGFQLDLOLQDDHGGDISGF ITNGEWDLLGVPGKRNVIYYSCCPEP
163MKFGSWTYDGFQLDLQLODDHGGDISGF ITNGEWDLLGVPGKRNVIYYSCCPEP

217YIDITFSILIRRRTLYYFFNLIVPCVLIASMAVLGFTLPPDCGEKLSL
217YIDITFSILIRRRTLY YFENLIVPCVLIASMAVLGETLPPDCGEKLSLE AT

271 GTYFNCIMFMVASSVVSTIMILNYHHRNADT
271NN R G\ ey G IR N C TYFNCIMFMVASSVVSTIMILNY HHRNADT

325HVMSKWVKLMFLVWMPCLLCMSRPARDEPPANGSKSSDSKNKSAASSTHHLPDL
324HVMSKWVKLMFLVWMPCLLCMSRPARDEPPANGSKSSDSKNKSAASSTHHLPDL

37SEFRAKSSRSLLANVLDLDDDLRSSTRSYPGARSQVAPMPEHVMVEQQQOQQHAML
378EFRAKSSRSLLANVLDLDDDLRSSTRSYPGARSQVAPMPEHVMVEQQQQQHAMT,

433TGGGGAASAVARASCLGPHRELSLILKELRVITDKLREDEEDEET TNDWKEFAAM
432TGGGGAASAVARAASCLGPHRELSLILKELRVITDKLRKDEEDEET TNDWKEFAAM

437VVDRMCLYIFTFFTVAATIAVIMSAPHVIVT
466VVDRMCLYIFTFFTVAATIAVIMSAPHVIVT

Figure 3.10 The aligned sequences of two clones (a7c10 and a7c12) of M. persicae a7 nAChR subunits. The predicted
signal peptide is in lowercase, predicted transmembrane helices in bold, the cys-loop cysteines underlined and the
consecutive cysteines present in a subunits double underlined. Exon 6a is highlighted in light grey shading. Exon 7a
is highlighted in medium grey shading with white text and exon 7b in dark grey shading with white text.

3.3.3.5 The 81 Subunit

Two clones for the M. persicae B1 nAChR subunit were identified. One clone (c6) was identical

to the complete predicted f1 sequence and previously cloned sequence (Huang et al., 2000),

lacking the adjacent cysteines that defines a subunits (Figure 3.11). The other clone (c4)
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contains the first 325 amino acids then there is a frame shift which results in a premature stop

codon. This variant is missing the fourth transmembrane helix and most of the intracellular

loop (Figure 3.11). The c6 sequence clone had all the features associated with nAChRs (Figure

3.11) and was used for expression studies.

Mper blcé
Mper blc4

Mper blcé
Mper blc4

Mper blcé
Mper blc4d

Mper blcé
Mper blc4

Mper blcé
Mper blc4

Mper blcé
Mper blc4

Mper blcé6
Mper blc4

Mper blcé
Mper blc4
Mper blce
Mper blc4

Mper blcé6
Mper blc4

ImntsvgllmavifvcecsgqfirgcwcSEDEERLVRDLFRGYNKLIRPVQNMTERKVNV
ImntsvgllmavifvcecsgqfirgcwcSEDEERLVRDLFRGYNKLIRPVQNMTERKVNV

56 QFGLAFVQLINVNEKSQIMKSNVWLRLVWRDYQLOWDEADYGGIQVLRLPPDKVW
56 QFGLAFVQLINVNEKSQIMKSNVWLRLVWRDYQLOWDEADYGGIQVLRLPPDKVW

111 KPDIVLFNNADGNYEVRYKSNVLIRPNGELLWIPPAIYQSSCTIDVTYEFPEDQQT
111 KPDIVLFNNADGNYEVRYKSNVLIRPNGELLWIPPAIYQSSCTIDVTYFPFDQQT

166 CIMKFGSWTEFNGDQVSLALYNDRQFVDLSDYWKSGTWDIIEVPAYLNVYQESPTQ
166 CIMKFGSWTFNGDQVSLALYNDKQFVDLSDYWKSGTWDIIEVPAYLNVYQESPTQ

221 TDITFYIVIRRKTLEYTVNLILPTVLISFLCVLVFYLPAEAGEKVTLGISILLSL
221 TDITFYIVIRRKTLEYTVNLILPTVLISFLCVLVEYLPAEAGEKVILGISILLSL

276 VWFLLLVSKILPPTSLVLPLIAKYLLFTFIMNTVSILVTVIIINWNFRGPRTHRM
276 VWFLLLVSKILPPTSLVLPLIAKYLLFTFIMNTVSILVIVIIINWNFRGPTRACA

331 PPWIRTVFLYYLPACMFMKRPKKTRLRWMMEMPGMSGPPHPHHTSPSDLPAPAPP
331 PEFRDAVQTQDGGNGAGRPASSQLODQPKGKRREERE———====—=—————————

386 SSATPSKHEKMEAMELADLHHPNCKINRKASAERRESESSDSLILSPEASKATEAV

Figure 3.11 The aligned sequences of two clones (81c6 and 81c4) of M. persicae 81 nAChR subunits. The predicted
signal peptide is in lowercase, predicted transmembrane helices in bold and the cys-loop cysteines underlined. R81,
which has been found mutated in strains of M. persicae resistant to neonicotinoids (Bass et al., 2011), is highlighted

in grey.

3.3.3.6. The Divergent Subunits

A. pisum possesses three divergent nAChR subunits, a9, a10 and B2 (Dale et al., 2010) (Figure

3.20). To our knowledge, M. persicae divergent nAChR subunits had not been previously

reported. Our BLAST analysis showed that M. persicae also possesses three divergent

subunits, which we denoted as a9, a10 and B2 (Figure 3.20). Complete clones of the a9

(0Q102302) and 010 (0Q102303) subunits were obtained that were identical to predicted

transcripts from AphidBase (Figures 3.12 and 3.13). There was also an a9 clone (c2) with point

mutations compared to the predicted sequence, R181S (AGA to AGC) and D223Y (UAC to GAC),
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neither of these are consistent with A to | editing. As with A. pisum (Dale et al., 2010), neither

the M. persicae a9 nor al0 subunits have both of the two cysteine residues forming the cys-

loop but they do have other features associated with nAChRs such as the YXCC motif

characteristic of a subunits and four TM domains. Neither M. persicae a9 nor a10 possesses

the GEK motif preceding the second transmembrane domain, which is associated with cation

selectivity but this is not unusual for divergent insect subunits (Corringer, Novére and

Changeux, 2000; Jensen, Schousboe and Ahring, 2005; Jones and Sattelle, 2010; Dale et al.,

2010). No B2 subunit clone contained the complete predicted sequence. Two clones (c14 and

c18) were missing the first 83 amino acids and a third clone (c13) was missing the first 192

amino acids (Figure 3.14). There was also no GEK motif, with the sequence TEK instead.

Mper aSc?
Mper aSc?2

Mper aSc?
Mper aSc?2

Mper aSc?
Mper aSc2

Mper aSc?
Mper aSc?2

Mper aSc?
Mper aSc?2

Mper aSc?
Mper aSc2

Mper aSc?
Mper aSc?2

Mper aSc?
Mper aSc?2

1imdglrsglfliflaaycaagDTTNSRLPDENITAGHELRKQLLKNYDKVVVPATS
imdglrsglfliflaaycaagDTTNSRLPDENITAGHELRKQLLKNYDKVVVPATS

56 KKRVPMKVNTVENSVELNYESSHMI IYAWLKVTWIDDRLTWNPNDYDQVNYITFE
56 KKRVPMKVNTVENSVELNYESSHMI IYAWLKVTWIDDRLTWNPNDYDQVNYITFE

111 HFETWHPDLMAYNNIEANTIVDGNTRSIVENTGDVLWVQPVQYRIYCRADMTHWP
111 HFETWHPDLMAYNNIEANTIVDGNTRSIVENTGDVLWVQPVQYRIYCRADMTHWP

166 YDTQTGMLKIGSWVYRTNSINMTDTAHETETHSPQSEWQILRISSEKITKLYSCC
166 YDTQTGMLKIGSWVYSTNSINMTDTAHEIEIHSPQSEWQILRISSEKITKLY SCC

221 PNDPDSHVEYNITVHRNSNTYHPVVFVPALCTALLNLLVFWLSLDDYRYKLIISL
221 PNDPYSHVEYNITVHRNSNTYHPVVFVPALCTALLNLLVFWLSLDDYRYKLIISL

276 FNALIVVVVLQILYSKIPLILSTVPLISLYYTYSLALIVLTATISVVVKNMTIIR
276 FNALIVVVVLQILYSKIPLILSTVPLISLYYTYSLALIVLTATISVVVKNMTIIR

331 KPLSKPISSIVQSKFMEFLAMEVNEPSSSNRIQNEDKEIDLOQYIEFNKRQIFAKT
331 KPLSKPISSIVQSKFMEFLAMEVNEPSSSNRIQNEDKEIDLQYIEFNKRQIFAKT

386 IDKICFIIFSITYVILLSRFVF
386 IDKICFIIFSITYVILLSRFVF

Figure 3.12 The aligned sequences of two clones (a9c7 and a9c2) of M. persicae a9 nAChR subunits. The predicted
signal peptide is in lowercase, predicted transmembrane helices in bold and the consecutive cysteines present in a
subunits double underlined. Single amino acid changes between the a9 clones are highlighted in grey.

Mper aloO

imlgtrhiglfiiiiatqatplwaFFSTVQLYNHNSTVEHILREKNIFKNYDKIVKPYAPQDKNSLE
66 VSMEMLVKSAELNYEKSOQMILSTWFIANWIDDRLTWNPSEYEHLNSIIVDHREIWHPDIMAFNNV

131 DANMEDDRTHVNSVVNRSGGVIWVEPVQYITHCKTDTTNWPHDTQTGVLKLGSWLYLGRDLNLTT
196 DEGHEVEMASSHSEWDITNVSKERNIRYYDCCPDEQYIDIEYNITIRRKVHPYKSVLYIPALCST
261 SENLLTFWLPYTDNQSKLEVNLENALFVTLATMVVYTKVPIVTSTVPLIVVYYTYSLGLIATTAV
326 LSMAVKSMSAVSKPLPHGITWEFLHSDYLVYLGIEINGSTTDCHMLCESEEMIAQAADLNERQKLA
3¢1 KVIDRICFVVFAFVYLVLLLRLMP

Figure 3.13 The cloned sequence of the M. persicae a10 subunit. The predicted signal peptide is in lowercase,
predicted transmembrane helices in bold and the consecutive cysteines present in o subunits double underlined.
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imfncflkkvlcliiliklvnidaATTGNNGKQNWNDTWTDKLRRDLLREYDRHS

55 RPVISDHLTNVTVNTVLKYVDLDFQNS IMT INAWVSMTWQDEKLLWNVSDYGGT
L — MT INAWVSMTWQDEKLLWNVSDYGGT

109 KVVNMAYDEIWMPDIVAYNSADGHHDETYGKINCVVRSDGMVHWI PPAKFRVEC
27KVVNMAYDETWMPDIVAYNSADGHHDETYGKINCVVRSDGMVHWI PPAKFRVEC

163 DVDLTYWPFGEHTCSLRLGSWTYDGNSVSMQINQKINTADMINLEEGCKWDITK
81 DVDLTYWPFGEHTCSLRLGSWTYDGNSVSMQINQKINTADMINLEEGCKWDITK
S MQINQKINTADMINLEEGCKWDITK

217 VTQRRRVESYSCNSNDIYEDIHYSITVKRKIPAYHSIVVIPATIVVVFLTLSVEW
135 VTQRRRVESYSCNSNDIYEDIHYSITVKRKIPAYHSIVVIPATVVVFLTLSVEFW
26 VTQRRRVESYSCNSNDIYEDIHYSITVKRKIPAYHSIVVIPAIVVVFLTLSVEW

271 LPPESTEKFMLSGVTLVIVCILLMMISSNVPIMSDRIPLIVMFYSNSLGMVTLS
189 LPPESTEKFMLSGVTLVIVCILLMMISSNVPIMSDRIPLIVMFYSNSLGMVTLS
80 LPPESTEKFMLSGVTLVIVCILLMMISSNVPIMSDRIPLIVMFYSNSLGMVTLS

325 MVFSVLILHNLAKSKQPDHKVPKF ITQLLNTKEFGTVMRETSLKNDEDDKILDESN
243 MVFSVLLHNLAKSKQPDHKVPKFITQLLNTKFGTVMRFTSLEKNDEDDKILDESN
134 MVFSVLIHNLAKSKQPDHKVPKF ITQLLNTKEFGTVMRETSLKNDEDDKILDESN

379 EDKSKHLOQLKESQWYYLALILDRTMFIVYLFLFIVMVIYFLK
297 EDKSKHLQLKESQWYYLALILDRTMFIVYLFLFIVMVIYFLK
188 EDKSKHLOQLKESQWYYLALILDRTMFIVYLFLFIVMVIYFLK

Figure 3.14 The aligned predicted sequence and sequences of two clones (82c18 and 82c13) of M. persicae 82 nAChR
subunits. The predicted signal peptide is in lowercase, predicted transmembrane helices in bold and the cys-loop
cysteines underlined.

3.3.3 Description of Cloned M. persicae Nicotinic Acetylcholine Receptor Chaperones

Four potential chaperones of M. persicae nAChRs were identified and cloned; NACHO, UNC-50,

TMX3 and RIC-3.

3.3.4.1 NACHO

The A. mellifera NACHO peptide sequence previously cloned in the laboratory (UKN32600)

(Hawkins, Mitchell and Jones, 2022) was used to tBLASTn search AphidBase

(https://bipaa.genouest.org/sp/myzus_persicae/) and a sequence with 60% identity was

identified (MYZPE13164_0_v1.0_000097510.1) (Figure 3.15). The open reading frame of the

predicted M. persicae NACHO was amplified by RT-PCR, then cloned into the pCl vector
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(Chapter 2.4.2). The sequence of the clone was identical to what was predicted and contains a

signal peptide and three transmembrane helices (Figure 3.15) (0Q181221).

Mper NACHO imgsivlkslsvllgifflfvgtlkmspvisKELHKDLRKDYVKYAKVEPLSEKM
Amel NACHO imgsvvlkslsvllgiffvfvgtmkltshisKDLHKDLRKEYVKYAKVFPLSGT

Mper NACHO s4IDFKVPAKWYRRAVGGTEVLSGVCLAFVPYRNVKQGANITLLMSHLLAVYTHY
Amel NACHO S54LDFKVPSKWYRRVVGSLEIICGLAMAIVPSHKIKNASNTVLLLLMLMAVYSHY

Mper NACHO 107AAKDKFERMAPALVFLFMLAGRLVIDYQLRRKELAEIAEP----KAQKQE
Amel NACHO 107MVNDKFERIAPALVFFFMLTGRLVIDWQLRREDTQPVTANGVDDKTKKQD

Figure 3.15 The aligned sequences of NACHO from M. persicae and A. mellifera (UKN32600) (Hawkins, Mitchell and

Jones, 2022). The predicted signal peptide is in lowercase and predicted transmembrane helices in bold.

3.3.4.2 UNC-50

The predicted protein sequence for M. persicae UNC-50 (XP_022181810.1) was retrieved from
NCBI (https://www.ncbi.nlm.nih.gov/) by text search and then used to tBLASTn search
AphidBase to find the corresponding transcript from which primers were designed to amplify
the full coding region before cloning into pCl (Chapter 2.4.2). The cloned sequence was
identical to the predicted sequence. No signal peptide was found for UNC-50 but it was

predicted to have six transmembrane helices (Figure 3.16).

Mper UNCS50

IMPSSVNSFRSTSSLTYLPSPVTQRTCMSAAVKRYRYLRKLTNFEQMDFEFALWOMT FLEINPQKVYRN

69FQHRKETKLQFARDDPAFLVLLSGLLCVSSIAFTYVLRLGEVEFLKFLLYIVTVDCLLSGVIISTVLW

137LVANRYLIKSNYKGODVEWAYAFDIHLNAFVPTLVISHIFQLFFYHIFLRHDWFLPLF IGNTLWLIAT
205GYYLYITFLGYSCLPILQKTEVLLTPFILLFFLYILSFAINWNISDNVMSTYKYRTL

Figure 3.16 The cloned sequence of M. persicae UNC-50. Predicted transmembrane helices are in bold.
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3.4.4.3 TMX3

The predicted protein sequence for M. persicae TMX3 (XP_022177952.1) was retrieved from
NCBI (https://www.ncbi.nlm.nih.gov/) by text search and then used to tBLASTn search
AphidBase to find the corresponding transcript from which primers were designed to amplify
the full coding region. The cloned sequence was identical to the predicted sequence. TMX3

contains a putative signal peptide and one transmembrane helix (Figure 3.17).

Mper TMX3

ImmisniftttlgfivsvillkdvrsSRVLELSDGFIEMENDGHWEIMEYAPWCGHCKKLEPIWRHVAQ
6SATLHHSDIRVGKIDCTRYKRVVSEFGLSGYPTIMEFRDREGEFKENSERSTEEMVHFAKRLARPPVQEV
137TTDSKDIEMLEQTKENEFME IGKSVGHTWDLEYDLAKQYQAHSYEFY ITPEITGEKQHEFVFGETPAVVVYEK
205EEQHYSFNADEWDMDENTSLTOWINTERFDTEVEVTRSNIHHMLETNKY LVLALVEENKIEKL.PPHHS
2ZI3EFLOMVESVIVENEERFHRNFQFGWIGSPEFASSITSSDVSLPSLITYNSSTRHHHFPKEKPHELTPE
MISTTIFLEAVRNQSVEAYGGSGVEIQOMYRMY YETKKSLVN IWVNNPAVASVLFGLPIGFLLLICYSTCC
408TDIMDASDDDEEDVHHEKKE

Figure 3.17 The cloned sequence of M. persicae TMX3. The predicted signal peptide is in lowercase and predicted

transmembrane helices in bold.

3.3.4.4 RIC-3

The predicted protein sequence of M. persicae RIC-3 was retrieved from AphidBase (Accession
number: g23094.p2) by text search. This sequence information was used to design primers to
amplify and clone the M. persicae RIC-3 open reading frame (Chapter 2.4.2). As with RIC-3
from other species (Lansdell et al., 2008; Ben-Ami et al., 2005; Halevi et al., 2003; Treinin,
2008) M. persicae RIC-3 appears to have multiple isoforms. Two clones were identical to the
predicted sequence (c23 and c30) (Figure 3.18), which has most of the features associated with
RIC-3, including two transmembrane domains flanking a proline-rich region and a coiled-coil
domain (Treinin, 2008; Halevi et al., 2003). As with D. melanogaster and A. mellifera (Lansdell
et al., 2008; Ihara et al., 2020), no signal peptide was identified but the first transmembrane
helix starts only 11 amino acids from the N-terminus. In human RIC-3 the signal peptide is not

cleaved (Castelan et al., 2008) so the first transmembrane helix likely remains attached.
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Another M. persicae RIC-3 isoform was cloned (c21) which contains a splice variant that
appears to remove the coiled-coil domain (Figure 3.18) (predicted using https://bcf.isb-
sib.ch/cgi-bin/webmarcoil/webmarcoilCl.cgi). In other species, variants which lack the coiled-
coil domain are found but this appears to have no effect on function (Lansdell et al., 2008;
Halevi et al., 2003; Ben-Ami et al., 2005; Castelan et al., 2008). Further variation is increased
by a potential A to | editing site which converts M291 (ATG) (numbers from the predicted
peptide sequence) to V291 (GTG) (c25 and c21) (Figure 3.19), this is the only A to | editing

identified in in any of the M. persicae nAChR subunits or chaperones studied here.

Comparing RIC-3 from M. persicae and from other species (Figure 3.18), the RIC-3 from D.
melanogaster (BCD56240.1) is fairly similar to the M. persicae RIC-3 except for some variation
in the middle. The sequence of RIC-3 from A. mellifera is only similar to the other RIC-3
sequences at the N terminus and the C terminus and has a very different sequence for most of
the protein. However, the sequence identity between RIC-3 from M. persicae and RIC-3 from

D. melanogaster or A. mellifera is similar (28%).
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Mper RIC3cZ3
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Mper RIC3c2l
Dmel RIC3
Amel RIC3

Mper RIC3cZ3
Mper RIC3cZ5
Mper:RIC3c21
Dmel RIC3
Amel RIC3

Mper RIC3cZ23
Mper RIC3c25
Mper:RIC3c2l
Dmel RIC3
Amel RIC3

Mper RIC3c23
Mper RIC3cZ5
Mper RIC3cZl
Dmel RIC3
Amel RIC3

Mper RIC3c23
Mper RIC3cZ5
Mper RIC3cZl
Dmel RIC3
Amel RIC3

Mper RIC3c23
Mper RIC3cZb5
Mper RIC3cZl
Dmel RIC3
Amel RIC3

Mper RIC3c23
Mper RIC3cZ2b5
Mper RIC3cZl
Dmel RIC3
Amel RIC3

Mper RIC3cZ3
Mper RIC3c25
Mper RIC3cZl
Dmel RIC3
Amel RIC3

Mper RIC3c23
Mper RIC3c25
Mper RIC3cZl
Dmel RIC3
Amel RIC3

11— MATEISQSKTICILAVVAGCFAILWPSLFYPMLKGSFAP

11— MATEISQSKTICILAVVAGCFAILWPSLFYPMLKGSFAP
11— MATETSQSKTICILAVVAGCFAILWPSLFYPMLKGSFAP
1MPATATSKPRAPLVEEGMTPKKTALIIVIVIGCIAILWPKVFHPMME GGVPP
11— MAEITDEGPRKTIFILATVAGCFAVLWPKIFYPMLTASVNP
AWQTHIDNI P——————— QERTPVHLEASKASMHPALMEKGRATPQPHIGPRHGS
J0QTHIDNI P——————— QERTPVHLRASKASMHPALMEKGRATPQPHIGPRHGS
40QTHIDNI P——————— QERTPVHLRASKASMHPATLMEKGRATPQPHIGPRHGS

53 SQPNFEDPRVAPGGLRQERPAHLHP--ESTYQAMRERGRATPATPTVPILER
42HHMTDNSACCGVIFESDVTAADIMYETCONILKHHQTIDPRIRDALRTIKLTP

85PTPHSFKPP——————— IPGSRPTMGGMGGASNKMVGGDGGGA——————— MNT
85PTPHSFKPP——————— IPGSRPTMGGMGGASNEMVGGDGGGA——————— MNT
85 PTPHSFKPP——————— ITPGSRPTMGGMGGASNKMVGGDGGGA——————— MNT
103KTSPSNPPPRIVDG——-RPGPIPGMRPPMGAGALHQPOORGSS —————— MGF

94 QSASICREEILARCGIDLSTFLAKREHLEKSYKOVLEETRSFNSSLCLKINE

123 LMPMYTIGILLFEVYTMMKLLS-KKDDVEDTIDDKY S—-SHYPCGRDSKSKL
123 LMPMYTIGILLFEFVYTMMKLLS-KKDDVEDTIDDKY S——-SHYPCGRDSKSKL
123LMPMYTIGILLFEVYTMMKLLS-KKDDVEDTIDDKY S——-SHYPCGRDSKSKL
146 LMPLYTIGIVVFEFGYTIMKIMF -KKQVPNDEPYGAAPPNPAFRQEVFGSQNHS
146 GIPLSQLGTPHLIRYHILMPHNT IKQERRTPPHAGGLHPALRERGRAIPSSH

172 QPONLP-TKLGFIEKDTRDLEIDALRRKLEETEAAMERIVKQMILA——————
172 QPQNLP-TKLGF IEKDTRDLE IDALRRKLEETEAAMERIVKQMI LA-—————
172 QPQNLP-TKLGFIEKDT-——IVNAFSSLLEDVN-——REILSSIIEK-—————
197 QVEDLGGSKLGWREHQTRAATATARAKKPARKDTEKELYNASVSAT-—————
196 IVPKVS—-DRPDHVVPKMRPPLGGAGHVVPAPKGSGTMGIIMPLYTLGIVLEF

217 -——SECNGMDG——————————————— NKEFKNENIDDGESPEHVISNENVNDK
217 --SECNGMDG——————==——————— NEKEFENENIDDGESPEHVISNENVNDK
211 --ENVPTIIE——————————————— NEEFKNENIDDGESPEHVISNENVNDK

243 -—EVASSLSASLKSHQQLKEAEQILMETIEKLROQKLESTERAMAQLVAEMNTDQ
245 LYTIVKVLRENSDSEITISEYPGARAEKEFREKMVESPEAFATAMTGGTMNYQK

252 ITTKKS —————————~— TSSEESKSIKSLSTSDENTTDS ——————————————
252ITTKKS—————————— TSSEESKSIKSLSTSDENTTDS——————————————
246 ITTKKS—————————— TSSEESKSIKSLSTSDENTTDS ——————————————
293 YEAKKND——————— NEKTREQPVDKQNLSNGHASSTDQNPEQETRARKGARKR

301 ERSPSPQRPTPTLEELKDLDGPPKSKGLAGIDRSSKDN-TIAQVQYSTEDKV

280 -EISVEKKIIQVVNMETSESVGGGHCWT ———-PTEREKIPSKCKTTS—IEEPI
280 -EISVKKIIQVVNVETSESVGGGHCWT——-PTEKEKIPSKCKTTS—IEEPI
274 —EISVKKIIQVVNVETSESVGGGHCWT——-PTEKEKIPSKCKTTS——IEEPI
333 RDLSAERELTVLGMELTASCEGGHKWTGRPPTPVFRAPSEHSKLEDNLPEPQ
352ENTEHSPTIKVMGMEMTASCENKGSRP———-TTPITPISPSHIERE-—KTPPK

326 SLLIPGMIPRKNSQVLISDGPCNTP———————— LETEDHEAVISSKVTLSLIP
326 SLLIPGMIPKNSQVLISDGPCNTP———————— LETEDHEAVISSKVTLSLIP
320SLLIPGMIPENSQVLISDGPCNTP———————— LETEDHEAVISSKVTLSLIP
3B0STYLEGATLAHESQILVADSQIKREEVYDSELNGSAEEPATTILSSRMTLSLIN
39S PIYLEGALPPQCELLVTDSETQAQK—————— AEEDVEAPVVLSGEMTLSLIS

370 DDRVEEYLTSDEAEDDNTTSTLSNINQYDEK
370 DDRVEEYLTSDEAEDDNTTSTLSNINQYDEK
364 DDRVEEYLTSDEAEDDNTTSTLSNINQYDEK
442 LDANQONGNAGKSAVESPLADDIEI IGHDEQ
445 LDQNAAVRKY —————————————————————

Figure 3.18 The aligned sequences of three clones (RIC3c23, RIC3¢25 and RIC3c21) from M. persicae, DmRIC-3672

from D. melanogaster (Lansdell et al., 2008) (AM902271 translated using ExPASy

https://web.expasy.org/translate/), also from (lhara et al., 2020) and Amel RIC-3 from A. mellifera (lhara et al.,

2020) (BCD56240.1). Bold shows predicted transmembrane helices, underlined predicted coiled-coil domains and

boxed putative A to | editing. Dmel RIC-3 and Amel RIC-3 transmembrane helices predicted with MemBrain 3.1
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(Feng et al., 2020), coiled-coil domains predicted with DeepCoil (Zimmermann et al., 2018; Gabler et al., 2020;
Ludwiczak et al., 2019).

G850 major peak from
) Atolediting read as
] |i| N GTG V291
’ 'll ' ‘ | “ 'l |.
f'” '| | ' \ | |' A850 minor peak
il. Al ,} _".,./-— — present in genome read
VT ‘,‘ as ATG M291

Figure 3.19 A section of the chromatogram of the PCR product of M. persicae RIC-3, showing potential A to | editing.
ABI1 file displayed using Chromas (Technelysium, South Brisbane, Australia).

3.3.5 Phylogenetic Analysis of the Cloned M. persicae Nicotinic Acetylcholine Receptor

Subunits

A phylogenetic tree of insect nAChRs was constructed using the cloned M. persicae peptide
sequences (Figure 3.20), unless there was sequence variation or there was no complete cloned
sequence in which case the predicted sequence was used (a4 and f2). Also included in the
phylogenetic tree are nAChR sequences from the aphid A. pisum, the fruit fly D. melanogaster
and the honeybee A. mellifera. The nAChR subunit sequences cloned from M. persicae are in
monophyletic groups with orthologous subunits from other species. The orthologous A. pisum
and M. persicae sequences are very close together on the tree, reflecting the high sequence
similarity due to the fact both species belong to the same order. The tree shows that the
nAChR subunits from D. melanogaster and A. mellifera expressed in (lhara et al., 2020) are in
the same monophyletic groups as the nAChR subunits from M. persicae we are expressing,
these groups are outlined in black (Figure 3.20). Three divergent subunits from M. persicae
were cloned, a fourth divergent subunit (B3) was predicted (Jones personal communication)

but was not identified from cDNA.
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Figure 3.20 Tree showing the relationship of M. persicae (Mper) subunits with those of A. pisum (Apis), A. mellifera

(Amel) and D. melanogaster (Dmel), ELIC was used as an outgroup. For accession numbers for A. pisum, D.

melanogaster and A. mellifera see Figure 5.1 in Chapter 5.
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3.4 Discussion

3.4.1 M. persicae nAChR Subunits

In this chapter we identified the complete nAChR subunit gene family from the aphid M.
persicae. 11 M. persicae nAChR subunit genes were identified similar to the A. pisum genome
(Dale et al., 2010). As shown in Figure 3.19, M. persicae possesses al-4, a6-8 and 1 nAChR
subunits, which are core subunits with clear orthologous relationships with subunits from
different insect species. As with A. pisum, M. persicae does not possess an a5 subunit (a M.
persicae nAChR subunit previously denoted as a5 has since been shown to be orthologous to
a4 subunits (Huang et al., 1999; Jones et al., 2005)). This is speculated to be because
Hemiptera are a more ancient order of insects and the a5 subunit evolved more recently (Dale
et al., 2010). There are three divergent subunits a9, a10 and 2 which are closely related to

the orthologous A. pisum subunits but have no D. melanogaster or A. mellifera orthologues.

The open reading frame of nine of the M. persicae nAChR subunits were amplified and cloned
into the pCl vector to enable heterologous expression studies. All the complete cloned M.
persicae subunits have the features expected of nAChRs; a signal peptide and four
transmembrane helices. All the nAChR subunits possess the cys-loop apart from a9 and a10,
which lack one of the cysteines, the same as in A. pisum a9 and a10 subunits (Dale et al., 2010;
Liu et al., 2013). Lacking the cysteines may reflect more ancestral subunits such as those found
in bacteria (ELIC) (Tasneem et al., 2004). There was variation in the cation selective GEK motif
in a2, a3, a4 and B2 subunits. The a9 and a10 subunits lack the GEK motif entirely, which is
not unusual for insect divergent subunits (Corringer, Novére and Changeux, 2000; Jensen,
Schousboe and Ahring, 2005; Jones and Sattelle, 2010). However, variation in the core a2 and
a3 subunits is only found in aphids (Dale et al., 2010; Liu et al., 2013). A signal peptide was
also not detected for the a2 subunit and thus it was initially difficult to find the N-terminus on
AphidBase, this is similar to in A. pisum where the complete reading frame was not found for

the a2 subunit (Liu et al., 2013).

Splice variants were discovered in the M. persicae al, a4, a6, a7 and 1 nAChR subunits. For
A. pisum only the a4, a6 and a7 subunits were found to have alternative splicing, there was

also tandem duplications of exons 6 and 7 in the a7 subunit (Dale et al., 2010; Liu et al., 2013).
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The alternative splicing in the al subunit is interesting as it leads to 20 amino acids being
removed from the intracellular loop (Figure 3.5), an area of high variability between nAChRs
(Jones and Sattelle, 2010). Such splicing has not been observed in al nAChR subunits of other
insects (Liu et al., 2013; Jones et al., 2020; Shao, Dong and Zhang, 2007; Jones et al., 2010;
Jones, Grauso and Sattelle, 2005) although in the A. mellifera a3 subunit alternative splicing
leads to variation in this region which is suspected to affect phosphorylation (Jones et al.,
2006). Forthe M. persicae al subunit two putative phosphorylation sites are absent in one of
the splice variants (Figure 3.5). Phosphorylation has a possible role in desensitisation
(Changeux, 2012). Two splice variants leading to truncations of the M. persicae a4 subunit
were cloned (Figure 3.7), similar to a previous report where a partial version of the aphid a4
subunit (originally denoted as the a5 subunit) had been cloned (Huang et al., 1999). In one of
our M. persicae a4 clones lack of splicing to the next exon results in the introduction of a
premature stop codon so only the first 114 amino acids are translated; this is similar to
alternative splicing in the D. melanogaster and L. migratoria a4 subunit (Figure 3.7) (Lansdell
and Millar, 2000a; Zhang et al., 2017). The other splice variant remains in frame and is missing
amino acids 116-212 from the predicted sequence, which removes the cys-loop and several
essential acetylcholine binding loops so this protein is predicted to be non-functional. This
does not fit with previous theories regarding truncated versions of nAChR, which were
postulated to act as a binding protein soaking up excess acetylcholine in the extracellular space
(Sattelle et al., 2005). In A. pisum a4 there was alternative splicing of exon 4, between exon 4
and exon 4’ (Liu et al., 2013). This splicing of a4 is highly conserved in several insect species
(Jones and Sattelle, 2010; Jones et al., 2020; Zhang et al., 2017). Splicing of the a6 subunit is
also common in insects (Liu et al., 2013; Shao, Dong and Zhang, 2007; Jones, Brown and
Sattelle, 2007; Zhang et al., 2017; Jones et al., 2020). The M. persicae a6 subunit has two
versions of exon 8 (Figure 3.8), similar to A. pisum which has alternative splicing of exon 8 in
the a6 subunit (Liu et al., 2013; Dale et al., 2010). Alternative splicing of the a6 subunit
introduces variation around TM2, which forms the pore and so may affect ion conductance
(Corringer, Novere and Changeux, 2000). Alternative splicing of the a7 nAChR subunit has
been observed in a small number of insects, A. pisum, B. germanica and P. americana (Dale et
al., 2010; Jones et al., 2020). Two splice variants of the M. persicae a7 subunit were
successfully cloned containing exon6a and exon7a or exon6a and exon7b, so there are two
further predicted isoforms containing exon6b that were not detected. This introduces
variation at the C-terminal section of the N-terminal extracellular domain and TM1 (exon 6) or

in the TM2 region (exon 7) (Figure 3.9), which may alter ion conductance as TM2 forms the
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pore lining (Corringer, Novere and Changeux, 2000). Splicing of the a7 subunit, only found so
far in aphids and cockroaches (Dale et al., 2010; Jones et al., 2020), is theorised to reflect
stages of gene duplication events leading to the generation of a separate subunit, a5 (Dale et

al., 2010).

Several insect nAChRs undergo RNA editing, in particular the a6 subunit (Jones and Sattelle,
2010). However, when analysing amplified cDNA no A to | editing was identified in any of the

M. persicae nAChR subunits, similar to A. pisum (Liu et al., 2013).

3.4.2 M. persicae nAChR Chaperones

3.4.2.1 NACHO, UNC-50 and TMX3

The cloned M. persicae NACHO had 60% amino acid sequence identity to the previously cloned
A. mellifera NACHO (Hawkins, Mitchell and Jones, 2022). Both NACHO sequences share the
same predicted structure of four transmembrane helices (including the signal peptide), which
was also the same as human NACHO (Gu et al., 2016). Previously, D. melanogaster NACHO
was found to substitute for human NACHO in fully augmenting human a7 expression in human
cells despite sharing only 37% identity (Gu et al., 2016), indicating that the function of NACHO
is even more conserved than sequence identity. Thus, it is expected that M. persicae NACHO
will fulfil the same functions as A. mellifera NACHO with 60% identity. A. mellifera NACHO
permitted the expression of the A. mellifera a6 nAChR in X. laevis oocytes (Hawkins, Mitchell
and Jones, 2022). Perhaps M. persicae NACHO may have a similar effect with the M. persicae
a6 nAChR subunit.

The percentage sequence identities of UNC-50 and TMX3 cloned from M. persicae compared
to the sequences of UNC-50 and TMX3 from D. melanogaster, A. mellifera and B. terrestris
(Ihara et al., 2020), are displayed in Table 3.1. These chaperone proteins were found to permit
expression of nAChRs consisting of a variety of subunits in X. laevis oocytes (Ihara et al., 2020;
Brunello et al., 2022; Takayama et al., 2022; Rufener et al., 2020). M. persicae UNC-50 was
predicted to have six transmembrane domains, in contrast to UNC-50 of L. salmonis, C.
elegans, human, A. mellifera and D. melanogaster that are not predicted to have the first
transmembrane helix (Rufener et al., 2020; Brunello et al., 2022) thus instead have five

transmembrane domains. This may be an artefact of the transmembrane prediction software
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or the M. persicae UNC-50, with the extra transmembrane domain, may have a different
topology at the membrane. None of the UNC-50 sequences were predicted to have a signal
peptide (Rufener et al., 2020; Brunello et al., 2022; Fitzgerald et al., 2000). M. persicae TMX3
is predicted to have one transmembrane domain near the C-terminus and a signal peptide, the
same as predicted in L. salmonis, D. melanogaster, A. mellifera and C. elegans (Rufener et al.,
2020; Brunello et al., 2022). Some of the sequence before the transmembrane domain, near
the N-terminus but after the signal peptide may contain the thioredoxin-like domain (Rufener

et al., 2020; Brunello et al., 2022).

Table 3.1 The percentage identity of UNC-50 and TMX3 amino acid sequences cloned from M. persicae to the UNC-

50 and TMX3 cloned from D. melanogaster, A. mellifera and B. terrestris (lhara et al., 2020).

Species % identity of UNC-50 to M. % identity of TMX3 to M. persicae
persicae UNC-50 TMX3
D. 52 49
melanogaster
A. mellifera 56 47
B. terrestris 57 46
3.4.2.2 RIC-3

Two RIC-3 isoforms were cloned from M. persicae, one containing two transmembrane helices
and a coiled-coil domain, the other with the two transmembrane helices but without the
coiled-coil domain (Figure 3.17). This matches the data from D. melanogaster and A. mellifera
RIC-3 where the coiled-coil domain is in a single exon that is not in every isoform (Lansdell et
al., 2008; Brunello et al., 2022). In human RIC-3 only the transmembrane domains and proline-
rich domain (between the transmembrane helices) are required to enhance human a7 nAChR
expression and this is similar for D. melanogaster (Castelan et al., 2008; Lansdell et al., 2008),
so it is not clear what the roles of these isoforms are. Unlike in D. melanogaster and A.
mellifera (Lansdell et al., 2008; Brunello et al., 2022) no variation was found in M. persicae RIC-

3 between the two transmembrane helices (Figure 3.17). The variant with the longer section
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between transmembrane domains from D. melanogaster lead to lower surface expression of

some nAChRs (Lansdell et al., 2008). This variant from A. mellifera was used to express nAChRs

from A. mellifera in X. laevis oocytes but the RIC-3 from D. melanogaster used to express
nAChRs from D. melanogaster did not contain this section (lhara et al., 2020) (Figure 3.17). A
putative A to | editing site was identified in M. persicae RIC-3 (Figure 3.18) that converts a
methionine to a valine in the C-terminal region of the protein. Not much is known about the
function of this region (Treinin, 2008; Lansdell et al., 2008) so it is not known what effect this

will have on the actions of the protein.

3.5 Conclusion

Most of the nAChR subunits and several protein chaperones from M. persicae have been

cloned to enable subsequent expression experiments.
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Chapter 4 Functional Expression of Nicotinic Acetylcholine
Receptors from Myzus persicae with the Assistance of Protein

Chaperones

4.1 Introduction

Expression of nAChRs in X. laevis oocytes has been highly informative in studying their
functional and pharmacological properties (Buckingham, Pym and Sattelle, 2006).
Unfortunately, achieving functional expression of nAChRs consisting of insect subunits has
proven frustratingly elusive over the past three decades (Sattelle et al., 2005; Millar, 2009).
Recently, robust expression of insect nAChRs was achieved through the use of chaperone

proteins as outlined below.

4.1.1 The Expression of nAChRs Containing the Insect a6 Subunit

A nAChR consisting of the D. melanogaster a5 and a6 subunits was expressed in X. laevis
oocytes, with RIC-3 from C. elegans, the ratio a6:a5:RIC-3 2:4:1 gave the largest response
(Watson et al., 2010). RIC-3 (from C. elegans) also enabled the expression of homomeric
nAChRs consisting of D. melanogaster a5 or a7 subunits and a heteromeric nAChR containing
D. melanogaster a5, a6 and a7 subunits, using D. melanogaster RIC-3 produced no significant
difference in pharmacological properties (Lansdell et al., 2012). Previously in the Jones
laboratory, expression has been achieved of the A. mellifera homomeric a6 nAChR (Hawkins,
Mitchell and Jones, 2022), with the chaperone protein, NACHO (Gu et al., 2016; Hawkins,
Mitchell and Jones, 2022), although expression was observed in only 33% of batches of
oocytes injected, it is not clear what variation in the batches of oocytes leads to this frequency
of expression. It has yet to be determined whether other chaperones or nAChRs are required

for robust and more frequent expression.
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4.1.2 The Expression of lonotropic Acetylcholine Receptors from Nematodes in X. laevis

Oocytes using RIC-3, UNC-50 and TMX3

In the nematode, C. elegans, the levamisole sensitive acetylcholine receptor (L-AChR) is a cys-
LGIC very similar to nAChRs but does not respond to nicotine (Boulin et al., 2008). L-AChRs are
expressed at the neuromuscular junction and consist of UNC-29, UNC-38, LEV-1, UNC-63 and
LEV-8 subunits, mutations in which gives rise to resistance to the anthelmintic levamisole
(Fleming et al., 1997; Culetto et al., 2004; Towers et al., 2005). To reconstitute functional L-
AChRs in X. laevis oocytes eight proteins were required; LEV-8, UNC-38, UNC-63 (a subunits),
LEV-1 and UNC-29 (non-a subunits) and three chaperone proteins RIC-3, UNC-50 and TMX3
(UNC-74) (Boulin et al., 2008). This receptor responded to acetylcholine in a concentration-
dependent manner with an ECsp of 26 uM (Boulin et al., 2008). The use of RIC-3, UNC-50 and
TMX3 allowed the expression of similar L-AChRs from a parasitic nematode Haemonchus
contortus, although they had slightly different subunit combinations; ACR-8, UNC-29, UNC-38
and UNC-63 or UNC-29, UNC-38 and UNC-63 (Boulin et al., 2011). To express the ACR-16
receptor, which responded to nicotine, in X. laevis oocytes only RIC-3 was required, UNC-50

and TMX3 did not increase expression (Boulin et al., 2008).

4.1.3 The Expression of nAChRs from Insects and Crustaceans in X. laevis Oocytes using

RIC-3, UNC-50 and TMX3

In 2020, two papers were published which used the combination of RIC-3, UNC-50 and TMX3
chaperones to express nAChRs from insects and crustaceans in X. laevis oocytes (lhara et al.,
2020; Rufener et al., 2020), extrapolating from the work previously carried out on nematode
acetylcholine receptors. It was found that TMX3 was essential for the expression of a receptor
containing the D. melanogaster al and B1 subunits, with the addition of UNC-50 and RIC-3
increasing expression (lhara et al., 2020; Takayama et al., 2022). Expression of a combination
of a2, a8 and B1 subunits from A. mellifera without chaperones could be achieved, but
expression was very infrequent (Brunello et al., 2022). However, it was found for the
expression of a nAChR made up of a combination of subunits from the crustacean, L. salmonis,
neither RIC-3 alone nor UNC-50 and TMX3 together were sufficient for expression (Rufener et
al., 2020). Thus, to increase the probability of robust and frequent expression we decided to

use RIC-3, UNC-50 and TMX3 in each experiment.
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Expression was achieved with a variety of subunit combinations from D. melanogaster, A.
mellifera, B. terrestris and L. salmonis with RIC-3, UNC-50 and TMX3 protein chaperones (see
Chapter 1, Table 1.1). A nAChR could be created using just al and B1 subunits but other
nAChRs were expressed by the addition of the a2 and a8/B2 subunits (lhara et al., 2020;
Rufener et al., 2020). A nAChR made up of a3, 1 and B2 subunits from L. salmonis was also
expressed (Rufener et al., 2020). When there was an attempt to replicate the expression of a
nAChR consisting of the A. mellifera a1, a8 and B1 subunits (in (Ihara et al., 2020)), expression
was not achieved unless an al variant containing a 26 amino acid-long sequence at the N-
terminus was used (Brunello et al., 2022). Changing the injection ratios of the D. melanogaster
al and B1 subunits gave two different receptors which did not significantly differ in their
affinity or efficacy for acetylcholine but did lead to a different affinity for imidacloprid
(Takayama et al., 2022).

Receptors made up of combinations of al, a2, a3, a8/B2 and B1 subunits from D.
melanogaster, A. mellifera, B. terrestris and L. salmonis had ECses for acetylcholine in the range
1-60 uM (Chapter 1, Table 1.1) (Ihara et al., 2020; Rufener et al., 2020; Takayama et al., 2022).
Receptors made up of combinations of al, a2, a8/B2 and B1 subunits also responded to
imidacloprid, thiacloprid and clothianidin with ECsgs in the range 5-3,000 nM, although the
receptor from L. salmonis made up of a3, 1 and B2 subunits did not respond to imidacloprid
and thiacloprid, only clothianidin (ECso 81 nM) (Ihara et al., 2020; Rufener et al., 2020;
Takayama et al., 2022). Imidacloprid, thiacloprid and clothianidin acted as partial agonists,
with lower maximal responses than acetylcholine, although the response to clothianidin was
usually larger than the response to imidacloprid and thiacloprid (lhara et al., 2020; Rufener et
al., 2020). nAChRs made up of combinations of al, a2, a8 and B1 subunits from D.
melanogaster, A. mellifera or B. terrestris could be inhibited by neonicotinoids in a range too
low for any agonist actions (10 pM-100 nM), although the amount of inhibition varied with the
neonicotinoid and nAChR composition (lhara et al., 2020). The successful heterologous

expression of a nAChR from a crop pest species is yet to be reported.
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4.2 Aims

The aim of the work described in this chapter is to express a nAChR from a pest species, M.
persicae, in X. laevis oocytes with the assistance of the protein chaperones RIC-3, UNC-50 and

TMX3 and to functionally characterise this receptor.

4.3 Results

4.3.1 Expression of a nAChR Composed of the M. persicae a6 and a7 Subunits with
NACHO and RIC-3 by Injection of DNA.

The M. persicae a6 and a7 subunit cDNAs were cloned into pCl and injected into X. laevis
oocytes (Chapter 2.4.2 and Chapter 2.5.2). Based on previous reports successfully expressing
06 and a7 subunits (Lansdell et al., 2012; Watson et al., 2010; Hawkins, Mitchell and Jones,
2022), NACHO and RIC-3 cDNA (also cloned from M. persicae) were co-injected in various
combinations but none responded to 1 mM acetylcholine, over several months of experiments
(13 batches of oocytes). This included DNA from minipreps, midipreps and maxipreps

(concentrations given in Chapter 2, Table 2.7).

4.3.2 Expression of a nAChR Composed of the M. persicae al, a3, a8 and f1 Subunits
with RIC-3, UNC-50 and TMX3 by Injection of DNA.

The M. persicae al, a3, a8 and B1 subunit cDNAs were cloned and injected into X. laevis
oocytes with RIC-3, UNC-50 and TMX3 cDNAs, in a 1:1 ratio with the concentrations given in
Chapter 2, Table 2.7. There was a response to 300 uM acetylcholine in 9 out of 16 batches of
oocytes and this was concentration dependent (Figure 4.1). However, the response was often
too small (less than 100 nA) to measure a concentration response curve. Increasing the
concentration of DNA injected (to the maxiprep concentrations given in Chapter 2, Table 2.7)

did not seem to increase the response to acetylcholine.
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Figure 4.1 Representative current traces showing the response to different concentrations of acetylcholine (10 -300
uM) of X. laevis oocytes injected with M. persicae a1, a3, a8 and 81 nAChR subunit cDNAs and M. persicae RIC-3,
UNC-50 and TMX3 cDNAs.

4.3.3 Expression of a nAChR Composed of the M. persicae al, a2, a8 and 1 Subunits
with RIC-3, UNC-50 and TMX3 by Injection of DNA.

A response to 1 mM acetylcholine was found in one batch of X. laevis oocytes injected with M.
persicae al, a2, a8 and B1 subunit cDNAs with RIC-3, UNC-50 and TMX3 cDNAs out of the two
batches in which expression was attempted (2 out of 12 oocytes, when DNA was injected,
expression was not expected in 100% of oocytes due to difficulty injecting DNA into the

nucleus) (Figure 4.2).
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Figure 4.2 Traces showing the response to 1 mM acetylcholine of X. laevis oocytes injected with M. persicae al, a2,
a8 and 81 nAChR subunit cDNAs and M. persicae RIC-3, UNC-50 and TMX3 cDNAs.

4.3.4 Expression of a nAChR Composed of the M. persicae al, a3, a8 and f1 Subunits
with RIC-3, UNC-50 and TMX3 by Injection of RNA.

In an attempt to increase the consistency of expression, cRNA generated in vitro of M. persicae
nAChR subunits and chaperones (Chapter 2.4.5) was injected into X. laevis oocytes. Expression
of a nAChR consisting of a1, a3, a8 and B1 nAChR subunits from M. persicae with the M.
persicae RIC-3, UNC-50 and TMX3 chaperones was detected in one out of the 17 batches of
oocytes tested (2 out of 23 oocytes, when RNA was injected the number of oocytes with
expression per batch was expected to be higher than when DNA was injected). These oocytes
responded in a concentration-dependent manner but there was not enough data to create a
concentration response curve (requires n = 5) (Figure 4.3). Seven batches were injected with
RNA at a concentration of 100 ng/ul as in (Ihara et al., 2020) and ten with RNA at a
concentration of 200 ng/ul, the increase in concentration of RNA made no difference to the
success of expression. The addition of NACHO did not lead to successful expression (tried in
two batches of oocytes). Neither the use of different RIC-3 variants (c21 and c25) nor the al

variant (c21) lead to expression (tried in two batches each).
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Figure 4.3 Representative current traces showing the response to different concentrations of acetylcholine (100 pM -
300 uM) of X. laevis oocytes injected with M. persicae al, a3, a8 and 81 nAChR subunit RNA and M. persicae RIC-3,
UNC-50 and TMX3 RNA.

4.3.5 Expression of a nAChR Composed of the M. persicae al, a2, a8 and 1 Subunits
with RIC-3, UNC-50 and TMX3 by Injection of RNA.

Out of the five batches of oocytes injected with M. persicae al, a2, a8 and B1 nAChR subunit

RNA plus RIC-3, UNC-50 and TMX3 RNA, one responded to acetylcholine (3 out of 21 oocytes),
in a concentration-dependent manner (Figure 4.4). However, expression was too small for an
accurate concentration response curve to be measured. The addition of NACHO RNA did not

lead to expression, in fact expression was achieved in oocytes without NACHO in the same

batch.
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Figure 4.4 Representative current traces showing the response to different concentrations of acetylcholine (100 pM -
1 mM) of X. laevis oocytes injected with M. persicae al, a2, a8 and 81 nAChR subunit RNA and M. persicae RIC-3,
UNC-50 and TMX3 RNA.

4.3.6 Expression of a nAChR Composed of the D. melanogaster al and M. persicae a3,
a8 and B1 nAChR Subunits with M. persicae RIC-3, UNC-50 and TMX3 by Injection of
DNA.

With limited success expressing nAChRs containing the al subunit from M. persicae, the al
subunit from D. melanogaster was used instead, as receptors containing this subunit had
successfully been expressed (lhara et al., 2020; Takayama et al., 2022). Injecting oocytes with
the D. melanogaster al subunit cDNA and the M. persicae a3, a8 and B1 subunit cDNAs with
RIC-3, UNC-50 and TMX3 cDNA (from M. persicae) robustly responded to acetylcholine in four
out of five batches of oocytes tested. This response was concentration dependent and a
concentration response curve was generated giving an ECsp of 123 (78.1-193) uM (Figure 4.5).
It was observed with all of the expressed receptors in this chapter that oocytes expressing the
receptor also responded to pressure (when SOS alone was applied) (Figure 4.5 (A)) but to a
much smaller extent than the maximal response to acetylcholine. Whereas oocytes that had
no response to acetylcholine or water injected controls did not respond to pressure (or any
chemicals) (Figure 4.7). These effects may represent the opening of endogenous calcium-
dependent ion channels activated by calcium ions (in SOS) entering through the constitutively
open nAChR, as some nAChRs are permeable to calcium ions (Barish, 1983; Vernino et al.,
1992) or these nAChRs may be activated by pressure (although this response does not appear

in every expressing oocyte). This made it difficult to find the concentration of acetylcholine
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that was too low to produce a response from the receptor and so to start the concentration

response curve at zero (Figures 4.5 and 4.7).
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Figure 4.5 Reponses to acetylcholine in X. laevis oocytes injected with the D. melanogaster al nAChR subunit and M.
persicae a3, a8 and 81 nAChR subunits with M. persicae RIC-3, UNC-50 and TMX3. A. Representative current traces
showing responses to different concentrations of acetylcholine (1-1000 uM). The first trace shows the effect of
applied SOS only indicating a response to pressure. B. Acetylcholine concentration response curve. Data are
normalised to the maximal response (300 uM acetylcholine) and have a mean ECsp of 123 (78.1-193) uM from 5

oocytes from 3 different batches of oocytes.

When plotted separately, the individual concentration response curves appeared to show

considerable variation with ECsos ranging from 56.0-235 uM (Figure 4.6). This indicates that

different stoichiometries or combinations of subunits may be expressed, giving varying

affinities for acetylcholine.
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Figure 4.6 Reponses to acetylcholine in X. laevis oocytes injected with the D. melanogaster al nAChR subunit and M.
persicae a3, a8 and 81 nAChR subunits with M. persicae RIC-3, UNC-50 and TMX3. Acetylcholine concentration
response curves plotted separately of the data from Figure 4.5 (B). Data are normalised to the maximal response
(300 uM acetylcholine).

4.3.7 Expression of a nAChR Composed of the D. melanogaster ol and M. persicae B1
with M. persicae RIC-3, UNC-50 and TMX3 by Injection of DNA.

In order to determine the minimum number of nAChR subunits required to form a functional
receptor, D. melanogaster al and M. persicae B1 with M. persicae RIC-3, UNC-50 and TMX3
were injected into X. laevis oocytes. A response to acetylcholine 3-4 days later (Figure 4.7) was
observed in every batch of oocytes (5 batches). Whereas no response was detected when
oocytes were injected with D. melanogaster al alone with M. persicae RIC-3, UNC-50 and

TMX3.

Concentration response curves were generated for the nAChR consisting of D. melanogaster
al and M. persicae B1 from which an ECso of 91.1 (67.7-123) uM for acetylcholine was
calculated (Figure 4.7). Plotting the curves separately did not seem to show multiple
populations of receptors (Figure 4.8), in line with a recent study showing that expression of
different ratios of the D. melanogaster al and B1 subunits does not affect the affinity for

acetylcholine (Takayama et al., 2022).
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Figure 4.7 Reponses to acetylcholine in X. laevis oocytes injected with the D. melanogaster a1l nAChR subunit and M.
persicae 81 nAChR subunits with M. persicae RIC-3, UNC-50 and TMX3. A. Representative current traces showing
responses to different concentrations of acetylcholine (1-1000 uM). The first trace shows the response of an oocyte
injected with water alone whilst the remaining traces show responses from oocytes injected with nAChR subunits. B.
Acetylcholine concentration response curve. Data are normalised to the maximal response (300 uM acetylcholine)
and have a mean ECsp of 91.1 (67.7-123) uM from 5 oocytes from 3 different batches of oocytes.
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Figure 4.8 Reponses to acetylcholine in X. laevis oocytes injected with the D. melanogaster al subunit and M.
persicae 81 subunit with M. persicae RIC-3, UNC-50 and TMX3. Acetylcholine concentration response curves plotted
separately of the data from Figure 4.7 (B). Data are normalised to the maximal response (300 uM acetylcholine).

In order to ensure that the response to acetylcholine was not caused by endogenous
muscarinic acetylcholine receptors, 1 UM atropine, an inhibitor of muscarinic acetylcholine
receptors (Dale, 1914), was co-applied to the oocytes with 300 uM acetylcholine, following
pre-incubation with 1 uM atropine. The acetylcholine response was slightly reduced to 94.1%
of the maximum but not completely ablated, demonstrating that the response is not

muscarinic (Figure 4.9) and is likely due to the injected subunits.
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Figure 4.9 Traces showing the nAChR composed of D. melanogaster al and M. persicae 81 with M. persicae RIC-3,
UNC-50 and TMX3 expressed in X. laevis oocytes in response to 300 uM acetylcholine (ACh), then the response to
300 uM acetylcholine and 1 uM atropine following pre-incubation with 1 uM atropine for 3 min 29 s followed by the
response to 300 uM acetylcholine only after a wash with SOS solution for 5 min.

When 100 uM imidacloprid was applied to oocytes injected with the D. melanogaster al and
M. persicae B1 subunits, it acted as a partial agonist, with a small initial response compared to
300 uM acetylcholine. However, the response does not return to the baseline as quickly as
with acetylcholine (Figure 4.10) and subsequent responses to 300 uM acetylcholine were
reduced and did not fully recover after an hour (Figure 4.10). Similar responses were seen
with imidacloprid concentrations from 100 nM to 10 uM (not shown). When 100 uM
thiacloprid was applied it also acted as a partial agonist with the response not returning to
baseline as quickly and a similar inhibitory effect on subsequent acetylcholine responses was

observed (Figure 4.11).
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Figure 4.10 Traces showing the nAChR composed of D. melanogaster al and M. persicae 81 with M. persicae RIC-3,
UNC-50 and TMX3 expressed in X. laevis oocytes in response to 300 uM acetylcholine (ACh), then 100 uM
imidacloprid, then 300 uM acetylcholine after 3 min, then 300 uM acetylcholine after over 1 hour washing.
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Figure 4.11 Traces showing the nAChR composed of D. melanogaster a1l and M. persicae 81 with M. persicae RIC-3,
UNC-50 and TMX3 expressed in X. laevis oocytes in response to 300 uM acetylcholine (ACh), then 100 uM
thiacloprid, then 300 uM acetylcholine after 3 min.

4.4 Discussion

4.4.1 Expression of M. persicae nAChRs with Chaperones

Expression of M. persicae a6 and a7 subunits with the assistance of NACHO and RIC-3 from M.
persicae was not achieved. These experiments were based on the successful expression of the

A. mellifera a6 subunit with NACHO (Hawkins, Mitchell and Jones, 2022) but this could not be
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extrapolated to work with M. persicae subunits. It is not clear why expression can be achieved
with nAChR subunit and chaperones from one insect species but not with subunits and

chaperones from another species.

Expression could be achieved with the DNA injection of M. persicae al, a3, a8 and B1 subunits
with RIC-3, UNC-50 and TMX3 and with M. persicae al, a2, a8 and B1 subunits with RIC-3,
UNC-50 and TMX3, however it was infrequent and not robust. Thus, the injection of RNA of
these subunits and chaperones was tried using the same conditions as for the successful
expression of nAChRs from D. melanogaster, A. mellifera and B. terrestris (Ihara et al., 2020).
This led to more robust but more infrequent expression, which still did not allow for complete
functional characterisation. It is not clear why the robust and frequent expression of nAChRs
from other species with RIC-3, UNC-50 and TMX3 as chaperones was not achieved with
nNAChRs from M. persicae. A variant of the al subunit was tried but it did not lead to
expression, the variation between the al splice variants was not in the N-terminal region that
seems to be important for expression (Chapter 3, Figure 3.5) (Brunello et al., 2022). RIC-3
variants were also tried but there was no expression from any of these batches. The longer
RIC-3 variant (c23) that was originally used is most similar to the D. melanogaster RIC-3 used to
express D. melanogaster nAChRs (Chapter 3, Figure 3.17) (Ihara et al., 2020). It is also not
certain what effect changing the RIC-3 variant used would have on expression as it does not
appear to be essential for the expression of NAChR made up of these subunits (lhara et al.,
2020). The addition of M. persicae NACHO RNA to either M. persicae al, a3, a8 and B1
subunits with RIC-3, UNC-50 and TMX3 or M. persicae al, a2, a8 and B1 subunits with RIC-3,
UNC-50 and TMX3 RNA did not lead to expression, in fact there was expression in the same
batch of oocytes without NACHO but not with NACHO. Although NACHO can act
synergistically with RIC-3 (Gu et al., 2016), there is not much data on the effects of combining
NACHO with RIC-3, UNC-50 and TMX3 upon nAChR expression.

4.4.2 Expression of nAChRs Composed of D. melanogaster and M. persicae Subunits

with Chaperones

Robust and frequent expression was achieved with combinations of subunits (M. persicae a3,
a8 and B1 or M. persicae B1 alone) that included the addition of the D. melanogaster al
subunit to produce hybrid receptors with M. persicae RIC-3, UNC-50 and TMX3. Since

receptors had been successfully expressed using the D. melanogaster al subunit (lhara et al.,
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2020; Takayama et al., 2022), thus this subunit was selected to produce a hybrid receptor to
express. As the M. persicae B1 subunit has a neonicotinoid resistance mutation (Bass et al.,
2011), this was prioritised for study as it was thought that useful information could be gained

by the expression of a hybrid receptor containing the M. persicae 1 subunit.

The nAChRs consisting of the D. melanogaster al subunit and the M. persicae a3, a8 and 1
subunits had an ECso for acetylcholine of 123 (78.1-193) uM and the nAChR consisting of D.
melanogaster al subunit and M. persicae B1 subunit had an ECso for acetylcholine of 91.1
(67.7-123) uM, these are not significantly different as the 95% confidence limits (from the
GraphPad analysis) overlap. This is higher than the ECso for acetylcholine than from other
insect nAChRs expressed in X. laevis oocytes (Chapter 1, Table 1.1) (Sgard et al., 1998; Lansdell
et al., 2012; lhara et al., 2020; Hawkins, Mitchell and Jones, 2022; Takayama et al., 2022). The
ECsos for all the M. persicae nAChRs seem to be in the same range as those for the D.
melanogaster and M. persicae hybrid receptors (Figures 4.1, 4.3 and 4.4). Plotting the
acetylcholine concentration response curves separately for oocytes injected with D.
melanogaster al and the M. persicae a3, a8 and B1 cDNAs appear to form three separate
groups (with ECses 56.0-75.0 uM, 109 uM and 206-234 uM), potentially indicating nAChRs with
different subunit combinations or stoichiometries. Using D. melanogaster subunits, nAChRs
can be formed of just the al and B1 subunits or the al, B1 and B2 (a8) subunits (lhara et al.,
2020; Takayama et al., 2022) so potentially these nAChRs could be formed, a mixture of
different nAChRs or nAChRs involving the a3 subunit. Thus, as we were unsure which subunits
made nAChRs in oocytes injected with the D. melanogaster al subunit and the M. persicae a3,
a8 and B1 subunits cDNAs, oocytes injected just with the D. melanogaster al subunit and the
M. persicae B1 subunits cDNAs were used for further study. We are not certain of the
stoichiometry of the receptor formed by injecting D. melanogaster al subunit and the M.
persicae B1 subunits cDNAs in a 1:1 ratio. However, in nAChRs formed of the D. melanogaster
al and B1 subunits in different ratios no difference in the affinity of acetylcholine was found
(Takayama et al., 2022) so our experiments so far may not show any difference due to

different stoichiometries.

The nAChR consisting of D. melanogaster al and M. persicae B1 subunits with M. persicae RIC-
3, UNC-50 and TMX3 was only inhibited slightly by 1 uM atropine (5.9% inhibition). As the
response was not completely ablated as expected for mAChRs (Dale, 1914) this confirms the
response to acetylcholine was not due to muscarinic acetylcholine receptors that may be

endogenously expressed in the oocytes. In other similar experiments, 0.5 uM atropine was
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included in the perfusion buffer so the response was not ablated by atropine but there is no

numerical data on its effects on nAChR responses (lhara et al., 2020; Takayama et al., 2022).

4.4.3 The Interactions of Neonicotinoids with the nAChR Composed of the D.

melanogaster al and M. persicae B1 Subunits

Similar to other nAChRs imidacloprid and thiacloprid acted as partial agonists on the D.
melanogaster al and M. persicae B1 nAChR (Figures 4.10 and 4.11) (lhara et al., 2020; Rufener
et al., 2020; Takayama et al., 2022). However, the application of 100 uM imidacloprid or
thiacloprid lead to a subsequent reduction in the response to 300 uM acetylcholine which
never fully recovered (Figure 4.10 and 4.11). This has not been mentioned in other papers,
which normalise the neonicotinoid response to the acetylcholine response (lhara et al., 2020;
Takayama et al., 2022). The mechanism of this effect is not known. It may be that at 100 uM
the neonicotinoids cause channel block, however lower concentrations of imidacloprid also
had inhibitory effect. Other studies on the inhibitory effects of neonicotinoids on acetylcholine
responses have used concentrations that were too low for an agonistic effect (10-100 pM)
(Ihara et al., 2020). As the response to clothianidin was usually larger than the response to
imidacloprid and thiacloprid from nAChRs (lhara et al., 2020; Rufener et al., 2020), it may be
easier to characterise the response of the D. melanogaster al and M. persicae B1 to

clothianidin.

4.4.4 Further Work

It appears sequences in the N-terminal region are important for the expression of insect
nAChRs containing the al subunit; the A. mellifera a1, a8, B1 nAChR could only be expressed
with RIC-3, UNC-50 and TMX3 if it included a 26 amino acid sequence at the N-terminus of the
al subunit (Brunello et al., 2022). Thus, it would be worth comparing the sequences of the M.
persicae al subunit and the D. melanogaster al subunit (Figure 4.12), which expresses with
other M. persicae subunits, to see if any modifications could be made to the M. persicae al
subunit that could result in increased expression of NAChRs made up entirely of M. persicae
subunits. These two subunits have a very similar sequence in the N-terminal ligand-binding
domain and the transmembrane regions, with 67% identity overall (Figure 4.12). As the
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extracellular N-terminal domain is very similar (Figure 4.12), the signal peptide from the D.
melanogaster al could be inserted into the M. persicae al subunit to see if this improved

expression.

Mper al lmkiicaifasvivgglampYAS-VYGSADAKRLYDDLLSNYNRLIREVGNNSDRLT
Dmel al l-—-mgsvlfaavfi-——alhfatgglANPDAKRLYDDLLSNYNRLIRPVGNNSDRLT

Mper al 56 VKMGLKLSQITEVNLENQIMTTNVWVEQEWNDYKLKWNPEDYGGVDTLHVPSEHIW
Dmel al 52VEMGLRLSQLIDVNLENQIMTTNVWVEQEWNDYKLEWNPDDYGGVDTLHVPSEHIW

Mper al 113LPDIVLYNNADGNYEVTIMTKATILHYTGKVVWKPPATYKSFCEINVEYFPFDEQTC
Dmel al 108LPDIVLYNNADGNYEVTIMTKAILHHTGKVVWKPPAIYKSFCEIDVEYFPFDEQTC

Mper al 162SMKFGSWIYDGYMMDLRHISQAPDSDVIEVGIDLODYYLSVEWDIMGVPAVRHEKFE
Dmel al 164FMKFGSWTYDGYMVDLRHLKQTADSDNIEVGIDLQDYYISVEWDIMRVPAVRNEKFE

Mper al 225YVCCEEPYLDIFFNITLRRKTLEYTVNLITPCVGISFLSVLVEYLPSESGEKVSLC
Dmel al 220YSCCEEPYLDIVENLTLRRKTLEYTVNLIIPCVGISFLSVLVEFYLPSDSGEKISLC

Mper al 28l1ISILLSLTVFFLLLVEIIPPTSLTVPLLGKYLLFTMVLVTLSVEFVTVAVLNVNFERS
Dmel al 27¢ISILLSLTVFFLLIAETITPPTSLTVPLLGKYLLFTMMLVTLSVVVTIAVLNVNFRS

Mper al 337PVTHEMRPWVVKLFIQILPKVLFIERPKKGDSIDEDDDDDDEKHGEILSGVENVES
Dmel al 332PVTHRMAPWVQRLFIQILPKLLCIERPKKE-——-———-— EPEEDQPPEVLTDVYHLPP

Mper al 393EIDKYLGYN-RGYSFDYDVPPPLPSSRYCGARAVCAGGVNGGAGVSAGAGAVTGSN
Dmel al 381DVDKFVNYDSKRFSGDYGIPALPASHRFD———————————————— LARAGGISAHC

Mper al 448DTVVNMASDEDEDATIELDAEDEYDDMESPTTTTDDGLASPTFESHHHHHQHQHGCP
Dmel al 421FAEPPLPSS——————— LPLPGADDDLESPSGLNGD-—ISPGCCPAAAAANANDIL.SP

Mper al 504VDQQPRHDPAMOTIQDAKFIAQHVKNQDKFDEIIEDWQYVAMVLDRLFLWIFTCAC
Dmel al 468TFEKPYAREMEKTIEGSRFIAQHVENKDKFESVEEDWKYVAMVLDRMFLWIFATIAC

Mper al Se0LIGTALIIFQAPALYDKTKPIDVVYSKIAKKKLOAIL-——————
Dmel al S24VVGTALIILOAPSLYDQSOPIDILYSKIAKKKFELLEKMGSENTL

Figure 4.12 The aligned peptide sequences of the al subunits from D. melanogaster and M. persicae. Identical
amino acids highlighted in grey. The predicted signal peptide is in lowercase, predicted transmembrane helices in
bold, the cys-loop cysteines underlined and the consecutive cysteines present in a subunits double underlined.

Structural motifs were predicted as in Chapter 2.4.8.

Different subunit combinations could be attempted from the D. melanogaster al subunit and
the M. persicae a2, a3, a8 and B1 subunits. This would allow better identification of the
subunits forming particular nAChR subtypes when the D. melanogaster al and M. persicae a3,
a8 and B1 subunits are injected (Figure 4.6). Injecting the M. persicae a2 nAChR subunit may
lead to the expression of different nAChR subtypes, orthologous to nAChRs studied in (Ihara et

al., 2020). Changing the injection ratios of the D. melanogaster al and the M. persicae B1
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subunits would give more control over the stoichiometry of the receptor and allow analysis of
any change in properties caused by the different stoichiometries, similar to the experiments in

(Takayama et al., 2022), which observed a different in imidacloprid affinity.

Further study is required on the interaction of neonicotinoids with the D. melanogaster al, M.
persicae B1 nAChR. The creation of concentration response curves for imidacloprid,
thiacloprid and clothianidin would allow numerical analysis and comparison of their partial
agonism and potency. Potentially, a way to quantify the reduction of the acetylcholine
response after the application of neonicotinoids (Figures 4.10 and 4.11) could allow the
investigation of different neonicotinoid actions. It may also be useful to replicate experiments
in (Ihara et al., 2020) and study the inhibitory effects of pM neonicotinoid concentrations,

especially if these turn out to have some relevance to field conditions.

As mentioned in Chapter 2, the M. persicae B1 subunit with the R81T mutation has already
been obtained and cloned into pCl ready for expression. The expression of a nAChR containing
the R81T neonicotinoid resistance mutation in the M. persicae B1 subunit would allow
comparison with wildtype nAChRs and direct quantification of the mutation’s effects on
neonicotinoid potency for the first time. This could then be used to screen for potentially
novel compounds that ‘break’ resistance and therefore would be effective on aphids with the

R81T mutation.

4.5 Conclusion

Although the robust and frequent expression of a nAChR consisting entirely of subunits from
M. persicae with the assistance of the protein chaperones RIC-3, UNC-50 and TMX3 was
difficult to achieve, using the al subunit from D. melanogaster allowed nAChRs containing
some M. persicae subunits to be robustly expressed. A nAChR composed of the D.
melanogaster al and M. persicae B1 subunits responded to imidacloprid and thiacloprid both

as partial agonists and by a reduction in the response to acetylcholine.
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Chapter 5 Functional Characterisation of the Homomeric Apis

mellifera a5 Nicotinic Acetylcholine Receptor

5.1 Introduction

Most of the results in this chapter were published in (Mitchell et al., 2022) (Appendix), apart
from some of the phylogenetic analysis and the effects of a-bungarotoxin. The interactions of
serotonin (5-HT) from (Mitchell et al., 2022) with the A. mellifera a5 nAChR have been

included in Chapter 6 with the interactions of other biogenic amines and related compounds.

5.1.1 Expression of a5, a6 and a7 Insect Nicotinic Acetylcholine Receptors

The insect a5, a6 and a7 subunits were all first identified in D. melanogaster and grouped
together phylogenetically (Grauso et al., 2002). The sequences were identified as being similar
to vertebrate a7 (22-23% sequence identity) and C. elegans ACR-16 (Ce21) subunits, which can
form homomeric receptors (Grauso et al., 2002; Ballivet et al., 1996), and thus were

considered to represent more ancestral nAChRs (Corringer, Novére and Changeux, 2000).

A nAChR has been expressed in X. laevis oocytes made up of D. melanogaster a5 and a6
subunits with the C. elegans chaperone protein, RIC-3 (Watson et al., 2010). Expression was
inconsistent but the ratio Da6: Da5: RIC-3 2:4:1 gave the largest agonist responses. The nAChR
responded to nicotine (1 mM), acetylcholine (100 uM), spinetoram (10 uM) and spinosyn A in

a concentration-dependent manner (nM range) but 100 uM imidacloprid did not induce an

agonistic response. A spinosyn A-induced current could be blocked by 40 uM d-tubocurarine.

Success was also achieved in expressing D. melanogaster homomeric a5 or a7 nAChRs and a
heteromeric nAChR made up of a combination of a5, a6 and a7 in X. laevis oocytes, all
requiring the presence of RIC-3 (from C. elegans) (Lansdell et al., 2012). However, expression
was not consistent; not all batches of oocytes had expression. Acetylcholine ECsos were 8.8
UM for the homomeric a5 nAChR, 6.7 uM for the homomeric a7 nAChR and 13.5 nM for the

heteromeric nAChR. All three receptors were completely inhibited by 0.1 uM a-bungarotoxin.
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The a7 nAChR subunit from the cockroach, P. americana, was expressed, in X. laevis oocytes as
a homomeric receptor without a chaperone protein, although the currents were too small to
measure the affinity of acetylcholine and carry out instructive characterisation studies
(Cartereau et al., 2020). Thus, other nAChR subunits or chaperone proteins are likely required
to achieve robust expression of the a7 subunit. The ECsp of nicotine was 790 uM and 0.5 uM
atropine was applied at all times in the saline solution, showing the response was not from
mMAChRs. At 5 mM and 10 mM nicotine there was a response from non-injected and water
injected oocytes, but this was smaller than the response in oocytes expressing the a7 nAChR
and control oocytes did not respond to lower concentrations of nicotine (Cartereau et al.,
2020). The nicotine-induced current was not inhibited by 10 uM a-bungarotoxin after 5 min
incubation. Further experiments revealed that imidacloprid had no agonist actions but
thiacloprid was a partial agonist (Cartereau et al., 2021). When coapplied with nicotine 10 uM
imidacloprid acted as a positive modulator but 10 uM thiacloprid acted as an antagonist

(Cartereau et al., 2021).

Previously in the Jones laboratory, expression of the A. mellifera homomeric a6 nAChR had
been achieved in X. laevis oocytes (Hawkins, Mitchell and Jones, 2022), with the chaperone
protein, NACHO (Gu et al., 2016; Hawkins, Mitchell and Jones, 2022), although expression was
observed in only 33% of batches of oocytes injected. It has yet to be determined whether
other chaperones or nAChRs are required for robust expression. The a6 nAChR had an ECsp of
0.88 uM for acetylcholine and was completely inhibited by a-bungarotoxin but not atropine
(Hawkins, Mitchell and Jones, 2022). Spinosad acts as an agonist and when co-applied with 3
MM acetylcholine the channel did not close, highlighting the a6 nAChR subunit as a molecular

target for the spinosyn class of insecticides.

The expression of the A. mellifera a7 homomeric nAChR in X. laevis oocytes was achieved in a
very small proportion of oocytes when the a7 subunit was expressed alone, with human RIC-3,
human NACHO or with human RIC-3 and NACHO and in a higher proportion of oocytes when
expressed with C. elegans RIC-3, UNC-50 and TMX3 (Brunello et al., 2022). No response to
acetylcholine was seen in any oocytes when the a7 was expressed with A. mellifera RIC-3,

UNC-50 and TMX3 or A. mellifera NACHO. Responses were to 100 uM acetylcholine.

113



5.1.2 The Insect a5 Nicotinic Acetylcholine Receptor Subunit

The insect a5 nAChR subunit has always been phylogenetically grouped with the a6 and a7
subunits (Jones et al., 2010; Jones and Sattelle, 2010), even though non-Dipteran a5 subunits
do not appear to be as closely related to other insect a6 and a7 subunits (Jones and Sattelle,
2010) (Chapter 1, Figure 1.2). Aphids do not have an a5 subunit (Dale et al., 2010), (Chapter
3). Thisis speculated to be because the a5 subunit evolved recently after the divergence of
aphids and other insects, possibly from gene duplication of the a7 subunit (Dale et al., 2010;
Wang et al., 2015). Based on phylogenetic analysis, the a5 subunit of Diptera (flies and
mosquitoes) and non-Diptera (cockroaches, bees, beetles and butterflies) may belong to
distinct monophyletic groups (Cartereau et al., 2020). Our further phylogenetic analysis and

functional characterisation may help resolve this.

The a5 subunit from the locust L. migratoria was not found to form functional nAChRs, when
injected alone, but did form a functional receptor with the rat f2 subunit with an ECso for

acetylcholine of 335 uM (Zhang et al., 2017).

The a5 subunit is not known to be the specific target for any class of insecticides. Spinosad is
thought to act on only the a6 subunit as shown by heterologous expression of the A. mellifera
a6 subunit (Hawkins, Mitchell and Jones, 2022; Watson et al., 2010) and mutations in the a6
binding site (Puinean et al., 2012; Hiruta et al., 2018; Urefia et al., 2019; Silva et al., 2016) or
non-functional a6 subunits (Berger et al., 2016; Wan et al., 2018; Perry et al., 2021; Lu et al.,
2022) leading to spinosad resistance. Neonicotinoids have been found to act on receptors
made up of al, a2, a3, B1 and/or B2/as8, either through heterologous expression (lhara et al.,
2020; Rufener et al., 2020) or through knockout studies of nAChRs (Perry et al., 2021; Lu et al.,
2022). However, most of these studies have been carried out on D. melanogaster which
appears to have an a5 subunit that is particular to Dipteran species (Cartereau et al., 2020;
Jones and Sattelle, 2010). Thus, as Dipteran and non-Dipteran a5 may represent different
nAChR subclasses it is worth testing a non-Dipteran a5 nAChR to identify if it has different

properties from a Dipteran a5 nAChR.
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5.2 Chapter Aim

The aim of this chapter was to achieve functional expression of a non-Dipteran a5 nAChR and
use this to test the actions of compounds that target nAChRs. To this end the A. mellifera o5
nNAChR subunit was cloned and expressed in X. laevis oocytes. Co-expression with other A.
mellifera nAChR subunits was evaluated to see if they combined with the a5 subunit to

produce a nAChR with an altered affinity for acetylcholine.

5.3 Results

5.3.1 Phylogenetic analysis of the A. mellifera a5 nicotinic acetylcholine receptor

subunit

As discussed earlier, the A. mellifera a5 nAChR subunit was previously classified as a member
of the ‘a7 group’ bearing notable resemblance with the vertebrate a7 subunits (Jones and
Sattelle, 2010) and therefore considered closely related to the A. mellifera a6 subunit as well
as the D. melanogaster a5, a6 and a7 subunits, which had previously been expressed with
chaperones (Lansdell et al., 2012; Hawkins, Mitchell and Jones, 2022). However, with the
cloning of nAChR subunits from more insect species analysis indicated that the a5 subunit of A.
mellifera and other non-Dipteran insects was not orthologous to the Dipteran a5 subunit
(Jones and Sattelle, 2010). In order to further study the relationship between the Dipteran and
non-Dipteran a5 subunits we performed phylogenetic analysis to identify if the A. mellifera
and D. melanogaster a5 subunit are true orthologues. A phylogenetic tree was constructed
with nAChR subunits from different insects; A. pisum, A. gambiae, A. mellifera, B. terrestris, B.
mori, D. melanogaster, P. americana, T. castaneum; as well as various cys-LGICs from
vertebrates (Figure 5.1). This shows that the non-Dipteran (beetle, bee, cockroach and moth)
a5 subunits form a distinct group from the a6, a7 and Dipteran (fruit fly and mosquito) a5
subunits. The non-Dipteran a5 subunits have not previously been studied as there is no
equivalent subunit in the model organism D. melanogaster and it is not known whether it is

targeted by insecticides.
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Figure 5.1 Tree showing relationships of insect and vertebrate a7—10 nAChR subunit protein sequences as well as
vertebrate 5-HT3 subunits. Numbers at each node signify bootstrapping 1000 times represented as a percentage of
trees in which the associated taxa clustered together and the scale bar represents substitutions per site. ELIC
(Accession number POC7B7), from Dickeya chrysanthemi, a bacterial ancestor of cysLGICs, was used as an outgroup.
Species subunit sequences used in the tree are as follows: Agam (A. gambiae) see (Jones, Grauso and Sattelle, 2005);
Amel (A. mellifera) a5 (AJE70263) otherwise see (Jones et al., 2006); Apis (A. pisum) see (Dale et al., 2010); Bmor (B.
mori) see (Shao, Dong and Zhang, 2007); Bter (B. terrestris) see (Sadd et al., 2015); Dmel (D. melanogaster); Pame
(P. americana) see (Jones et al., 2020); Tcas (T. castaneum) see (Jones and Sattelle, 2007); Ggal (Gallus gallus) a7
(NP989512), a8 (CAA36544), a9 (NP990091), a10 (NPO01094506), 5-HT3A (XP040508006); Hsap (Homo sapiens) a7
(CAA69697), a9 (NP060051), a10 (CAC20435), 5-HT3A (NP998786), 5-HT3B (NP006019.), 5-HT3C (AF459285), 5-
HT3D (AY159812), 5-HT3E (AY159813); Mmus (Mus musculus) a7 (AAF35885), a9 (NPO01074573), a10
(NP001074893), 5-HT3A (6Y59_A), 5-HT3B (NP064670).
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Analysis of gene duplication events indicate that the Dipteran a5 nAChR subunit appears to
have evolved from a gene duplication of the a7 subunit (Figure 5.2) but the non-Dipteran a5

arises from a much earlier gene duplication before the core subunit groups branch off.

el 33
e &

pom 725

o= .
':.:‘;;i i— a3 subunits
S
nd

/

T
(=
I\

L3

g
iy

3
[

- a4 subunits

::"gg.
3
ik

ngag
ot

iH
tengty

a8 subunits

EARE
[
[
|
e

i

i

— al subunits

k)
3

G
L EE]
;gtm
Pk

orers [
:

)
/

!
g

# a2 subunits

168

EED
.‘ Eﬁk’é‘

B1 subunits

T
3z
il

i

{

TEER
gﬂ NAE
BB

# — 06 subunits

“—— wider a7 group
Dipteran a5

a7 subunits
Dipteran a7

P

TEBETH

5

Pl
PEPSLLS

Ly
fizs
i

I

= non-Dipteran a5

%o | vertebrate a9 and a10
subunits

T
4
B8

o
iH
ok

&

ey

ul

1 £}

s

| vertebrate 5-HT,
subunits

SHaRe

ETE G
]

P!
=
J

EEEE]
CEEEE

Gﬁﬂﬁﬂ
R RE

T
¢
{1
T

__ divergent
[ subunits

ELLE
TEE
BEg

i'%“”‘if“?‘-'ﬁ'jw?
HH

i
e

&
|
|

Figure 5.2 Gene duplications from the phylogenetic tree in Figure 5.1, blue squares indicate a gene

duplication event, created in MEGA X (Kumar et al., 2018).

The exon-intron boundaries were also mapped from several species to see if they were
different between the non-Dipteran a5, Dipteran a5 and the wider a7 group. There were a
few boundaries shared by all the nAChRs and some boundaries shared by the majority of the

a7 group but not non-Dipteran a5 (Figure 5.3, green arrows). The average number of
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boundaries shared between the subunits in the a7 group (a6, a7 and Dipteran a5) was 7.41
0.262 and between the non-Dipteran a5 and the a7 group 3.31 £ 0.419 (95% confidence limits
calculated using the two-tailed t test) indicating that the non-Dipteran a5 are not as closely
related to subunits in the a7 group as those within the group. This, taken together with the
phylogenetic analysis, suggests that the a5 subunits of Diptera and non-Diptera are in fact
members of different nAChR subgroups. The a5 nAChR of A. mellifera was cloned to enable
heterologous expression studies to determine whether non-Dipteran a5 nAChRs possess

distinct functional characteristics.
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Figure 5.3 Exon composition of a selection of insect a5, a6 and a7 nAChR subunits. Transmembrane regions are
indicated as grey boxes, a star marks the adjacent cysteines denoting an a subunit and triangles the GEK sequence
preceding TM2 that is important for cation selection (Corringer, Novére and Changeux, 2000; Jensen, Schousboe and
Ahring, 2005). Exon boundaries are in blue. Exon boundaries shared between most a6, a7 and Dipteran a5 but not a

majority of non-Dipteran a5 are indicated by a green arrow
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5.3.2 Cloning the A. mellifera a5 Nicotinic Acetylcholine Receptor Subunit

The A. mellifera a5 subunit was cloned into the pCl plasmid using the method and primers
outlined in Chapter 2.4.2. The a5 insert was sequenced and found to match the predicted A.
mellifera a5 subunit sequence (Accession number AJE70263) and the reported sequence in

(Jones et al., 2006).

5.3.3 Expression of the A. mellifera a5 Nicotinic Acetylcholine Receptor Subunit in X.

laevis Oocytes

Two-electrode voltage-clamp electrophysiology on X. laevis oocytes injected with pCl plasmid
encoding the A. mellifera a5 nAChR subunit responded to acetylcholine in a concentration-
dependent manner, 2-5 days after injection (Figure 5.4 (A)). Expression was robust and
consistent, with responses observed in 100% of batches of oocytes injected and maximal
currents up to about 2.30 pA. A concentration response curve was generated (Figure 5.4 (B)),
which gave an ECsp of 2.65 (2.41-2.93) mM (Table 5.1) indicating a low affinity for acetylcholine
compared to other nAChRs, where ECsgs in the uM or nM range were observed (Hawkins,
Mitchell and Jones, 2022; Thomsen et al., 2015; Lansdell et al., 2012; Ihara et al., 2020). The
Hill coefficient was 2.30 (1.89-2.72) indicating cooperative activity as it was greater than one

(Weiss, 1997).
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Figure 5.4 Reponses to acetylcholine in X. laevis oocytes expressing the A. mellifera a5 nAChR subunit. A.
Representative current traces showing responses to different concentrations of acetylcholine (0.1-10 mM). The first
trace shows the response of an oocyte injected with water alone whilst the remaining traces show responses from
oocytes injected with a5. B. Acetylcholine concentration response curve. Data are normalised to the maximal

response (5 mM acetylcholine) and have a mean ECsp of 2.65 (2.41-2.93) mM from 15 oocytes from 7 different
batches of oocytes.

In order to ensure that the response to acetylcholine was not caused by endogenous
muscarinic acetylcholine receptors, atropine, an inhibitor of muscarinic acetylcholine
receptors, was applied to the oocytes. The response was reduced to 68.4% of the maximum
but not completely ablated, demonstrating that the response is not muscarinic (Figure 5.5) and

is likely due to the injected a5 subunit.
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Figure 5.5 Traces showing A. mellifera a5 nAChR expressed in X. laevis oocytes in response to 5 mM acetylcholine
(ACh), then with 1 uM atropine following pre-incubation with 1 uM atropine for 5 min followed by ACh only again
after a wash with SOS solution for 5 min.

The low sensitivity of a5 to acetylcholine with an ECso in the mM range indicates that the
receptor is unlikely to respond to acetylcholine in vivo. In order to identify another
endogenous ligand of the homomeric A. mellifera a5 nAChR, we analysed the actions of
choline on the receptor, as it has been found to be a full agonist on human a7 nAChR (Papke,
Bencherif and Lippiello, 1996; Mandelzys, De Koninck and Cooper, 1995; Thomsen et al., 2015;
Alkondon et al., 1997). Choline was determined to be a full agonist, having the same maximal
response as acetylcholine and responded in a concentration-dependent manner (Figure 5.6),
with an ECso of 9.07 (4.48-18.4) mM (N =4, n = 5). This high ECso value suggests that choline is

also not an endogenous ligand of the A. mellifera a5 nAChR.
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Figure 5.6 Reponses to choline in X. laevis oocytes expressing the A. mellifera a5 nAChR subunit. A. Representative
current traces showing responses to different concentrations of choline (0.3—-12 mM). B. Choline concentration
response curve. Data are normalised to the response to 12 mM choline and have a mean ECsp of 9.07 (4.48-18.4)
mM from 5 oocytes from 4 different batches of eggs.

5.3.4 Co-expression of the A. mellifera a5 Nicotinic Acetylcholine Receptor Subunit with

other A. mellifera Nicotinic Acetylcholine Receptor Subunits

The A. mellifera a5 subunit was co-expressed with other A. mellifera nAChR subunits to see if
this increased the affinity for acetylcholine (Table 5.1, Figure 5.7 (B)). Traces from A. mellifera
a5 + a3 + a8 are shown as an example (Figure 5.7 (A)). None of the ECso values from the
combinations tried were significantly different from the ECso value of A. mellifera o5 subunit
expressed alone (Table 5.1) and neither were the Hill coefficients. This included the

combination of a5 + a6 + a7, which for D. melanogaster expressed as a heteromeric receptor
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with an acetylcholine ECsg of 13.5 nM (Lansdell et al., 2012). There was no response to 5 mM

acetylcholine with either the combinations of A. mellifera a5 + a2 (N = 1), A. mellifera a5 + al
+ a2 (N =3)orA. mellifera o5+ al + a2 + a3 + a8 + a9 + a6 + a7 (N = 2), although in the latter
case it may be due to the concentration of A. mellifera a5 DNA injected being too small for

expression due to dilution with other subunits.

Table 5.1 Effect of acetylcholine on membrane currents from X. laevis oocytes expressing A. mellifera a5 and other A.

mellifera nAChR subunits. ECso and Hill coefficient values are displayed as the mean + 95% confidence limits.

Receptor Acetylcholine ECs Hill Coefficient n = oocytes, N =
(mM) frogs

a5 2.65 (2.41-2.93) 2.30(1.89-2.72) n=15N=7
a5+a3+a8 2.94(2.07-4.17) 2.47 (1.16-3.79) n=3,N=2
a5+ al 2.94 (2.49-3.47) 2.86 (1.97-3.75) n=6N=4
a5+ a9 2.33(1.89-2.86) 2.97 (1.34-4.59) n=3,N=2
a5+ B1 2.13(1.88-2.41) 5.33 (1.40-9.26) n=3,N=2
a5+ a6+ a7 2.31(1.70-3.14) 2.43 (0.956-3.91) n=3,N=2
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Figure 5.7 A. Responses to acetylcholine in X. laevis oocytes injected with A. mellifera a5 + a3 + a8 nAChR DNA. B.
Acetylcholine concentration response curves for all A. mellifera nAChR combinations tested. Data are normalised to
the maximal response (5 mM acetylcholine).

5.3.5 Actions of Insecticides and Other Nicotinic Acetylcholine Receptor Targeting

Compounds on the A. mellifera a5 Nicotinic Acetylcholine Receptor

In order to determine whether the A. mellifera a5 nAChR is a potential target of currently used
insecticides the actions of representative compounds from two major classes of pesticides

(spinosyns and neonicotinoids) were tested.

Spinosad at 10 uM did not elicit an agonistic response from X. laevis oocytes expressing the A.
mellifera a5 subunit (Figure 5.8 (A)) and did not act as an antagonist or modulator when 1-10
MM was applied with 1-5 mM acetylcholine (Figure 5.8 (B) and (C)). Unlike the response on X.
laevis oocytes expressing the A. mellifera a6 subunit with NACHO, where spinosad acted as an

agonist and modulator of the acetylcholine response (Hawkins, Mitchell and Jones, 2022).
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Figure 5.8 Traces of effects of spinosad on A. mellifera a5 subunit expressed in X. laevis oocytes. A. 10 uM spinosad
applied 3 min after 5 mM acetylcholine (ACh) B. Co-application of 10 uM spinosad + 5 mM acetylcholine, 5 uM
spinosad + 5 mM acetylcholine, 1 uM spinosad + 5 mM acetylcholine C. 2 mM acetylcholine compared to 2 mM
acetylcholine + 10 uM spinosad and 1 mM acetylcholine compared to 1 mM acetylcholine + 10 uM spinosad. 3 min
wash between applications.

Imidacloprid (a prototypical N-nitroguanidine neonicotinoid) and thiacloprid (a prototypical N-
cyanoamidine neonicotinoid) (Millar and Denholm, 2007) did not have any agonistic activities
on X. laevis oocytes expressing the A. mellifera a5 subunit at 100 uM (Figure 5.9), despite
responses being recorded when 10 uM or lower concentrations were applied to other A.
mellifera nAChRs consisting of al, a2, a8 and f1 subunits (lhara et al., 2020). They did,
however, act as antagonists when 100 uM was coapplied with 2 mM acetylcholine (Figure 5.9)
with imidacloprid reducing the response to 57.4 + 2.4% (n = 3 oocytes, N = 3 frogs) and
thiacloprid to 58.6 + 2.6% (n = 3, N = 3) of the response when compared to 2 mM acetylcholine

alone. Using imidacloprid, it was shown that this inhibition was dose dependent (Figure 5.9
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(A)) with 10 uM coapplication reducing the response to 76.3 + 2.3% (n = 3, N = 3) whereas 1
UM coapplication appeared to slightly positively modulate the response as was 107.3% + 1.5%
(n=3,N=3).

100 pM IMI+ 10 pM IMI + 1 pM IMI+
5 mM ACh 100 pM IMI 2 mM ACh 2 mM ACh 2 mM ACh 2 mM ACh
— _ 3 9 3 -
[ — [ ( (
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Figure 5.9 Traces of effects of neonicotinoids on A. mellifera a5 subunit expressed in X. laevis oocytes. A.
Imidacloprid (IMI) showed no agonist actions when 100 uM was applied 3 min after 5 mM acetylcholine (ACh).
Imidacloprid showed antagonistic actions when coapplied with 2 mM acetylcholine (ECso concentration) in a dose
dependent manner. B. Thiacloprid (THI) showed no agonist actions when 100 uM was applied 3 min after 5 mM
acetylcholine. Thiacloprid showed antagonistic actions when 100 uM was coapplied with 2 mM acetylcholine.
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Nicotine acts as an agonist on A. mellifera a5 expressed in X. laevis oocytes (Figure 5.10), the
response is concentration dependent but requires high (mM) concentrations of nicotine so an

ECso was not calculated.

5 mM ACh 100 pM nic 1 mM nic 10 mM nic

S VA

Y

100 nA

60 s

Figure 5.10 Current traces showing responses to high concentrations of nicotine (nic) applied 3 min after 5 mM
acetylcholine (ACh) from X. laevis oocytes expressing the A. mellifera a5 nAChR subunit.

To identify if the A. mellifera a5 nAChR is sensitive to a-bungarotoxin X. laevis oocytes were
pre-incubated with 0.1 uM a-bungarotoxin for 3 min 20 s before co-application of 2 mM
acetylcholine with 0.1 uM a-bungarotoxin. This nearly completely inhibited the response
(Figure 5.11). After washing for over 26 min, the response to 2 mM acetylcholine was
restored. So, in common with some other insect nAChRs (from D. melanogaster, A. mellifera
and S. gregaria) (Lansdell et al., 2012; Hawkins, Mitchell and Jones, 2022; Marshall et al., 1990)

the A. mellifera a5 nAChR is a-bungarotoxin sensitive.
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Figure 5.11 Representative traces showing responses from X. laevis oocytes expressing the A. mellifera a5 nAChR
subunit to 2 mM acetylcholine (ACh) (ECso concentration), 2 mM acetylcholine coapplied with 0.1 uM o-
bungarotoxin (a-bgt) after 3 min 20s incubation with 0.1 uM a-bungarotoxin, normal response to 2 mM
acetylcholine restored after 26 min washing with SOS.

5.4 Discussion

5.4.1 The Non-Dipteran a5 Subunits are a Phylogenetically Distinct Group from Other

Insect Nicotinic Acetylcholine Receptor Subunits.

Originally the A. mellifera a5 nAChR subunit was grouped with the a6 and a7 subunits, as well
as other a5 subunits as part of a larger group including the vertebrate a7 and a8 subunits
(Jones et al., 2010; Jones and Sattelle, 2010). Our phylogenetic analysis shows the A. mellifera
a5 subunit is in a separate monophyletic group, along with a5 subunits from Blatteria (P.
americana), Coleoptera (T. castaneum), Lepidoptera (B. mori) and other Hymenoptera (B.
terrestris) but not the a5 subunit from Diptera (D. melanogaster and A. gambiae) (Figure 5.1),

in agreement with other previous analysis (Cartereau et al., 2020). This is further underlined
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by the presence of exon boundaries in common between a6, a7 and Dipteran a5 subunits that
are not shared by non-Dipteran a5 subunits (Figure 5.3). It appears that the Dipteran a5
subunit arises from a gene duplication of the a7 subunit (Figure 5.2), whereas the non-
Dipteran a5 subunits arose from a separate event. Interestingly, aphids do not possess an a5
subunit, leading to the suggestion that the a5 subunit is the last of the core subunits to have
evolved (Dale et al., 2010). Our phylogenetic analysis suggests that the a5 subunit arose
differently in the Dipteran and non-Dipteran lineages of insects more recently evolved than

aphids.

5.4.2 The Properties of the A. mellifera a5 as a Homomeric Nicotinic Acetylcholine

Receptor

The sequence of the A. mellifera a5 subunit unit has all the predicted features associated with
an a nAChR subunit: four transmembrane helices, a large extracellular domain, a cys-loop and
two adjacent cysteines in loop C considered important for acetylcholine binding (Jones et al.,
2006; Jones and Sattelle, 2010; Corringer, Novére and Changeux, 2000). So it was expected
that if it could be expressed it would have pharmacological characteristics similar to other
nAChRs (Dale, 1914). The A. mellifera a5 sequence contains the GEK motif just before the
second transmembrane domain, which is important for cation selectivity and thus is assumed
to be a cation channel (Corringer, Novere and Changeux, 2000; Jensen, Schousboe and Ahring,

2005).

When expressed in X. laevis oocytes the A. mellifera a5 nAChR does respond to acetylcholine
(Figure 5.4) but with a much lower affinity than other homomeric insect nAChRs (Lansdell et
al., 2012; Hawkins, Mitchell and Jones, 2022; Brunello et al., 2022) and heteromeric insect
nAChRs (Lansdell et al., 2012; Ihara et al., 2020) as shown by a considerably higher ECso. None
of these receptors were from the same monophyletic group as the A. mellifera a5, so it
remains to be seen if other non-Dipteran a5 nAChR have a similar affinity for acetylcholine. A
hybrid receptor of L. migratoria a5 and rat 2 had an ECso (335 uM) that was lower than the A.
mellifera a5 nAChR but higher than other non-hybrid nAChRs (Zhang et al., 2017). However,
expression of the A. mellifera a5 was much more consistent and robust than for other insect
nAChRs (Lansdell et al., 2012; Hawkins, Mitchell and Jones, 2022; Cartereau et al., 2020;

Brunello et al., 2022), without the need for chaperone proteins to achieve expression.
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Co-expression of the A. mellifera a5 subunit with various combinations of A. mellifera subunits
did not produce nAChRs with a significantly different ECso for acetylcholine indicating that the
subunits that were tested were not assembling with the a5 subunit to generate receptors with
altered acetylcholine sensitivity. This included combinations that are co-localised with the a5
subunit in honeybees; the a2 and a7 subunits with the a5 subunit are found in the outer
compact Kenyon cells, antennal lobes and dorsal lobes among other regions at the same stages
of development (Thany et al., 2005). Several combinations did not produce any expression at
all. We did not try expressing with the rat 2 subunit, which produced successful expression
with the L. migratoria o5 subunit (Zhang et al., 2017). It was also seen that rat RIC-3 made no
difference to the expression of the P. americana a7 nAChR (Cartereau et al., 2020). It may be
a particular combination of subunits and chaperones is required to achieve expression of an A.
mellifera nAChR with a higher affinity for acetylcholine containing the a5 subunit, as
chaperones can have differential effects on different subunit combinations (Matta et al., 2017;

Halevi et al., 2003; Ben-Ami et al., 2005).

In order to investigate the possible causes of the low acetylcholine affinity of the A. mellifera
a5 nAChR the scientific literature was searched for any amino acids involved in agonist binding
in nAChRs (Table 5.2). The A. mellifera a5 has almost all the amino acids thought to be
important for agonist binding, including the YXCC motif in loop C (Table 5.2). The few labelled
amino acids not possessed by A. mellifera a5 were mostly from the y subunit in Torpedo
californica. Therefore, there is no obvious mechanism for the low affinity for acetylcholine at

the single amino acid level.
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Table 5.2 Table of Amino Acids Important for Agonist Binding in nAChRs, Method of Identification and if the Amino

Acid is Present in A. mellifera a5. Amino acid numbers refers to an amino acid sequence alignment of all the

sequences constructed using ClustalW (Kumar et al., 2018).

nAChR Species ACh binding | Method Reference In Amel
Amino acids a5
a7 chicken L118 Model AChBP (Amiri et al., Yes
2008) (155)
AChBP Aplysia Y195 Photoaffinity (Tomizawa et Yes
californica labelling al., 2007) (246)
AChBP A. M116 Photoaffinity (Tomizawa et No V
californica labelling al., 2007) (153)
ad chicken Y225 Photoaffinity (Tomizawa et Yes
labelling al., 2007) (246)
(al),B1y6 | T. aY198 Photoaffinity (Nirthanan et Yes
californica labelling APFBzCho | al., 2005) (246)
(al)B1ys | T. yL109/6L111 | Photoaffinity (Nirthanan et No |
californica labelling APFBzCho | al., 2005) (145)
(al)p1ys | T. yY111 Photoaffinity (Nirthanan et No S
californica labelling APFBzCho | al., 2005) (147)
(al),B1yS | T. yY117 Photoaffinity (Nirthanan et No V
californica labelling APFBzCho | al., 2005) (153)
(ad)3(B2)2 | human aW156 X-ray (Morales-Perez, | Yes
crystallography Noviello and (185)
structure nicotine Hibbs, 2016)
(a1)2B1y6 | human aWw149 Trp derivatives, (Zzhong et al., Yes
cation-mt modelling | 1998) (185)
(al)B1ys | T. aC192 and [*H]Bromoacetyl- (Dunn, Conti- Yes
californica | aC193 choline, reducing Tronconi and (240-
label Raftery, 1993) 241)
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(al),B1yd | T. aY93 [®H]JACh mustard (Cohen, Sharp Yes
californica and Liu, 1991) (128)
(a1)2B1y6 | T. YW55 [H]nicotine (Chiara, Yes (90)
californica photoaffinity Middleton and
labelling Cohen, 1998)
(a1)2B1y6 | T. 0Y198 [H]nicotine (Middleton and | Yes
californica photoaffinity Cohen, 1991) (246)
labelling
(al)B1ys | T. aY190 [®H]d-Tubocurarine | (Chiara and Yes
californica photoaffinity Cohen, 1997) (238)
labelling
(al),B1y6 | T. YW55/8W57 | [*H]d-Tubocurarine | (Chiara and Yes (90)
californica photoaffinity Cohen, 1997)
labelling
(al1),B1yd | mouse aD152 point mutation (Osaka, Yes
carbCh binding Sugiyama and (188)
Taylor, 1998)
(a1)2B1y6 | mouse aD200 point mutation (Osaka, Yes
carbCh binding Sugiyama and (248)
Taylor, 1998)
(a1)2B1y6 | mouse yD174/ point mutation (Osaka, Yes
6D180 carbCh binding Sugiyama and (214)
Taylor, 1998)
(a1)2B1y6 | mouse aY93 point mutation (Sine et al., Yes
carbCh binding 1994) (128)
(al1),B1yd | mouse aY190 point mutation (Sine et al., Yes
carbCh binding 1994) (238)
(al1),B1yd | mouse aY198 point mutation (Sine et al., Yes
carbCh binding 1994) (246)
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a7 chicken Y92 point mutation ACh | (Galzi et al., Yes
action 1991) (128)

a7 chicken Y187 point mutation ACh | (Galzi et al., Yes
action 1991) (238)

a7 chicken W148 point mutation ACh | (Galzi et al., Yes

1991) (185)

(al1),B1yd | human aG153 slow-channel (Croxen et al., Yes
congenital 1997) (189)
myasthenic
syndrome

a7 chicken W54 point mutation ACh | (Corringer et al., | Yes (90)
binding and action 1995)
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Figure 5.12 An alignment showing the N-terminal domain (where acetylcholine binding occurs) for the A. mellifera
nAChR a5 subunit and subunits from Table 2: the a7 subunit from chicken, the a4 subunit from chicken, AChBP from
A. californica, y subunit from T. californica, 6 subunit from T. californica, o subunit from T. californica, al subunit
from mouse, y subunit from mouse, 6 subunit from mouse, a1 subunit from human, a4 subunit from human.
Aligned using ClustalW Identical amino acids in A. mellifera a5 from Table 2 are circled in green whilst non-matching
amino acids are circled in red. Binding loops are indicated by an orange line.

As expected for nAChRs (Dale, 1914), atropine did not completely ablate the response of the A.
mellifera a5 nAChR (Figure 5.5) and thus the response to acetylcholine is not due to
endogenous mAChRs in the oocytes (Zwart and Vijverberg, 1997) but rather to the expression
of the a5 nAChR. Atropine did inhibit the response by 31.6%, comparable to the 46.7%
inhibition of the rat a7 nAChR (Zwart and Vijverberg, 1997). In contrast, the A. mellifera a6
nAChR was not inhibited by atropine at all (Hawkins, Mitchell and Jones, 2022). In some
experiments (Lansdell et al., 2012) the effects of atropine were not studied. Other
experiments (Cartereau et al., 2020; Cartereau et al., 2021; Ihara et al., 2020) were carried out
in 0.5 uM atropine so the response was not ablated by atropine but there is no numerical data

on its effects.

Choline was found to be a full agonist on the A. mellifera a5 nAChR expressed in X. laevis
oocytes, as it is on the human a7 (Papke, Bencherif and Lippiello, 1996; Mandelzys, De Koninck
and Cooper, 1995; Alkondon et al., 1997; Thomsen et al., 2015). The ECso for choline (9.07
(4.48-18.4) mM) is 3.42 fold larger than the ECso for acetylcholine (2.65 (2.41-2.93) mM), in
common with the human a7 (Thomsen et al., 2015) the ECso for choline (972 (888-1064) uM) is
also higher than the ECs for acetylcholine (113 (78-163) uM) but by a much larger ratio (8.60).
This is in contrast to the DEG-3 subfamily in C. elegans, which all have a higher affinity for
choline over acetylcholine when expressed in X. laevis oocytes (Treinin and Jin, 2021) including
the DEG-3/DES-2 receptor in C. elegans in which choline (ECsp 1.8 £ 0.7 mM) acts as a
superagonist compared to acetylcholine (ECso 2.9 £ 0.5 mM) and the ECs ratio is 0.621 (Yassin
et al., 2001). With ECses in the mM range, it is likely that neither acetylcholine nor choline is
the endogenous ligand of the A. mellifera a5 nAChR, assuming that the receptor is homomeric

in vivo.

Nicotine acts as an agonist on the A. mellifera nAChR in a concentration-dependent manner
(Figure 5.10), as is expected for a nAChR (Dale, 1914). High concentrations of nicotine (10
mM) were not able to produce the same response as the maximal response to acetylcholine, in
contrast to what was found for P. americana a7 nAChR (Cartereau et al., 2020), where the
acetylcholine response was too small to measure the affinity but the response to nicotine was

much larger (ECso 790 uM). The nAChR composed of the D. melanogaster a5 and a6 subunits
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responded to 1 mM nicotine, as with the A. mellifera a5 nAChR (Watson et al., 2010). The
response to nicotine was not tested for D. melanogaster a5 and a7 homomeric nAChRs or the
heteromeric nAChR composed of a5, a6 and a7 subunits (Lansdell et al., 2012), nAChRs
consisting of combinations of al, a2, B1 and f2/a8 subunits from D. melanogaster, A.
mellifera and B. terrestris (Ihara et al., 2020) or for A. mellifera a6 nAChR (Hawkins, Mitchell

and Jones, 2022).

a-bungarotoxin has long been used to investigate nAChRs (Changeux, 2012). It is known that
insects have a-bungarotoxin sensitive and insensitive nAChRs (Courjaret and Lapied 2001;
Buckingham et al., 1997; Lansdell and Millar, 2000b; Dacher, Lagarrigue and Gauthier, 2005).
However, it does not appear that this sensitivity is consistent between orthologous nAChRs in
different species as in (Lansdell et al., 2012) the a7 nAChR from D. melanogaster was
completely inhibited by 0.1 uM a-bungarotoxin but in (Cartereau et al., 2020) the (nicotine-
induced) current from the P. americana a7 nAChR was not inhibited by 10 uM a-bungarotoxin.
The homomeric vertebrate a7 is inhibited by a-bungarotoxin (Peng et al., 1994). In common
with D. melanogaster homomeric a5 and a7 nAChRs and the heteromeric a5, a6 and a7
nAChR (Lansdell et al., 2012) and the A. mellifera a6 nAChR (Hawkins, Mitchell and Jones,
2022), the A. mellifera a5 nAChR was almost completely inhibited by 0.1 uM a-bungarotoxin.
Recovery of A. mellifera a5 after a-bungarotoxin application took over 25 min, which is slower
than for the D. melanogaster a5 nAChR, which took about 15 min to recover (Lansdell et al.,
2012) and for the A. mellifera a6 nAChR, which took 10 min (Hawkins, Mitchell and Jones,
2022). In A. mellifera a-bungarotoxin impairs long-term memory after multi-trial learning but
not the memory retrieval or acquisition impaired by mecamylamine (MLA), a broad-spectrum
nAChR antagonist, indicating both a-bungarotoxin sensitive and insensitive nAChRs have a role
in memory (Dacher, Lagarrigue and Gauthier, 2005). It appears both the A. mellifera a5 and a6
homomeric nAChRs are a-bungarotoxin sensitive with a possible role in long-term memory but
not memory retrieval or acquisition (Dacher, Lagarrigue and Gauthier, 2005; Hawkins, Mitchell
and Jones, 2022). Other papers expressing insect nAChRs in X. laevis oocytes studying
combinations of al, a2, B1 and B2/a8 from D. melanogaster, A. mellifera and B. terrestris did

not investigate a-bungarotoxin activity (lhara et al., 2020).
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5.4.3 The Interactions of the A. mellifera a5 nAChR with Insecticides

Spinosad does not appear to act on the A. mellifera a5 nAChR (Figure 5.8), with neither
agonistic nor antagonistic effects. This agrees with previous research which only identified the
a6 subunit as a spinosad target through rescue of spinosad sensitivity in resistant strains by
introduction of the a6 subunit or a6 chimeras (Perry et al., 2015; Somers et al., 2015). Thus
various species have developed resistance either by mutations in the binding site of a6
(Puinean et al., 2012; Hiruta et al., 2018; Urefa et al., 2019; Silva et al., 2016) or by producing
non-functional a6 subunits, as this subunit appears to be redundant (Berger et al., 2016; Wan
et al., 2018). Knockouts of the a6 subunit in D. melanogaster are also resistant to spinosad (Lu
et al., 2022; Perry et al., 2021). Heterologous expression of the a6 homomeric nAChR
(Hawkins, Mitchell and Jones, 2022) or heteromeric nAChR containing a6 (Watson et al., 2010)
responded to spinosad as an agonist and it also acted as a modulator of the acetylcholine

response (Hawkins, Mitchell and Jones, 2022).

Neither imidacloprid nor thiacloprid acted as agonists on A. mellifera a5 (Figure 5.9). This is
not surprising as neonicotinoids are used to target many pests that do not have a non-Dipteran
a5 subunit (such as aphids) (Millar and Denholm, 2007; Casida, 2018). They have been shown
to act on nAChRs containing al, a2, a3, B1 and B2/a8 combinations from expression studies
(Ihara et al., 2020; Rufener et al., 2020) and knockout studies (Lu et al., 2022; Perry et al.,
2021). The neonicotinoids did have a concentration-dependent inhibitory effect but at much
higher concentrations than agonistic effects found in other studies (Ihara et al., 2020; Rufener
et al., 2020) in the nM range. Thus, at high concentrations neonicotinoids can inhibit the
nAChR as has been found for other nAChRs (Crossthwaite et al., 2017) but whether the
mechanism is competition for the active site or channel block is unclear. There appears to be
no difference in activity between a N-nitroguanidine neonicotinoid (imidacloprid) and a N-
cyanoamidine neonicotinoid (thiacloprid). Bees are more sensitive to N-nitroguanidine
neonicotinoids (Casida, 2018) but this appears to be due to metabolic not target site effects
(Manjon et al., 2018). The interactions with neonicotinoids of the A. mellifera a5 nAChR
partially matches what was found for the P. americana a7 nAChR (Cartereau et al., 2021),
where imidacloprid also had no agonist actions but thiacloprid acted as a partial agonist.
Thiacloprid acted similarly as an antagonist (with nicotine), however imidacloprid acted as a

positive modulator (with nicotine) (Cartereau et al., 2021), unlike the A. mellifera a5 nAChR.
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5.5 Conclusion

This is the first robust heterologous expression of an insect nAChR without chaperone
proteins. The low sensitivity of this nAChR to acetylcholine and choline suggests that non-
Dipteran a5 nAChR subunits have unusual pharmacological properties and that it may respond
to another ligand in vivo. Therefore, we will test other known insect neurotransmitters on the

A. mellifera a5 nAChR expressed in X. laevis oocytes.
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Chapter 6 The Functional Characterisation of the Apis mellifera a5

NAChR with Biogenic Amines and Other Neurotransmitters

6.1 Introduction

The A. mellifera a5 nAChR expressed in X. laevis oocytes responded to acetylcholine but with a
low affinity compared to other nAChRs (Chapter 5). Thus, we decided to test whether other
possible neurotransmitters, such as biogenic amines (5-HT, dopamine, octopamine, tyramine
and histamine), act as more potent agonists. It has been assumed that the effects of these
biogenic amines in insects are mediated through GPCRs and histamine-gated chloride ion
channels (Roeder, 1994; Kita et al., 2017). The response of the A. mellifera a5 nAChR to 5-HT
has been published (Mitchell et al., 2022).

6.1.1 Cys-loop Ligand Gated lon Channels Activated by Other Biogenic Amines

Vertebrates have a cationic cys-LGIC that responds to 5-HT, the 5-HT3aR, that is closely related
to nAChRs (Chapter 5, Figure 5.1), which can also respond to dopamine but at a much lower
affinity (ECsos for 5-HT in the range 123 nM-1.8 uM for mammals and ECso for dopamine 135
UM in humans) (Thompson and Lummis, 2006). A hybrid receptor can also be formed between
5-HT3aR subunits and nAChR a4 subunits that also responds to 5-HT and dopamine, with a very
small response to cytisine (van Hooft et al., 1998). Compared to insects and vertebrates, the
nematode, C. elegans has a considerably extended cys-LGIC family responding to a diverse
array of ligands (Jones and Sattelle, 2008). As mentioned in Chapter 5, all the nAChRs in the C.
elegans DEG-3 subfamily have a higher efficacy and affinity for choline than acetylcholine
(Treinin and Jin, 2021). In addition to this the ACR-23 member of this subfamily, which forms a
homomeric receptor, responds to betaine (trimethylglycine), a metabolite from the pathway
converting choline to glycine, also available from the diet, with a much higher affinity and
efficacy than choline (Rufener et al., 2013; Peden et al., 2013). There are multiple anion
channels gated by biogenic amines in C. elegans (Table 6.1) with receptors found that are

gated by acetylcholine, 5-HT, dopamine and tyramine (Rodriguez Araujo et al., 2022; Ringstad,
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Abe and Horvitz, 2009; Morud et al., 2021). GABA, histamine and glutamate, which act on
anion channels, are considered typical inhibitory neurotransmitters in insects (Osborne, 1996).
As shown in Table 6.1, many cys-LGICs respond to neurotransmitters other than their primary
neurotransmitter, albeit at often a much lower affinity and efficacy. In particular, one of the
histamine-gated chloride channels (HisCIB) from Musca domestica responds to choline, 5-HT,
tyramine, octopamine, dopamine and noradrenaline in addition to histamine (Kita et al., 2017).
Most characterised receptors have an ECs for their primary agonist between about 100 nM-10
UM (see Chapter 1, Table 1.1) (Kita et al., 2017; Thompson and Lummis, 2006; Ringstad, Abe
and Horvitz, 2009; Morud et al., 2021) but the relevance of an ECs in vivo depends on the
synaptic concentration of a neurotransmitter which is difficult to measure. Thus, to search for
the possible primary agonist of the A. mellifera a5 nAChR we tested all the neurotransmitters
used in an attempt to deorphanise a cys-loop chloride ion channel in insects (Feingold et al.,
2019) (GABA, glutamate, glycine, histamine, dopamine, tyramine and octopamine) plus 5-HT
due to the reasonably close relationship of vertebrate 5-HT3R subunits and non-Dipteran a5
nAChR subunits (Figure 5.1). We decided not to test noradrenaline and betaine as there is not

good evidence they act as neurotransmitters in insects (Osborne, 1996).

There is evidence of a dopamine activated cationic ligand-gated ion channel in snail neurons
(Green and Cottrell, 1996). This has an ECsg of 15 uM for dopamine and is inhibited by d-
tubocurarine, strychnine, apomorphine, sulpiride and spiperone (Green and Cottrell, 1996).
These experiments however, were carried out on whole neurons and so there is no

information on the subunit composition of these channels (Green and Cottrell, 1996).

Table 6.1 A summary of cys-loop ligand gated ion channels gated by biogenic amines or with multiple

neurotransmitter agonists.

Receptor | Species Primary Other Agonists | lon Reference
Agonist Permeability
5-HT3aR Human, 5-HT dopamine Na* (Thompson
vertebrates and Lummis,
2006)
5-HT3aR- Human 5-HT dopamine, Na*, Ca% (van Hooft et
a4 hybrid cytisine al., 1998)
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muscle Human acetylcholine | GABA Na* (Dionisio et
nAChR al., 2015)
HisCIB M. histamine choline, 5-HT, Cl (Kita et al.,
domestica tyramine, 2017)
octopamine,
dopamine,
noradrenaline
GABAAR Human GABA histamine Cr (Saras et al.,
2008)
MOD-1 C. elegans 5-HT tryptamine cl (Rodriguez
Araujo et al.,
2022)
DEG-3/ C. elegans choline acetylcholine Na* (Yassin et al.,
DES-2 2001)
ACR-23 C. elegans betaine choline, Na* (Rufener et
acetylcholine al., 2013;
Pedenetal.,
2013)
LGC-53 C. elegans dopamine cr (Ringstad,
Abe and
Horvitz,
2009)
LGC-55 C. elegans tyramine cr (Ringstad,
Abe and
Horvitz,
2009)
LGC-40 C. elegans choline acetylcholine, Cl (Ringstad,
5-HT Abe and
Horvitz,
2009)
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LGC-52 C. elegans dopamine tyramine cr (Morud et
al., 2021)

LGC-54 C. elegans dopamine, 5-HT cr (Morud et
tyramine al., 2021)

LGC-56 C. elegans tyramine dopamine cr (Morud et
al., 2021)

LGC-50 C. elegans 5-HT cr (Morud et
al., 2021)

LGC-52/ C. elegans dopamine tyramine cr (Morud et
LGC-51 al., 2021)

6.1.2 Biogenic Amines in the Honeybee Brain

Acetylcholine, 5-HT, dopamine, octopamine, tyramine and histamine are all found in the
central nervous system of the honeybee (Osborne, 1996; Bicker, 1999; Roeder, 1994; Mercer
et al., 1983). Earlier studies relied on histofluorescence to locate biogenic amines (Mercer et
al., 1983) but this cannot detect the non-fluorogenic amines; octopamine, tyramine and
histamine. Later studies used immunoreactivity techniques that can detect all of the amines
(Bicker, 1999; Schiafer and Rehder, 1989). HPLC has also been used to quantify the
concentration of biogenic amines in specific honeybee brain regions (Mercer et al., 1983). 5-
HT was found in distinct clusters of neurons across the optic lobes, suboesophageal ganglia
and mushroom bodies as well as connecting various brain regions, similar to other insects
(Bicker, 1999; Mercer et al., 1983). Dopamine was found in all the central brain and
suboesophageal ganglia, including neurons of extrinsic origins in the mushroom bodies but not
in the Kenyon cells (Bicker, 1999; Schafer and Rehder, 1989). Dopamine was not found in
neurons that process visual or olfactory information (Schafer and Rehder, 1989).
Immunoreactive neurons were not found in the optic lobes even though dopamine was
isolated by HPLC from the optic lobes (Bicker, 1999; Mercer et al., 1983; Schafer and Rehder,
1989). Histamine is thought to be involved in the depolarising insect photoreceptors and, in A.

mellifera, was found in five groups made up of 150 cell bodies, in areas including the optical
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ganglia, central brain and the antennal lobes but not the mushroom bodies (Bicker, 1999).
Octopamine was found in five groups of neurons, which was made up of about 100 cell bodies,
in all the brain and suboesophageal ganglia, except the pedunculi of the mushroom bodies and
some parts of the a and B lobes (Bicker, 1999). There has been less research on the location of
tyramine as it was the last to be considered a neurotransmitter and is a precursor to
octopamine so it is difficult to distinguish between octoapaminergic and tyraminergic neurons
(Osborne, 1996; Roeder, 1994). However, it has become clear that tyramine has distinct
effects from octopamine, including in the honeybee with opposing actions in vision (Roeder,
1994; Schilcher et al., 2021) and there is a relatively high concentration of tyramine in insect

brains (Roeder, 1994).

The A. mellifera a5 subunit (originally referred to as Apis a7-2) was located by in situ
hybridisation to the dorsal lobes, optic lobes, mushroom bodies (outer compact Kenyon cells)
and antennal lobes (Thany et al., 2005). This overlaps largely with the locations of 5-HT,
dopamine and octopamine found in the honeybee brain, although dopamine was not found in

the Kenyon cells (Bicker, 1999; Schifer and Rehder, 1989; Mercer et al., 1983).

6.1.3 Biogenic Amines and Honeybee Behaviour

Biogenic amines have various diverse effects on honeybee behaviour, some examples of which
are given below. There were two main techniques used to study behaviour and some studies
used a combination of both; applying biogenic amines or antagonists and observing the
outcomes on specific behaviours (Schilcher et al., 2021; Linn et al., 2020; Cook, Brent and
Breed, 2017; Klappenbach, Kaczer and Locatelli, 2013; Agarwal et al., 2011; Raza et al., 2022;
Arenas et al., 2021; Hewlett et al., 2018) or measuring a correlation between different
behaviours and biogenic amine concentration (Huang et al., 2022; Cook, Brent and Breed,
2017; Raza et al., 2022; Arenas et al., 2021; Mancini et al., 2018; Hewlett et al., 2018).
However, these effects were assumed to be mediated by GPCRs and various studies of
biogenic amine function used agonists or antagonists for specific GPCRs or measured specific
GPCR expression, so the results of these experiments are likely to be due to the action of
biogenic amines on GPCRs (Huang et al., 2022; Klappenbach, Kaczer and Locatelli, 2013;
Agarwal et al., 2011; Mancini et al., 2018; Hewlett et al., 2018; Arenas et al., 2021; Raza et al.,
2022).
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6.1.3.1 Dopamine

Transient dopamine signalling is associated with wanting in honeybees, the equivalent of the
mesolimbic dopamine system in mammals (Huang et al., 2022). Dopamine levels increase
during waggle dance initiation and starvation and the dopamine antagonist, fluphenazine,
decreases foraging frequency (Huang et al., 2022). The external application of dopamine also
increases the initial waggle dance following (Linn et al., 2020). Exposure to queen mandible
pheromone decreases dopamine levels, this leads to downstream effects that prevent the
production of new queens (Beggs et al., 2007). Consumption of tyrosine in royal jelly increases
dopamine and tyramine levels, this promotes the development of reproductive workers
(Matsuyama, Nagao and Sasaki, 2015). There are mixed results for the effect of dopamine on
appetitive (desire to meet bodily needs) learning and memory; it appears to improve learning
and short-term memory (Raza et al., 2022; Mancini et al., 2018) but impair long-term memory
(Klappenbach, Kaczer and Locatelli, 2013). Increased dopamine is associated with improved
aversive (avoidance) learning (Agarwal et al., 2011; Beggs et al., 2007; Vergoz, Schreurs and
Mercer, 2007). Higher concentrations of dopamine, octopamine and 5-HT are found in more
social hive-kept bees than isolated bees and dopamine increases sociability (Hewlett et al.,
2018; Tsvetkov, Cook and Zayed, 2019). Lower dopamine levels associated with bees kept in
smaller groups are correlated with decreased discrimination learning (Tsvetkov, Cook and
Zayed, 2019). Increased dopamine levels are associated with a decreased threshold for
defensive actions in response to alarm pheromones (Rittschof et al., 2019; Nouvian et al.,

2018).

6.1.3.2 Octopamine and Tyramine

Octopamine and tyramine have functionally similar effects in A. mellifera by decreasing
fanning behaviour (Cook, Brent and Breed, 2017), although it is difficult to distinguish the
effect of tyramine as an octopamine precursor from the effect of tyramine itself and tyramine
concentrations in the brain can be too low to measure (Braun and Bicker, 1992; Hewlett et al.,
2018). However, octopamine and tyramine have opposing action in honeybee vision, with

octopamine decreasing the time taken to travel to a light and tyramine increasing the time
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(Schilcher et al., 2021). Thus, despite the fact that tyramine is a precursor to octopamine they
can have different effects and presumably there must be different receptors that can
sufficiently distinguish between the two. Octopamine seems to have a role in some decisions
with honeybees given octopamine less likely to follow waggle dances and more likely to return
to previously profitable resources and more likely to forage for pollen rather than nectar (Linn
et al., 2020; Arenas et al., 2021). Octopamine slows aversive learning (Agarwal et al., 2011)
but increases appetitive learning and retention (Mancini et al., 2018). Although more sociable
hive-kept bees have higher concentrations of octopamine, injected octopamine decreases

social interactions (Hewlett et al., 2018).

6.1.3.3 5-HT

Enhancing or inhibiting 5-HT signalling impairs vision in honeybees so it is difficult to study the
role of 5-HT in visual learning (Mancini et al., 2018). Increased 5-HT is correlated with optimal
appetitive learning and sociability and increased social interactions (Raza et al., 2022; Hewlett
et al., 2018). 5-HT levels are higher in defensive colonies and increased 5-HT levels are

associated with a decreased threshold for defensive actions in response to alarm pheromones,

to a greater extent than dopamine (Nouvian et al., 2018).

6.2 Chapter Aim

The aim of this chapter is to test the responses of the A. mellifera a5 nAChR expressed in X.
laevis oocytes to insect neurotransmitters other than acetylcholine and related compounds, in

particular biogenic amines.
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6.3 Results

6.3.1 Response of the A. mellifera a5 nAChR to 5-HT

Due to the low affinity of acetylcholine, it was decided to test other neurotransmitters on the
A. mellifera a5 nAChR expressed in X. laevis oocytes. 5-HT was the first candidate tried as the
5-HT; receptors in vertebrates are closely related to nAChRs (see Chapter 5 Figure 5.1) (Jones
and Sattelle, 2010). The A. mellifera a5 nAChR responded to 5-HT in a concentration
dependent manner (Figure 6.1 (A)). No response was observed in oocytes injected with water
only, demonstrating that the currents are dependent upon the presence of the a5 nAChR
subunit. 5-HT had an ECsp of 122 (111-134) uM (n =7, N =5) (Figure 6.1 (B)) and the mean
maximum current response (at 1 mM) was 238 + 24.0% (n = 18, N = 8) (+ 95% confidence limits
calculated using two-tailed t tests, for all the relative current responses in this chapter) of the
maximum acetylcholine response (at 5 mM) (Figure 6.1 (C)). Thus 5-HT has a higher affinity

and efficacy than acetylcholine for the A. mellifera a5 nAChR.
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Figure 6.1 Reponses to 5-HT in X. laevis oocytes expressing the A. mellifera a5 nAChR subunit. A. Representative
current traces showing responses to different concentrations of 5-HT (1-1000 uM). The lack of response from a
control oocyte injected with water only is included. B. 5-HT concentration response curve. Data are normalised to
the response to 1 mM 5-HT and have a mean ECsp 122 (111-134) uM fromn =7, N =5. C. Sample traces comparing
the response to maximal concentrations of acetylcholine (5 mM), 5-HT (1 mM) or 1 mM acetylcholine from the same
oocyte, 3 min between applications.

Quipazine and mCPBG are potent 5HT3R agonists (among many other chemicals) (Thompson
and Lummis, 2006), mCPBG also activates 5HT3aR-nAChR a4 hybrid receptors and is a weak
partial agonist, potentiator and channel blocker of vertebrate a9a10 receptors (van Hooft et
al., 1998; Rothlin et al., 2003). No responses to 100 uM quipazine or mCPBG (Figure 6.2) or to

lower concentrations (not shown) were observed.
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Figure 6.2 Trace showing that quipazine and mCPBG have no agonist actions when 100 uM was applied to X. laevis
oocytes expressing the A. mellifera a5 nAChR 3 min after 5 mM acetylcholine application.

6.3.2 Response of the A. mellifera a5 nAChR to Dopamine

The A. mellifera o5 nAChR responded to dopamine in a concentration dependent manner
(Figure 6.3 (A)). No response was observed in oocytes injected with water only, demonstrating
that the currents are dependent upon the presence of the a5 nAChR subunit, in agreement
with previous experiments on dopamine receptors in oocytes, which found no endogenous
response to dopamine (Sakai et al., 1990). Dopamine had an ECsp of 3.37 (2.93-3.89) uM (n =
5, N = 3) (Figure 6.3 (B)) and the mean relative maximum current response (at 100 uM) was
3,530 £ 1,900% (n =7, N = 6) of the maximum acetylcholine response (at 5 mM) (Figure 6.3
(C)). Dopamine has the highest affinity and efficacy of the neurotransmitters tested for the A.
mellifera a5 nAChR (Figure 6.9 and Table 6.2).
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Figure 6.3 Response to dopamine (DA) in X. laevis oocytes expressing the A. mellifera a5 nAChR subunit. A.
Representative current traces showing responses to different concentrations of dopamine (0.3-300 uM). The lack of
response from a control oocyte injected with water only is included. B. Dopamine concentration response curve.
Data are normalised to 100 uM dopamine and have an ECsp = 3.37 (2.93-3.89) uM n =5, N = 3. C. Sample traces
comparing the response to maximal concentrations of acetylcholine (5 mM) and DA (100 uM).

6.3.3 Response of the A. mellifera a5 nAChR to Octopamine

The A. mellifera a5 nAChR responded to octopamine in a concentration dependent manner
(Figure 6.4 (A)). No response was observed in oocytes injected with water only, demonstrating
that the currents are dependent upon the presence of the a5 nAChR subunit. Octopamine had

an ECsp of 378 (354-404) uM (n =6, N = 3) (Figure 6.4 (B)) and the mean maximum current
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response (at 1 mM) was 899 + 390% (n =5, N = 5) of the maximum acetylcholine response (at 5

mM) (Figure 6.4 (C)).
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Figure 6.4 Response to octopamine (OA) in X. laevis oocytes expressing the A. mellifera a5 nAChR subunit. A.
Representative current traces showing responses to different concentrations of octopamine (10-3000 uM). The lack
of response from a control oocyte injected with water only is included. B. Octopamine concentration response curve.
Data are normalised to 1 mM octopamine and have an ECso = 378 (354-404) uM n =6, N = 3. C. Sample traces
comparing the response to maximal concentrations of acetylcholine (5 mM) and OA (1 mM).

Amitraz is an insecticide and arachnicide which is used to control V. destructor mites in
beehives due to its low toxicity to honeybees (Guo et al., 2021). Amitraz is an agonist of GPCRs
which respond to octopamine, primarily OctB2R (Guo et al., 2021). OctB2R from A. mellifera is

much less sensitive to amitraz (ECso 1.2 uM) than OctB2R from V. destructor (ECso 73 nM), thus

150



allowing its use in beehives without causing harm to honeybees (Guo et al., 2021). We tested
whether the A. mellifera a5 nAChR responds to amitraz as it responds to octopamine. The A.
mellifera a5 nAChR expressed in X. laevis oocytes did not respond to 10 uM amitraz (Figure
6.5). Amitraz also had no antagonist actions at 10 uM when coapplied with 2 mM

acetylcholine or 400 uM octopamine (Figure 6.5).

2mMACh + 10 UM
5mM ACh 10 pM amitraz 2 mM ACh amitraz

400 M OA

400 pM OA +10 pM amitraz

_ i ) ( )

60s

50 nA THA

60s
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Figure 6.5 Traces showing that amitraz has no agonist actions when 10 uM was applied to X. laevis oocytes
expressing the A. mellifera a5 nAChR 3 min after 5 mM acetylcholine (ACh) application and that amitraz has no

antagonist actions when 10 uM was coapplied with 2 mM acetylcholine or 400 uM octopamine (OA).

6.3.4 Response of the A. mellifera a5 nAChR to Tyramine

The A. mellifera a5 nAChR responded to tyramine in a concentration dependent manner
(Figure 6.6 (A)). No response was observed in oocytes injected with water only, demonstrating
that the currents are dependent upon the presence of the a5 nAChR subunit. Tyramine had an
ECso 0f 91.1 (78.3-106) uM (n =5, N = 3) (Figure 6.6 (B)) and the mean maximum current
response (at 1 mM) was 770 + 137% (n = 7, N = 4) of the maximum acetylcholine response (at 5
mM) (Figure 6.6 (C)).
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Figure 6.6 Response to tyramine (TA) in X. laevis oocytes expressing the A. mellifera a5 nAChR subunit. A.
Representative current traces showing responses to different concentrations of tyramine (1-3000 uM). The lack of
response from a control oocyte injected with water only is included. B. Tyramine concentration response curve.
Data are normalised to 1 mM tyramine and have an ECsp = 91.1 (78.3-106) uM n =5, N = 3. C. Sample traces
comparing the response to maximal concentrations of acetylcholine (5 mM) and TA (1 mM,).
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6.3.5 Response of the A. mellifera a5 nAChR to Histamine

The A. mellifera a5 nAChR responded to histamine in a concentration dependent manner
(Figure 6.7 (A)). Histamine had an ECso of 3.36 (2.28-4.94) mM (n =5, N = 4) (Figure 6.7 (B))
and the mean maximum current response (at 5 mM) was 45.3 + 10.8% (n = 8, N = 5) of the
maximum acetylcholine response (at 5 mM) (Figure 6.7 (C)). In oocytes injected with water
only there was a slight response (-10 nA) to 5 mM histamine, but this was much less than the

response of oocytes expressing the A. mellifera a5 nAChR (Figure 6.7 (A)).
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Figure 6.7 Response to histamine (HA) in X. laevis oocytes expressing the A. mellifera a5 nAChR subunit. A.
Representative current traces showing responses to different concentrations of histamine (0.1-6 mM). The response
from a control oocyte injected with water only is included. B. Histamine concentration response curve. Data are
normalised to 5 mM histamine and have an ECsp = 3.36 (2.28-4.94) mM n =5, N = 4. C. Sample traces comparing the
response to maximal concentrations of acetylcholine (5 mM) and HA (5 mM).
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6.3.6 Response of the A. mellifera a5 nAChR to GABA, Glycine and Glutamate

Oocytes injected with the A. mellifera a5 DNA, which responded to 5 mM acetylcholine, did
not respond to 1 mM GABA, glycine or glutamate (Figure 6.8).

A 5mM ACh 1 mM GABA B 5mM ACh 1 mM Gly C 5mM ACh 1 mM Glu

100nA|

60s
100 nA 100 nA

60s 60s

Figure 6.8 Traces showing that GABA (A), glycine (B) and glutamate (C) have no agonist actions when 1 mM was
applied to X. laevis oocytes expressing the A. mellifera a5 nAChR 3 min after 5 mM acetylcholine application.

6.3.7 Comparing the Responses of the A. mellifera a5 nAChR to Different

Neurotransmitters

Comparing the responses of the A. mellifera a5 nAChR to different biogenic amines reveals
that dopamine has by far the highest affinity (ECso 3.37 uM) and efficacy (3,530% the
maximum acetylcholine response). Ranking the compounds in terms of affinity (ECso) from
highest to lowest gives: dopamine > tyramine > 5-HT > octopamine > acetylcholine > histamine
> choline, although the confidence limits for acetylcholine and histamine and histamine and
choline overlap so they are not significantly different. Ranking the compounds in terms of
efficacy (relative maximum response) gives dopamine > octopamine > tyramine > 5-HT >
acetylcholine/ choline > histamine, although the confidence limits for octopamine and
tyramine overlap so they are not significantly different. Thus, compared to acetylcholine

dopamine, octopamine, tyramine and 5-HT are superagonists whereas choline is a full agonist
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and histamine is a partial agonist. Ranking the compounds using combined score for affinity

and efficacy using the formula Score =

ACh EC50 (uM) N Relative Maximum Response (%)

EC50 (uM)

100

dopamine > tyramine > octopamine > 5-HT > acetylcholine > histamine > choline.

, gives

Table 6.2 Comparing the responses of the A. mellifera a5 nAChR expressed in X. laevis oocytes to different

neurotransmitters. ECso values and Hill coefficients are displayed as the mean * 95% confidence limits and maximum

responses displayed as percentages + 95% confidence limits calculated using a two-tailed t test.

Neurotransmitter | ECs Hill n= Maximum | n= Combined

(um) Coefficient | oocytes, | Response | oocytes, | Score
N =frogs | Relative to | N = frogs
5 mM ACh
(%)

Acetylcholine 2,650 2.30(1.89- | n=15,N | 100 n/a 1
(2,410- | 2.72) =7
2,930)

Choline 9,070 2.04 n=5N 100 n=5N 0.293
(4,480- | (0.907- =4 =4
18,40) 3.18)

5-HT 122 3.42(2.50- |n=7,N 238+24.0 | n=18,N | 51.9
(111- 4.34) =5 =
134)

Dopamine 3.37 2.22(1.59- | n=5,N 3,530+ n=7,N 27,800
(2.93- 2.86) =3 1,900 =6
3.89)

Octopamine 378 3.73(3.00- |n=6,N |[899+390 |n=5,N 63.1
(354- 4.46) =3 =5
404)

Tyramine 91.1 1.92(1.36- | n=5N | 770+137 n=7,N 224
(78.3- 2.48) =3 =4
106)
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Figure 6.9 A concentration response graph comparing the responses of the A. mellifera a5 nAChR expressed in X.
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laevis oocytes to acetylcholine, choline, 5-HT, dopamine, octopamine, tyramine and histamine.

6.4 Discussion

6.4.1 The A. mellifera a5 nAChR is Primarily a Dopamine Receptor with Other Biogenic

Amines Showing Agonist Actions

As can be seen in Figure 6.9 and Table 6.2, dopamine has a higher affinity and efficacy for the

A. mellifera a5 nAChR than any of the other biogenic amines tested. The ECso of dopamine,
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3.37 (2.93-3.89) uM is within the range of ECsos of many other cys-LGICs for their highest
affinity agonist and neurotransmitter in vivo (Chapter 1, Table 1.1) (Lansdell et al., 2012; Ihara
etal., 2020; Rufener et al., 2020; Hawkins, Mitchell and Jones, 2022; Kita et al., 2017;
Thompson and Lummis, 2006; Ringstad, Abe and Horvitz, 2009; Morud et al., 2021). Thus, the
A. mellifera a5 nAChR is the first identified putative cationic cys-LGIC that has dopamine as a
proposed endogenous agonist and the first potential ionotropic dopamine receptor in insects.
Dopamine has been found in the honeybee brain and in most of the regions that overlap with
the expression profile of the a5 subunit (Bicker, 1999; Thany et al., 2005; Mercer et al., 1983;
Schafer and Rehder, 1989). So, it is possible that the endogenous agonist of the A. mellifera a5
nAChR is dopamine, if it is expressed as a homomer in vivo. It remains to be seen if the
ionotropic dopamine receptor in snails is related to the A. mellifera a5 nAChR (Green and

Cottrell, 1996).

The A. mellifera a5 nAChR also responds to tyramine, 5-HT, octopamine, acetylcholine,
histamine and choline but with a much lower affinity and efficacy than dopamine (Table 6.2,
Figure 6.9). As shown in Table 6.1 there are multiple cys-LGICs expressed in X. laevis oocytes
that respond to other neurotransmitters at higher concentrations and often lower efficacies
than their proposed endogenous agonist (Thompson and Lummis, 2006; van Hooft et al., 1998;
Dionisio et al., 2015; Saras et al., 2008; Peden et al., 2013; Ringstad, Abe and Horvitz, 2009;
Morud et al., 2021) including a histamine chloride channel from M. domestica, which also
responds to choline, 5-HT, tyramine, octopamine, dopamine and noradrenaline (Kita et al.,
2017). This may be because the ligand binding site cannot sufficiently discriminate between
different ligands. This may not have proved to be a problem from an evolutionary perspective
as the synaptic concentrations of neurotransmitters other than the primary agonist may not be
sufficiently high to affect signalling as the affinity for the receptor is too low. Thus, the A.
mellifera a5 nAChR fits this pattern of having an agonist with an ECso between 100 nM and 10

UM and then multiple other agonists with lower affinities and efficacies.

Most of the behavioural effects of dopamine and other biogenic amines have been assumed to
be mediated by GPCRs, confirmed by the use of antagonists against specific dopamine
receptors, flupenazine and pimozide (Huang et al., 2022; Agarwal et al., 2011; Raza et al.,
2022; Klappenbach, Kaczer and Locatelli, 2013; Mancini et al., 2018; Nouvian et al., 2018).
GPCRs act on a slower timescale than ionotropic receptors (Albuguerque et al., 2009), from
research so far it is not clear what sort of honeybee behaviour would require a fast acting

dopamine receptor. However, most of the behaviours studied revolve around learning and
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memory and not fast reflexive behaviours (Klappenbach, Kaczer and Locatelli, 2013; Agarwal et

al., 2011; Raza et al., 2022; Mancini et al., 2018).

6.4.2 Amitraz Does Not Act on the A. mellifera a5 nAChR

As we had a receptor from A. mellifera that responded to octopamine we tested whether
amitraz, a pesticide which is used in beehives to control V. destructor (Guo et al., 2021) had
any effects on the A. mellifera a5 nAChR. Amitraz at 10 uM had no effect on the A. mellifera
a5 nAChR (Figure 6.5). This is not surprising as the targets of amitraz are well characterised as

GPCRs that respond to octopamine (Guo et al., 2021; Sparks et al., 2021).

6.5 Conclusion

The A. mellifera a5 nAChR responds to 5-HT, dopamine, octopamine, tyramine and histamine
as well as acetylcholine and choline, but not to GABA, glycine and glutamate. The response to
dopamine has a higher affinity and efficacy than the responses to other neurotransmitters,
with an ECsg in the range we have seen for endogenous agonists of other cys-LGICs, thus this

may act as a dopamine receptor in vivo.
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Chapter 7 Final Discussion

7.1 The Heterologous Expression of Insect nAChRs in X. laevis oocytes

As mentioned in the introduction, during the last few years there has been major progress in
the heterologous expression of insect nAChRs in X. laevis oocytes and this has allowed their
functional characterisation (Ihara et al., 2020; Cartereau et al., 2020; Rufener et al., 2020;
Hawkins, Mitchell and Jones, 2022; Brunello et al., 2022; Takayama et al., 2022). This thesis
contributes to that progress by developing an expression system for a hybrid receptor
consisting of the D. melanogaster al subunit and subunits from M. persicae with M. persicae
RIC-3, UNC-50 and TMX3 and with the functional and pharmacological characterisation of the
A. mellifera a5 nAChR. The expression of nAChRs from pest species and beneficial species will
allow the development of more pest-specific insecticides, with fewer effects on beneficial

species.

The cloning of the M. persicae nAChR subunits and chaperones means that they are prepared

for any future expression experiments, such as those suggested in Chapter 4.4.4.

7.2 The Potential Functions of an lonotropic Dopamine Receptor in A. mellifera

The A. mellifera a5 nAChR seems to be an ionotropic dopamine receptor (Chapter 6.4.1),
whereas the D. melanogaster a5 nAChR has all the typical pharmacological properties of an
acetylcholine receptor (Lansdell et al., 2012). Why has the a5 nAChR subunit evolved
differently in Diptera and non-Dipteran insects? Two of the key features that distinguish
honeybees from some other insects (e.g. D. melanogaster) are their eusociality and their roles
as pollinators, therefore a receptor that is not present in other insects may have a potential
role in these processes. Biogenic amines have been co-opted to control social behaviours, but
so far there has been no detected difference in biogenic amine receptor genes between
solitary and social insects (Kamhi et al., 2017). Dopamine is associated with increased
sociability (Hewlett et al., 2018). But some measures of sociability can be decreased by
fluphenazine, an antagonist which specifically targets dopamine-activated GPCRs (Hewlett et

al., 2018), thus at least some of dopamine’s role in sociability is due to these receptors.
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Dopamine decreases the threshold for cooperative defensive behaviour, which may be a
process that requires the fast action produced by ionotropic receptors but again this was
decreased by antagonists acting on GPCRs and 5-HT has a greater effect on defensiveness
(Nouvian et al., 2018; Rittschof et al., 2019). Nectar from different plants does contain
neuroactive substances (octopamine, tyramine, caffeine, GABA, taurine, B-alanine, glutamate,
glycine, nicotine and scopolamine) (Mustard, 2020; Muth et al., 2022), that can have an effect
on behaviour (Muth et al., 2022) but there is no record of dopamine in nectar (Mustard, 2020).
Also, neither dopamine, 5-HT nor octopamine has been detected in bee pollen (Zhao et al.,

2018).

7.3 The Possibility of Reclassifying the A. mellifera a5 as an lonotropic Dopamine

Receptor

As mentioned in Chapter 6.4.1, the experimental evidence suggests that the A. mellifera a5
nAChR is a dopamine receptor. This would be the first cationic cys-LGIC that has dopamine as
a proposed endogenous agonist. However, little is known about the pharmacology of other
non-Dipteran a5 receptors in this monophyletic group, as they have not been expressed.
Expression of the a5 subunit from L. migratoria was attempted but was not successful with or
without other nAChR subunits from L. migratoria (Zhang et al., 2017). Thus, there may be
variation within this group regarding expression and pharmacology serving species specific
roles and it might be premature to consider reclassifying the group until more is known about
the pharmacology of non-Dipteran a5 subunits from other species. Therefore, experiments
characterising a different homomeric non-Dipteran a5 nAChR, would be very useful. A protein
structure, especially with a ligand bound, would elucidate why the A. mellifera a5 nAChR has a
higher affinity and efficacy for dopamine than acetylcholine at the molecular level. A
homology model based on the human a7 nAChR has been created and acetylcholine and 5-HT
have been docked into the binding site (Figure 7.1) (Mitchell et al., 2022). The most notable
differences between the A. mellifera a5 and human a7 that may contribute to ligand binding
are on the complementary side of the binding site (Mitchell et al., 2022). Further modelling
exploring the possible interactions of dopamine with the binding site, may give insights into

why dopamine is such a potent agonist of the A. mellifera a5 nAChR.
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Figure 7.1 Homology modelling of the A. mellifera a5 nAChR based on the human a7 crystal structure (Zhao et al.,
2021). Binding conformations generated by Autodock Vina with the interactions between acetylcholine (yellow) and
serotonin (magenta) and the main binding site amino acids (red = hydrogen bond, orange = cation-rt, and pale cyan
=n-nt) for A. mellifera a5 (A, and B, C) and human a7 (D, E, and F) from (Mitchell et al., 2022).

In future characterisation studies on cys-LGICs it may be worthwhile testing a range of
neurotransmitters, especially if the predicted endogenous neurotransmitter has a low affinity,
as has been done in previous research on HisCIB in M. domestica and secCl in D. melanogaster
(Kita et al., 2017; Feingold et al., 2019). This will allow the empirical detection of any
unexpected agonists and further the understanding of the selectivity of these receptors by

comparing the affinity and efficacy of different agonists.
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