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Abstract

Neurons are metabolically-demanding cells, producing reactive oxygen species (ROS)
primarily as a by-product of aerobic respiration. ROS serve an important physiological role
to modulate signalling pathways, gene expression, and cell function. However, unregulated
levels of ROS can cause cellular damage and a state of oxidative stress (OS), which is a
pathological hallmark of many neurodegenerative conditions. A better understanding of how
ROS are controlled could elucidate therapeutic strategies for such conditions. My research
sought to elucidate the physiological relevance of the antioxidant enzyme Sulfiredoxin-1
(Srx), which resolves Peroxiredoxins and additional putative substrates to maintain ROS

homeostasis.

To investigate the role of Srx, | generated Drosophila melanogaster Srx mutants, which
exhibited mild increases in sensitivity to OS. Redox-sensitive signalling pathways in
Drosophila Srx mutants were differentially perturbed, and ROS levels in tissue homogenates
were not significantly affected. These modest changes to redox homeostasis were
contrasted by pronounced changes to fly behaviour and physiology, which include enhanced
negative geotaxis responses and diminished neurotransmission in the visual system.
Physiological changes to Drosophila Srx mutants were accompanied by enhanced neuron
growth in vivo and in vitro, a morphological feature that is well-established to be regulated by
redox signalling. Rat primary hippocampal neurons also exhibited enhanced growth following

loss of Srx, demonstrating that Srx-regulated neuron growth is conserved across species.

Collectively, my work indicates that Srx modulates signalling pathways involved in neuronal
growth and function, rather than conferring widespread defence against OS. My work has
opened up avenues for further research into the identity of Srx-regulated signalling events
and pathways and adds to a growing body of work that highlights ROS as being a critical

modulators of nervous system development and function.
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1. Introduction

1.1. Rationale

The high metabolic demands of neurons generates reactive oxygen species (ROS), primarily
as a product of aerobic respiration at the mitochondria. ROS control signalling pathways to
regulate gene expression and, in turn, synaptic plasticity and neuron function (Kamsler and
Segal, 2003; Lennicke and Cochemé, 2021; Milton and Sweeney, 2012). Enzymatic
antioxidant systems function to help maintain ROS homeostasis, preventing high levels and
a state of ‘oxidative stress’ (OS) that is a pathological hallmark of many neurodegenerative
conditions (Singh et al., 2019). A better understanding of how homeostasis is maintained
could help to generate therapeutic strategies for such diseases and help prepare for a
forecasted ageing population (Mitchell and Walker, 2020). This thesis aimed to elucidate the

contribution of Sulfiredoxin-1 (Srx) in regulating ROS homeostasis and neuron function.

1.2. ROS in the cellular environment

1.2.1. Overview of ROS

Reactive Oxygen Species (ROS) are radical and non-radical-containing oxygen species that
are formed via the partial reduction of oxygen atoms (Ray et al., 2012). Oxygen has an
electron configuration of 1S?2S?2P* (Figure 1.1.A). The two unpaired P-orbital electrons mean
that electrons are readily accepted and oxygen atoms are reduced. This also renders oxygen

susceptible to radical production, in which there are lone unpaired electrons.

ROS include superoxide anions (Oz), hydroxyl radicals (HO-), and Hydrogen Peroxide (HzOx).
The free radical ROS variants (O~ and HO:") can react with organic substrates in the cellular
environment to propagate radical production (Figure 1.1.B). Although H,O. is less reactive, it
acts as a source of hydroxyl radicals via the Fenton reaction in the presence of divalent metal
ions (Figure 1.1.C) and the Haber-Weiss reaction (Figure 1.1.D) (Haber and Weiss, 1934). ROS

can interact with nitrogen-containing species to propagate reactive nitrogen species
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production (RNS). For instance, superoxide anions can interact with nitric oxide to produce

peroxynitrite (ONOO:).
Figure 1.1. Oxygen acts as a source
A oxygen: [ 1L (1L I11L 11 |1 of radicals in the cellular
1S 25 op environment.

A. Oxygen has two unpaired p-orbital
electrons (highlighted in red) that

o
B. RH R —%—» ROO: ROOH
; ; / ; enable free radical formation. B. ROS

HO: H,O RH R . . . .
propagate via interactions with organic

molecules. H-O: is a source of radicals

2+ . - 3+
C. HO,+Fe > HO + HO" + Fe via the Fenton (C) and Haber-Weiss

3+ + .
D. H,0,+0, _FeFe | O+ HO + o, reactions (D).

1.2.2. Redox-sensitive organic molecules

ROS can cause widespread damage in the cellular environment by interacting with a variety
of macromolecules. Hydroxyl radicals can interact with DNA directly to cause strand scission
(Brawn and Fridovich, 1981; Lesko et al., 1980). Although superoxide ions and hydrogen
peroxide cannot induce such changes directly, they are proposed to indirectly contribute to
DNA damage. Superoxide ions can reduce DNA-bound iron, which in turn participates in the
Fenton reaction to generate hydroxyl radicals from hydrogen peroxide (Brawn and Fridovich,
1981; Keyer and Imlay, 1996; Lesko et al., 1980). Cells have no enzymatic mechanism to
eradicate hydroxyl radicals (Mitra et al., 2019), whereas they have enzymatic mechanisms to
reduce superoxide dismutase (see Chapter 1.2.6.1) and hydrogen peroxide (see Chapter
1.2.6.2-4). Therefore, an excess of hydroxyl radicals can lead to widespread DNA damage

and cell death.

ROS can interact with lipids to cause lipid peroxidation and compromise membrane integrity
and permeability (Ayala et al., 2014). ROS also regulate the oxidation state of thiol-containing
cysteine groups in proteins (Figure 1.2). Oxidation of these residues can generate intra- and

intermolecular disulphide bonds to alter the secondary and tertiary structure of proteins (Baba
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and Bhatnagar, 2018). Under conditions of OS, redox modifications could irreversibly

denature proteins to inhibit their function.

Some redox modifications also serve to protect cysteine residues from oxidation. S-
glutathionylation, whereby glutathione tripeptides are conjugated to these residues, protects
cysteine residues from oxidation (Forman et al., 2009). S-glutathionylation of histones also
induces epigenetic changes (De Luca et al., 2011), demonstrating the far-reaching

physiological functions of ROS.

A. GH Figure 1.2. Redox-sensitive cysteine
s s
<|:H2 ,':Hz residues regulate protein tertiary and
| |
R.,A_N/C\ /C._A'R — R..__N,C\ /C._,.R M quaternary structures.
b noo A. Cysteine residue thiol groups are readily
de-protonated in cells, depending on the pH
B. H O HoQ of the protein microenvironment. B. The
N C R N .R
g W W R \clz/ ¢’ resulting thiolate ion can initiate nucleophilic
|
CH, e, |attacks on other cysteine residue thiol
[NS\(—‘? . ot . .
s H s groups to generate intra- or intermolecular
e e disulphide bonds. This can regulate protein
R C C R C C
|/ \”/ R "n:( \c":/ R structure and function.
H

1.2.3. ROS modulate signalling pathways and gene expression

Despite the potential for OS to damage cellular components, ROS also serve an important
physiological role in controlling signalling pathways. Redox-mediated modifications to
transcription factor proteins and their upstream cytosolic pathway components controls gene

expression and cell activity. In this manner, ROS function as second messengers.

1.2.3.1 MAPK signalling

Mitogen-activated protein kinase (MAPK) signalling pathways are redox-sensitive. MAPKs
are a large family of proline-directed, serine/threonine kinases that are the terminal kinases
in three-tiered kinase signalling cascades, also referred to as modules. Within each module

is a MAPK, a MAPK kinase (MAPKK), and a MAPKK kinase (MAPKK). For activation,
14



MAPKKKs phosphorylate and activate MAPKKSs, which in turn phosphorylate and activate
MAPKs at conserved TxY motifs. MAPKKKs are activated by a variety of sources, often
through phosphorylation and interactions with small GTP-binding proteins of the Ras/Rho
family (Cargnello and Roux, 2011).

Seven modules of MAPKs have been identified, which are classed as either conventional or
atypical. The latter possess non-conforming particularities, such a lack of the three-tiered
cascade structure (Coulombe and Meloche, 2007). Irrespective of activation, all MAPKs
phosphorylate target serine or threonine residues that are followed by proline residues
immediately afterwards, rendering them ‘proline-directed’ (Cargnello and Roux, 2011). The
MAPK substrates are diverse. Examples include cytoskeletal proteins, kinhases, and
transcription factors. Phosphorylation of transcription factors by MAPKs can influence gene
expression and are sensitive to OS. An example of a redox-sensitive MAPK signalling

cascade is JNK/AP-1 signalling.

The transcription factor Activator Protein 1 (AP-1) exists as dimers of Jun, Fos, MAF, and ATF
proteins (Johnson and Nakamura, 2007). Jun and Fos proteins are the most extensively
researched AP-1 components, with prototypical AP-1 entities consisting as heterodimers of
a Fos family component (c-fos FosB, Fra-1, Fra-2) complexed with a Jun family component
(c-jun, JunB and JunD). DNA binding assays indicate that human c-Jun/c-Fos heterodimers
are more stable and bind to DNA with more affinity compared to c-Jun homodimers, which
in turn are more stable and bind to DNA more readily than c-Fos homodimers (Halazonetis et
al., 1988). However, the large range of potential dimer combinations has made it difficult to
characterise the DNA-binding affinity of all Jun/Fos family members in response to specific
cellular stimuli. Conversely, Drosophila melanogaster exhibit a single homologue for Jun and

Fos proteins (Ciapponi and Bohmann, 2002).

AP-1 components have highly conserved basic-leucine zipper domains (bZIP) domains.
Leucine zippers allow dimerisation, whereas basic regions facilitate DNA binding (Bejjani et
al., 2019). The composition of the dimers affects their affinity for different types of palindromic
DNA sequences. Fos/Jun heterodimers and Jun/Jun homodimers bind to 12-O-
tetradecanoylphorbol-13-acetate (TPA)-responsive element (TRE), for which the consensus
sequence is 5’-TGA(C/G)TCA motifs (Angel et al., 1987). Fos/Jun heterodimers and Jun/Jun
homodimers are also able to bind cAMP-responsive elements (CRE) with less affinity. The
mechanisms by which AP-1 control transcription are still poorly understood, but AP-1 is likely
to bind to distal enhancer sequences, rather than promoters, to exert transcription-regulatory

actions (Bejjani et al., 2019).
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OS causes increased activation of the MAPK JNK, which phosphorylates and enhances the
transcriptional activity of c-dun and ATF2 (Karin, 1995). This pathway has been shown to
regulate apoptosis (Behrens et al., 1999). OS-induced activation of JNK/AP-1 signalling also
promotes neuron growth in Drosophila, with sources of ROS differentially activating AP-1
components to induce overgrowths as the Drosophila third instar larval neuromuscular
junction (NMJ) (Collins et al., 2006; Milton et al., 2011). For instance, sod2 mutations induce
overgrowths that can be rescued by the expression of dominant-negative Fos and Jun
transgenes, whereas sod7? mutations induce overgrowths that can be rescued by the
expression of dominant-negative Fos transgenes only (Milton et al., 2011). As sod2 is a
mitochondrial matrix protein, whereas sod1 is broadly distributed amongst the cytosol and
alternative organelles, this may suggest that the cellular source of ROS may determine the
manner of JNK/AP-1 activation. Further research is required to explore whether Jun
localisation to mitochondria could underly the specific activation of JNK/AP-1 signalling

components in response to mitochondrial ROS.

JNK also phosphorylates the transcription factor Forkhead box O (FOXO) to increase nuclear
translocation and the transcription of target genes (Brunet et al., 2004; Essers et al., 2004).
OS also promotes this nuclear import via the dimerisation of FOXO with transportin (TNPO)
at redox-sensitive cysteine residues (Putker et al., 2013). Conversely, insulin signalling
promotes Akt phosphorylation of FOXO at alternative sites to prevent nuclear import (Brunet
et al., 1999; Jacobs et al., 2003; Kops et al., 1999). Therefore, FOXO integrates antagonistic
signalling from OS-induced c-Jun N-terminal kinase (JNK) and nutrient-dependent insulin

signalling pathways (Yen et al., 2011).

1.2.3.2. PIBK/Akt signalling

Phosphoinositide 3-kinase (PI3K)/Protein kinase B (Akt) signalling regulates cell growth and
survival. This pathway is typically activated by the phosphorylation of PI3K by receptor
tyrosine kinases (RTKs). This kinase, in turn, phosphorylates the lipid phosphatidylinositol-
4,5-biphosphate (PIP.) to phosphatidylinositol-4,5-triphosphate (PIPs), a potent activator of
Akt. Akt can phosphorylate many targets to have a stimulatory or inhibitory effect (Hemmings
and Restuccia, 2012). One such target is mammalian target of Rapamycin (mTOR), a kinase
that interacts with other proteins to form one of two complexes: mTORC1 and mTORC2.
These complexes phosphorylate a myriad of targets, including transcriptional and
translational regulators, to facilitate cell growth, proliferation, and survival (reviewed in
Laplante and Sabatini, 2012).
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PI3K/Akt signalling is inhibited by the actions of Phosphatase and tensin homologs deleted
on chromosome 10 (PTEN). This plasma-membrane lipid phosphatase dephosphorylates
PIP; to PIP, to antagonise PI3K/Akt signalling and, therefore, cell growth and proliferation
(Zhang et al., 2020). PTEN activity is sensitive to OS. Exposure to H.O. generates
intramolecular disulphide bonds that form between two cysteine residues, one of which is in
the active site. This inhibits PTEN (Lee et al., 2002). Therefore, OS regulates downstream
PISK/AKT signalling also. The redox state of PTEN is also controlled by antioxidant enzymes
(see Chapter 1.2.6.4). Additionally, Akt phosphorylates and negatively regulates the MAPKKK
ASK1 (Kim et al., 2001), as well as FOXO4 (Brownawell et al., 2001). This demonstrates the

complexity and cross-talk between redox-sensitive signalling pathways.

1.2.3.3. Nrf2 signalling

The transcription factor Nuclear factor erythroid 2-related factor 2 (Nrf2) is also modulated by
the oxidative state of cells. Nrf2 signalling upregulates many antioxidant enzymes, such as
glutathione S-transferase, Thioredoxin-1, Peroxiredoxin-1, and Sulfiredoxin-1, which are
detailed in Chapter 1.2.6 (Hayes and Dinkova-Kostova, 2014). Under unstressed conditions,
Kelch-like ECH-associated protein 1 (KEAP1) binds to Nrf2, leading to its ubiquitination and
degradation. KEAP1 forms intramolecular disulphide bonds when exposed to OS, which

liberates Nrf2 and permits nuclear import (Fourquet et al., 2010; Kobayashi et al., 2004).

Nrf2 is also regulated by the redox-sensitive kinase Glycogen synthase kinase-3 beta (GSK-
3B). GSK-3B phosphorylates Nrf2 to promote its nuclear exclusion and attenuate the
transcription of target genes (Rojo et al., 2008; Salazar et al., 2006). Under acute bouts of
0S, GSK-3B is phosphorylated and inactivated by Akt at Ser9, which promotes increased
Nrf2 signalling and correlates with the general increase in PI3K/Akt signalling associated with
0S. Chronic OS promotes Akt dephosphorylation, leading to decreased GSK-3(3
phosphorylation that promotes the nuclear exclusion of Nrf2 (Martin et al., 2002; Rojo et al.,
2008; Salazar et al., 2006). The interaction between PI3K and Nrf2 signalling further

demonstrates the large degree of cross-talk between redox-sensitive signalling pathways.
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1.2.4. Mitochondria as a source of ROS

Mitochondria are organelles responsible for ATP production under aerobic conditions. Energy
is primarily sourced from glucose that is converted to pyruvate in glycolysis in the cytosol,
which is then transported into mitochondria. Mitochondria possess an outer and an inner
membrane, the latter of which is highly folded to form cristae, and within this is the
mitochondrial matrix. Here, pyruvate is converted to acetyl coenzyme A (Acetyl CoA) for
processing in the Krebs cycle. The mitochondrial inner membrane houses protein complexes
that participate in redox reactions, known as the ‘electron transport chain’ (ETC), which
sources electrons from the products of glycolysis and the Krebs cycle. The resulting redox
reactions, depicted in Figure 1.3, generate a proton gradient across the inner mitochondrial
membrane that drives ATP production. The ETC and proton-driven ATP synthesis are

collectively referred to as oxidative phosphorylation (Zhao et al., 2019).

NADH, sourced from glycolysis and the Krebs cycle, is the principal electron donor for
complex |, from which electrons are passed to Coenzyme Q (CoQ). Similarly, FADH2, sourced
from the Krebs cycle, is the principal electron donor for complex Il, which also passes
electrons to CoQ. Electrons are shuttled from CoQ to complex lll, Cytochrome C (Cyt C), and
complex IV, respectively. Complexes |, lll, and IV transport protons across the mitochondrial
membrane as they receive electrons and acquire a ‘supercharged’ state. The resulting proton
gradient is used by ATP synthase to convert ADP to ATP (Zhao et al., 2019).

ROS are primarily produced in cells from mitochondria as a product of the ETC. ROS have
been directly measured from isolated mitochondria (Loschen and Flohé, 1971) and the
isolated mitochondrial complexes that facilitate oxidative phosphorylation and ATP
production (Cadenas et al., 1977; Kussmaul and Hirst, 2006). Both complex | and complex llI

have been observed to be a source of ROS.

Isolated complex | has been induced to produce O+ in multiple ways. Flavin mono nucleotide
(FMN) is the principal electron acceptor for complex |, and the proportion of FMN that is
reduced is determined by the ratio of NADH to NAD+. High NADH/NAD+ ratios have been
shown to increase O.+” production, likely due to the transfer of electrons from reduced FMN
to oxygen molecules (Kussmaul and Hirst, 2006). This production is enhanced by the use of
rotenone, which binds to the CoQ binding site to impede the passage of electrons from
complex | to CoQ (Cadenas et al., 1977). It is also proposed that complex | can produce O,
from an unspecified site when the CoQ pool is highly reduced, which induces reverse electron

transport chain (RET) (Chance and Hollunger, 1961). The energetic demands of cells will
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influence the extent to which mitochondria are actively generating ATP. During periods of
high activity mitochondria in vivo are more likely to be in a state where they are synthesising
ATP. Some postulate that in such states, it is likely that complex lll is actually the major
source of Oz*” as the reduction of CoQ produces ubisemiquinone free radicals that can react
with molecular oxygen (Turrens et al., 1985). These sources of ROS are depicted in Figure
1.3.

Mitochondrial toxins impede the function of protein complexes in the ETC, resulting in
increased ROS production. Rotenone is an insecticide and herbicide that impedes the
movement of electrons from iron-sulphur centres in complex | to ubiquinone (Heinz et al.,
2017). Paraquat, another pesticide, also induces ROS production from complex | (Cochemé
and Murphy, 2008). Due to their toxicity, the commercial availability and use of these
substances is now restricted in many countries. However, researchers commonly use these
compounds to generate OS in model organisms under tightly-regulated experimental

conditions.
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Figure 1.3. ROS are a product of aerobic respiration at mitochondria.

Redox reactions between protein complexes at the inner mitochondrial membrane create a proton gradient that drives ATP production.
Complex | produces ROS under conditions that produce high ratios of NADH to NAD+, where the former donates electrons to oxygen
molecules. ROS can also be produced from this complex due to a high proportion of ubiquinol (QH,) that leads to the reverse electron
transport chain (RET) and the release of electrons from an unspecified site. Complex Il can be induced to produce ROS when the movement
of electrons to the Q; site is inhibited. Ubisemiquinone acts as an electron donor on both sides of the inner mitochondrial membrane.

Commonly known inhibitors of protein complex function are indicated at the bottom of the diagram.
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1.2.5. Non-mitochondrial sources of ROS

Along with the mitochondrial respiratory chain, the other major source of ROS in cells is
considered to be NADPH oxidase (NOX) enzymes (Holmstrém and Finkel, 2014). This class
of transmembrane enzyme complexes carries electrons across membranes to reduce
diatomic oxygen to superoxide radicals (O.+). As their name suggests, the electrons are
sourced from the oxidation of NADPH at their cytosolic domain, which is then passed along
redox centres in the complex (Panday et al., 2015). The localisation of these enzymes varies
from plasma membranes to intracellular compartments like the membranes of the

endoplasmic reticulum (Buul et al., 2005) and mitochondria (Graham et al., 2010).

ROS are also a product of golgi-derived organelles such as peroxisomes. These are single-
membraned organelles containing H.O.-producing oxidases and catalase, which catalyses
the breakdown of H.O, to oxygen and water (De Duve and Baudhuin, 1966). Peroxisomes
have many metabolic roles, such as fatty acid oxidation and polyamine oxidation. They
contain many enzymes that produce ROS as a natural product of these processes, such as
polyamine oxidase, which catalyses the breakdown of polyamines and produces H.O..
Peroxisomes contain antioxidant enzymes to defend against OS, such as catalase and

peroxiredoxin 5 (Fransen et al., 2012).

Lysosomes can also act as a source of ROS. These organelles are responsible for autophagy:
the breakdown of cellular components to remove biological waste. Lysosomal dysfunction
can result in the accumulation of this waste to form lipofuscin, an intracellular, non-
degradable deposit of lipids and proteins. Lipofuscin accumulates with age, and is common
in ageing post-mitotic cells like neurons (Rézanowska, 2023). Lysosomal dysfunction causes
increased oxidative damage (Donida et al., 2017; Milton et al., 2011). This is thought to stem
from the accumulation of senescent mitochondria and lysosomal iron (Fe?), with the latter

producing ROS via the Fenton reaction (Terman et al., 2006).

1.2.6. Cellular mechanisms to maintain ROS homeostasis

ROS homeostasis is maintained in cells using a plethora of antioxidant defence mechanisms.
This includes molecular antioxidants like ascorbic acid and tocopherols, which directly
neutralise ROS and can be exogenously sourced from our diets (Behl, 2000; May, 2012).
There are also endogenous enzymatic defences that neutralise ROS and ROS-induced
modifications.
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1.2.6.1. Superoxide Dismutase Enzymes

The principal form of ROS generated in cells is superoxide anions (O.*). These radicals are
produced via the reduction of diatomic oxygen. To prevent this interacting with
macromolecules in the cellular environment, as well as prevent radical propagation,
superoxide dismutase (SOD) enzymes catalyse the conversion of superoxide to hydrogen
peroxide (H20,). There are three isoforms of this enzyme, named SOD1-3. SOD1 uses Cu?*
ions as a cofactor and is present in the mitochondrial intermembrane space, cytoplasm, and
endoplasmic reticulum amongst other organelles (Crapo et al., 1992; Okado-Matsumoto and
Fridovich, 2001). SOD2 uses Mn?* ions as a cofactor and is localised to the mitochondrial
matrix (Okado-Matsumoto and Fridovich, 2001). Lastly, SOD3 uses Cu?* ions as a cofactor

and is transported to the extracellular space (Folz and Crapo, 1994).

1.2.6.2. Catalase

Although hydrogen peroxide is more stable than superoxide anions, it can be readily reduced
in the Fenton reaction to generate hydroxyl radicals (see Chapter 1.2.1). To remove this
potential source of radicals, hydrogen peroxide is further reduced by the actions of multiple
enzymes. This includes catalase, glutathione peroxidase, and peroxiredoxins. Catalase
catalyses the breakdown of two hydrogen peroxide molecules into one molecule of oxygen
and two molecules of water in a two-step reaction (Deisseroth and Dounce, 1970). Catalase
is primarily located in the peroxisomes of mammalian cells. However, some specific cell types
exhibit catalase in other organelles. For instance, catalase has been observed in the
mitochondria of rat cardiomycytes (Radi et al., 1991). Cell senescence also appears to
compromise import of catalase to peroxisomes, increasing cytosolic levels of this enzyme
(Legakis et al., 2002).

1.2.6.3. The Glutathione system

The most abundant mammalian antioxidant is glutathione (Dringen, 2000). This tripeptide is
the eponymous feature of the glutathione system. It is comprised of a glutamate, cysteine,
and glycine amino acid with an atypical peptide bond between the y-carboxyl group of
glutamate and the cysteine. Glutathione is present in many organelles including the
cytoplasm, endoplasmic reticulum, and mitochondria. Similarly, the enzymes that use it as a

substrate exhibit a broad distribution. Glutathione peroxidases (Gpxs) catalyse the reduction
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of peroxides to oxidise glutathione, forming a disulphide bond between two tripeptides. This
can then be reduced by the actions of glutathione reductases, which use NADPH as an
electron donor to remove this bond and recycle the glutathione (Santacroce et al., 2023).
Glutathione-S-transferase (GST) enzymes conjugate glutathione to cysteine residues directly

to protect them from oxidation, known as S-glutathionylation (Forman et al., 2009).

1.2.6.4. The Peroxiredoxin system

Peroxiredoxins (Prdxs) are another family of antioxidant enzymes that reduce hydrogen
peroxide and alkyl hydroperoxides. There are multiple classes of this enzyme that all undergo
three common mechanistic steps (Figure 1.4). This mechanism involves a ‘peroxidatic’ and a
‘resolving’ cysteine residue, denoted Cr and Cg, respectively (reviewed in Hall et al., 2009).
Firstly, Prdxs undergo ‘peroxidation’ in which a Cp residue is deprotonated to a thiolate ion
to induce a nucleophilic attack on peroxides. Secondly, the now-oxidised Cr residue
undergoes ‘resolution’ whereby a deprotonated Cr residue thiolate ion initiates a nucleophilic
attack to form a disulphide bond (Chae et al., 1994b). Finally, ‘recycling’ of the enzymes
occurs when the free thiols of the Cp and Cr residues are regenerated by thioredoxin (Trx).
Trx is reduced via the actions of thioredoxin reductase (TrxR) that uses NADPH as an electron
donor (Chae et al., 1994a; Hall et al., 2009). Thioredoxin is known to reduce a multitude of

other enzymes, including PTEN (Lee et al., 2002).

The classes of Prdx enzymes differ according to where the Cr residue is derived for the Cp
resolution (Table 1.1). Typical 2-Cys Prdxs possess N-terminal Ce residues that interact with
C-terminal Cr residues on other Prdx enzymes, forming intermolecular disulphide bonds to
function as obligate homodimers (Hall et al., 2009). They are broadly distributed throughout
many cellular organelles. Prdx1 and 2 are located in the nucleus and cytosol, Prdx3 is
mitochondrial, and Prdx4 is found in the endoplasmic reticulum (Rhee et al., 2012). The
specific types of Prdx also seem to have differing functions as well as locations. Prdx1 can
bind to PTEN to form intermolecular heterodimers and protect against OS-induced

inactivation of this phosphatase. Prdx2 cannot, however (Cao et al., 2009).
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Figure 1.4. Mechanism of Prdx-mediated reduction of peroxides.

Prdx enzymes reduce peroxides and hydroperoxides via disulphide bonds at catalytic
cysteine residues. All Prdx enzymes follow the same three catalytic stages. In ‘peroxidation,’
Peroxidatic cysteine residue (Cp) thiolate ions attack peroxides to become oxidised. Oxidised
Ce residues are then attacked by resolving cysteine residue (Cg) thiolate ions to form
disulphide bonds in ‘resolution.” Prdxs undergo ‘recycling,” whereby Trx resolves the
disulphide bonds. Here the mechanism has been shown for Typical 2-Cys Prdxs (see Table
1.1).
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Table 1.1. Prdx classes have different resolving mechanisms.
Prdx classes differ according to how their peroxidatic cysteine residues (Cp) are resolved
and reduced via interactions with resolving cysteine residues (Cg) to form disulphide bonds

(green lines).

Class Cr |Cr Cer - Ci Interaction Graphical Interaction

Typical 2- Yes | Yes | Intermolecular - enzymes

Cys Prdxs function as obligate m
homodimers, with disuphide C c
bonds forming between the P R
Ce residue of one Prdx and | |
the Cr residue of another (and C C

vice versa). R

Atypical 2- | Yes | Yes | Intramolecular - enzymes form
Cys Prdxs disulphide bonds between the CR cp

Ce and Cg residues within the

same enzyme.

1-Cys Yes | No Intermolecular - Cr residue is

Prdxs sourced from an alternative m
thiol group (not a Prdx

enzyme). C

The oxidation state of Cp residues on typical 2-Cys Prdxs determines the manner in which
they are reduced and recycled. If they are partially oxidised to sulfenic acid functional groups
(SOH), these residues are readily attacked by Cr residue thiolate ions to form intermolecular
disulphide bonds that can then be reduced by Trx (see Figure 1.5.A). However,
hyperoxidation of Ce residues to sulfinic acid (SOOH) or sulfonic acid (SOOOH) functional

groups prevents such interactions.
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1.2.6.5. Sulfiredoxin-1

Although once thought to be irreversible, sulfinic acid functional groups on 2-Cys Prdxs are
reduced by Sulfiredoxin-1 (Srx) (Biteau et al., 2003; Chang et al., 2004; Woo et al., 2005). This
process is ATP- and Mg**-dependent and requires a thiol as an electron donor. The catalytic
mechanism has been elucidated through mutating specific amino acid (AA) residues in rat
Srx (Jeong et al., 2006). Co-immunoprecipitation experiments demonstrate that mutating the
charged AA residues Arg™, Asp®, and Asp’® inhibits 26dimerisation with rat Prdx1. Mutation
of these residues also inhibits the ATPase activity of Srx, as do mutations to the positively
charged residues Lys®, His*, Arg'®, and the catalytic cysteine residue Cys®. Mutations to

each of the aforementioned residues prevents the reduction of Prdx1.

Combining these findings with the proposed structure by (Jénsson et al., 2005), Jeong et al.
(2006) suggest a catalytic mechanism in which Srx binds to Prdx via residues Arg®, Asp®’,
and Asp’. Binding to ATP phosphate groups happens independently of Prdx-binding and is
facilitated by Lys®, His®, Arg'®. The catalytic Cys® residue is deprotonated via interactions
with the neighbouring Asp™ residue, creating a thiolate ion that initiates a nucleophilic attack
on the y-phosphate of ATP to hydrolyse it. This is transferred to the sulfinic acid moiety of
hyperoxidised Prdx to form a sulfinic acid phosphoryl ester that is reductively cleaved by

thiols, such as glutathione and Trx. The mechanism is depicted in Figure 1.5.B.
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Figure 1.5. The recycling mechanism for typical 2-Cys Prdx enzymes is dependent on
their oxidation state.

A. Peroxiredoxin Cp residues can be partially oxidised to sulfenic acid functional groups
(SOH), or hyperoxidised to sulfinic (SOOH) and sulfonic acids (SOOOH). Partial oxidation
allows typical 2-Cys-Prdx enzymes to be resolved by intermolecular disulphide bonds to
form homodimers. These cannot form if Cp residues are hyperoxidised. B. Srx can reduce
hyperoxidised typical 2-Cys Prdx Cp residues with sulfinic acid functional groups. This
process requires ATP and Mg*. A sulfinic acid phosphoryl ester intermediate is formed that

can then be reductively cleaved by thiols.
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H.O. alone is not sufficient to induce the hyperoxidation of 2-Cys Prdx enzymes, as ATP and
Mg?* are also required for H.O,-induced hyperoxidation (Yang et al., 2002). This indicates
that the hyperoxidation only occurs when the enzymes are engaged in the catalytic cycle and
the Cr residue is exposed. Eukaryotic 2-Cys Prdx enzymes possess a conserved C-terminus
motif (Gly-Gly-Leu-Gly) that is lacking in prokaryotic Prdx. The latter is not susceptible to
hyperoxidation and suggests that Srx has developed as an evolutionary adaptation to a
change in the structure of eukaryotic 2-Cys Prdxs (Wood et al., 2003). The unusual situation,
whereby 2-Cys-Prdx enzymes are inactivated by their own substrates (hydrogen peroxide
and alkyl hydroperoxides), has led researchers to postulate that this system acts as a
“floodgate” to prevent a pathological build-up of peroxides, whilst still permitting levels
sufficient to regulate peroxide signalling (Wood et al., 2003). Kil et al. (2015) found that
hyperoxidised Prdx3 and Srx undergo anti-phasic circadian oscillations in the mitochondria
of various mouse tissues. Srx is cytosolic but it is imported into mitochondria to reduce
hyperoxidised Prdx3 via a non-canonical N-terminal mitochondrial targeting sequence. This

‘floodgate’ system therefore permits an oscillatory release of H,O, from mitochondria.

An alternative hypothesis is that Prdx hyperoxidation reduces interactions with Trx enzymes
and permits them to be redirected towards other substrates. In fission yeast the
hyperoxidation of Tpx1, which is the only typical 2-Cys Prdx in this organism, inhibits its
thioredoxin peroxidase activity, enabling Trx to reduce alternative substrates that improve
cell viability under conditions of OS (Day et al., 2012). This model may be more plausible than
the ‘floodgate’ hypothesis as the latter assumes that high ROS levels may be produced in

young, healthy cells. Typically, one might not expect such cells to generate such conditions.

Multiple studies suggest that Srx confers protection against OS within mammalian neurons.
Srx is localised to synaptic terminals, and protects against OS-induced neurite retractions in
rat primary neuron cultures (Ugbode et al., 2020). Knockdown of Srx using short interfering
RNAs (siRNAs) increases lipid peroxidation in ischaemic rat cortices, which correlates with
increased levels of hyperoxidised Prdx enzymes (Wu et al., 2017). Conversely, over-
expressing Srx in rat spinal cord cultures deprived of oxygen and glucose rescues the
increased MDA levels and apoptosis associated with this treatment (Lan et al., 2021). Loss
of Srx also reduces the viability of rat cortical astrocyte cultures, which is also observed under

conditions of OS and oxygen-glucose deprivation (Zhou et al., 2015).
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Within neurons, Srx is upregulated in response to both synaptic activity and OS via JNK/AP-
1 signalling (Papadia et al., 2008; Ugbode et al., 2020). This happens via distinct signalling
cascades. OS recruits c-Jun homodimers, whereas synaptic activity recruits c-Jun/c-Fos
heterodimers. It is also a transcriptional target of Nrf2 (Hayes and Dinkova-Kostova, 2014).
Increased Srx transcript levels are observed in the blood of patients with mild cognitive

impairment and hippocampal atrophy (Cucos et al., 2022).

Collectively, this evidence suggests that Srx may have an important protective role against
OS. However, Drosophila Srx hypomorphs fail to exhibit sensitivity to food containing H.O»
(McGinnis et al., 2021). Therefore, this thesis sought to address the contradictory evidence

and elucidate whether Srx primarily serves to protect against OS.

Srx regulates the chaperone activity of typical 2-Cys Prdx enzymes. Once dimerised, these
can oligomerise to higher-order decamers (Gourlay et al., 2003; Lee et al., 2007; Wood et al.,
2002) that are associated with chaperone behaviour in yeast and mammalian cells (Jang et
al., 2004; Moon et al., 2005). This oligomerisation is irreversible in Srx mutant yeast, meaning
that they are stuck in their HMW form that assumes chaperone holdase function (Noichri et
al., 2015). The physiological relevance of these decamers and the potential chaperone

functions remains unclear (Perkins et al., 2015).

Srx regulates the oxidation state of Prdx3 in the mitochondria of adrenal cortex cells to
control circadian oscillations in the production of corticosteroid hormones in mammals.
Corticosteroids have wide ranging functions such as the regulation of immune function and
blood sugar levels. Corticotropin-releasing hormone and arginine vasopressin released from
the hypothalamus stimulate adrenocorticosteroid hormone (ACTH) release from the anterior
pituitary gland into the bloodstream in a circadian manner. ACTH stimulates glucocorticoid
synthesis in the adrenal cortex that is released into the bloodstream to exert influence over
the activity of multiple organs (process reviewed in Gjerstad et al., 2018). In humans, this
glucocorticoid is cortisol, whereas this is corticosterone (CS) in murinae (Kil et al., 2012). At
the adrenal cortex cells, ACTH stimulates glucocorticoid synthesis in mitochondria via the
oxidation of cholesterol by cytochrome P450 enzymes. This process produces H.O,, which
is subsequently reduced by Prdx3. Hyperoxidation and inactivation of Prdx3 leads to H.O.
release from the mitochondria, which activates p38 mitogen-activated protein kinase
signalling to inhibit CS synthesis through the inhibition of steroidogenic acute regulatory
protein. The H.O; release also promotes the mitochondrial import of Srx via disulphide bonds
with HSP90. Once inside mitochondria, Srx reduces Prdx3 and is then degraded by Lon

protease in a manner dependent on Prdx3 oxidation state. Srx degradation completes a
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negative feedback cycle to help control circadian oscillation of H.O. release and
steroidogenesis. Ablation of Srx prevents the circadian oscillation of Prdx3 oxidation state
H.O. release from mitochondria, and CS (Kil et al., 2015, 2012). It is unknown whether Prdx3

and Srx perform a similar role in neurons.

Additional, putative Srx substrates besides Prdx enzymes were identified by (Akter et al.,
2018). A sulfinic acid probe was combined with proteomic analyses in mouse embryonic
fibroblast cells (MEFs) to identify 55 proteins that exhibited increased amounts of sulfinic acid
groups in the absence of Srx. This highlights the fact that Srx may reduce additional
substrates. Many of the putative Srx substrates identified by Akter et al. (2018) are implicated
in neuron function. This includes DJ-1/PARK7, a multifunctional protein that acts as a critical
sensor for ROS in neurons to induce homeostatic adaptions (Oswald et al., 2018). Mutations

to this gene cause rare, familial forms of Parkinson’s disease (Repici and Giorgini, 2019).

Another Srx substrate identified by Akter et al. (2018) is Rab10. This mediates membrane-
specific tethering between vesicles and targets to facilitate the movement of vesicles
between the Golgi and plasma membrane (Hutagalung and Novick, 2011). Rab10 facilitates
many of the phenotypes present in a Drosophila model of Parkinson’s Disease, as induced
by ectopic expression of the human LRRK2-G2019S mutation in dopaminergic neurons
(Fellgett et al., 2021). Further work is required to validate and elucidate the physiological

relevance of such interactions between Srx and its putative substrates.

1.3 ROS regulation and function in the nervous

system
Neurons are metabolically-demanding cells due to the energy requirements of synaptic
transmission and maintaining membrane potentials. The large energy requirements, polarised

structures, and terminally-differentiated nature of neurons means that ROS regulation is

critical for their function and long-term viability.

30



1.3.1. Neuron metabolism and energy production

The energy requirements of neurons are principally met by oxidative phosphorylation (Hall et
al., 2012). The manner in which respiratory substrates fuel neuronal oxidative phosphorylation
is contested, with some evidence suggesting that it is predominantly fuelled by glucose
derivatives sourced from glia. This theory postulates that glycolysis in astrocytes synthesises
pyruvate from glucose, which is converted to lactate by lactate dehydrogenase (LDH).
Lactate can then be shuttled from the glia to neighbouring neurons, where it is re-converted
to pyruvate to power aerobic respiration. This hypothesis is nhamed the ‘astrocyte-neuron
lactate shuttle’ (ANLS), and is speculated to be conserved across many model organisms
(Pellerin and Magistretti, 2012, 1994; Volkenhoff et al., 2015). The ANLS is triggered by
astrocytic uptake of glutamate from the synaptic cleft, an energy-consuming process that
triggers glycolysis in glia and lactate production. Alanine, another glucose derivative
produced in glycolysis, is also reported to be shuttled from glia to neurons (Rabah et al.,
2023; Volkenhoff et al., 2015).

Alternative studies find that glycolysis in neurons is not dispensable for oxidative
phosphorylation, and has a key role in maintaining long-term neuron function. Li et al. (2023)
observed that mice with postnatal knockout of the predominant neuronal glucose transporter
(GLUT3) in hippocampal cells exhibit sex-specific and age-dependent spatial learning and
memory deficits that correlate with diminished hippocampal and total brain volume. Postnatal
knockout mutations of the neuron-enriched pyruvate kinase isoform (PKM1), which catalyses
the final rate-limiting step of glycolysis, also produced these age- and sex-dependent
learning and memory deficits. GLUT3-knockout mice demonstrate diminished ATP levels at
synaptic boutons, but not in the cell bodies, which suggests that glucose-fuelled oxidative

phosphorylation is important for ATP production within specific cellular locations.

1.3.2. ROS regulation in neurons

Neurons have a much lower antioxidant capacity than glia, which they rely on to maintain
ROS homeostasis. Nrf2, which modulates the expression of some enzymes that synthesise
glutathione, amongst other antioxidant enzymes, is epigenetically repressed in neurons (see
Chapter 1.2.3.3) (Bell et al.,, 2015). Without Nrf2, neurons are heavily reliant on glia
synthesising glutathione and exporting it to neurons to maintain ROS homeostasis (Shih et
al., 2003). Consequently, the concentration of glutathione in neurons is less than the
surrounding astrocytes (Sagara et al., 1993).
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The dependency of neurons on glia for respiratory substrates is also hypothesised to aid
defence against OS. Despite fuelling oxidative phosphorylation with glia-sourced glucose
derivatives, neurons have transporters in their plasma membrane to import glucose (Vannucci
et al., 1997; Volkenhoff et al., 2018). It is hypothesised that neurons uptake glucose to fuel
the pentose phosphate pathway (PPP), rather than glycolysis (Herrero-Mendez et al., 2009).
The PPP generates NADPH, which reduces and replenishes antioxidants such as glutathione.
This suggests that the decreased levels of glutathione in neurons are compensated by an
increased capacity to replenish and regenerate this antioxidant (Bolafios and Almeida, 2010;
Sagara et al., 1993).

1.3.3. Physiological functions of ROS signalling

ROS are emerging as a key regulator of neuron morphology and synaptic plasticity, regulating
synaptogenesis. Neurons are highly polarised cells and exhibit a major presynaptic axonal
neurite and postsynaptic dendritic neurites in the somatodendritic compartment. Redox
signalling controls the generation of these polarised structures, particularly the enhanced
elongation of developing axons at growth cones. ROS-generating NOX enzymes are reported
to modulate axon outgrowth. Over-expressing the p47°"* subunit of NOX2 facilitates axonal
outgrowth in mouse hippocampal neuron cultures (Wilson et al., 2016), whereas expressing
a dominant-negative form of p47°" inhibits axon elongation (Wilson et al., 2015). These
changes appear to be facilitated by the release of Ca** from intracellular stores via redox-
modifications of ryanodine receptors and inositol-3-phosphate receptors (Wilson et al.,
2016). Calcium released from ER intracellular stores regulates cytoskeleton organisation and
dynamics (Akiyama and Kamiguchi, 2015) and also promotes expression of Rac1, a potent
activator of NOX2 (Wilson et al., 2016), to generate a positive feedback loop that sustains
high levels of ROS at axon terminals to promote axon elongation. In the adult mammalian
CNS, growth cones at axon terminals axons have generally reached their target location,
collapse, and axon lose their ability to grow. Subsequently, they will not change length in
response to elevated ROS levels that are observed with ageing ROS levels (Chen and

Tonegawa, 1998).

The neuronal cytoskeleton is directly modulated through changes to the redox state of
cysteine residues in cytoskeletal proteins. For example, actin polymerisation and dynamics
are modulated by glutathionylation of cysteine residues (Dalle-Donne, 2001; Dalle-Donne et
al., 2003). ROS indirectly affect cytoskeletal architecture through modulating components of

signalling pathways. Ectopic expression of the transcriptional regulator Nrf2 in mouse cortical
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neuron cultures inhibits neurite outgrowths and arborisation, through inhibition of the redox-
sensitive JNK and Wnt pathways (Bell et al., 2015).

During Drosophila larval development, NMJs exhibit synaptic plasticity to allow structural and
functional changes to occur. ROS-induced JNK/AP-1 signalling is a critical regulator of
adaptive neuron growth at the Drosophila larval NMJ. ROS-generating pharmacological
agents and antioxidant gene mutations differentially activate AP-1 components to increase
neuron growth, which is accompanied by functional synaptic changes. Mutations to the
endosomal protein spinster cause Fos-dependent overgrowths and diminished synaptic

transmission following repeated presynaptic stimulation (Milton et al., 2011).

PI3K signalling also facilitates neuron growth at the Drosophila larval NMJ induced by both
ROS-generating pharmacological agents and enhanced neuron activity. The latter can be
achieved via the expression of temperature-sensitive TRP channels in motor neurons. ROS-
induced, PI3K-mediated neuron growth at the Drosophila NMJ is dependent on DJ-1p,
suggesting this protein acts as a critical ‘redox sensor’ to regulate structural plasticity
(Oswald et al., 2018). As a mediator of plasticity, ROS could modulate complex, high order
neurological processes like learning and memory. In agreement with this theory, applications
of H,O, to rat hippocampal slices enhance LTP, which is widely assumed to underpin learning

and memory (Kamsler and Segal, 2003).

ROS are also implicated in maintaining circadian rhythms in both neuronal and non-neuronal
cells. Circadian rhythms are biological events that align with a period length of approximately
24 hours, which are driven by molecular ‘clocks’ or ‘pacemakers.” These rhythms allow
organisms to predict changes in their environment and adjust their activity accordingly
(Tataroglu and Emery, 2014). The oxidation state of Prdx enzymes undergoes circadian
oscillations, which is conserved across species (Edgar et al., 2012). The PPP, which uses
glucose to regenerate NADPH, controls the circadian rhythms in Prdx oxidation, even in the
absence of genetic negative feedback loops that also contribute to circadian oscillations (see
Chapter 1.4.7). NADPH is the principal electron donor for reducing hyperoxidised enzymes.
The application of 6-aminonicotinamide (6-AN), which is metabolised to a NADP+ orthologue
and competitively inhibits NADPH synthesis, disrupts circadian rhythms in the oxidation state
of Prdx enzymes in human U20S cells, and disrupts the circadian rhythmicity in mammals
and Drosophila (Rey et al., 2016).
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1.3.4. OS and nervous system pathologies

OS is a pathological hallmark of many neurodegenerative conditions, such as Parkinson’s
Disease (PD). PD is characterised by a loss of dopaminergic neurons in the substantia nigra
pars compacta (SNc) (Fahn and Sulzer, 2004). These neurons have a modulatory role within
the basal ganglia to coordinate voluntary movements (Lanciego et al., 2012). Consequently,
patients exhibit motor symptoms like tremors, dyskinesia, and rigidity. They may also exhibit
cognitive symptoms such as anxiety. Surviving neurons in the SNc contain protein
aggregates named Lewy bodies, which are primarily composed of alpha synuclein (Spillantini
et al., 1997).

OS has been implicated in PD pathogenesis. Post-mortem analysis shows increased lipid
peroxidation in the SNc of PD patients, as shown by increased levels of 4-hydroxyl-2-nonenal
(4-HNE) (Yoritaka et al., 1996). Mitochondrial toxins that increase OS are also linked to PD,
such as the pesticides Paraquat and Rotenone (Tanner et al., 2011). Mice exposed to these
compounds exhibit a selective loss of dopaminergic SNc neurons (Inden et al., 2011;
McCormack et al., 2002).

The susceptibility of SNc neurons to OS may be partially attributed to dopamine acting as a
source of ROS. At cytosolic pH levels, it undergoes auto-oxidation to form quinones, as
protons readily dissociate from the hydroxyl groups (Mufioz et al., 2012). It is typically
sequestered into vesicles for release in synaptic transmission, facilitated by vesicular
monoamine transporter 2 (VMAT2), which concurrently releases two protons (Chaudhry et
al., 2008). Membrane-bound ATPase enzymes transport protons into the vesicles to provide
a continual source of protons, which consequently lowers the pH to prevent the loss of
dopamine protons and dopamine auto-oxidation (Mufioz et al., 2012). Defects in dopamine
storage and turnover are suggested to render the SNc neurons vulnerable to OS (Dias et al.,
2013).

The metabolism of dopamine also generates free radicals. Excess dopamine in the cytosol is
degraded by monoamine oxidase (MAO) enzymes in the mitochondrial membrane that
produce H.O,. There are two types of this enzyme: MAO-A and MAO-B. The former is
predominantly found in the dopaminergic neurons in the SNc, whereas the latter is mainly
found in glia (Riederer et al., 1987). Post-mortem tissue analysis and positron emission
tomography (PET) have revealed age-related increases in MAO-B expression in human
brains, but not increases in MAO-A (Fowler et al., 1997; Saura et al., 1997). This is

hypothesised to increase H.O, production in the glia of SN¢, which are highly permeable and
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could diffuse into local SNc neurons to induce oxidative damage and neurodegeneration
(Kumar and Andersen, 2004). In support of this theory, inducible expression of human MAO-
B in the astrocytes of adult mice causes the selective and progressive loss of SNc

dopaminergic neurons (Mallajosyula et al., 2008).

Early-onset, familial forms of PD are caused by rare mutations, which may help provide
insights into the aetiology of sporadic PD. This includes mutations to DJ-1, otherwise known
as PARKY (Bonifati et al., 2003; Repici and Giorgini, 2019). This protein confers resistance to
oxidative stress in mice (Kim et al., 2005), Drosophila (Meulener et al., 2005), and cultured

1%) facilitates its

neuroblastoma cells (Taira et al., 2004). A conserved cysteine residue (Cys
protective function in both mammals (Blackinton et al., 2009) and Drosophila (Meulener et al.,
2006). Redox modifications at this residue promote the mitochondrial localisation of DJ-1 in
response to OS, as C106A missense mutations fail to recapitulate the localisation seen in

controls following Paraquat treatment (Canet-Avilés et al., 2004).

DJ-1 appears to protect against OS in multiple ways. It scavenges H.O; to act as an atypical
Prdx-like peroxidase (Andres-Mateos et al., 2007). It also binds to Ask1 via disulfide bonds
at Cys106 to attenuate its dissociation from Trx and inhibit downstream JNK signalling and
apoptosis (Im et al., 2010; Waak et al., 2009). Through redox modifications to this residue,
DJ-1 is proposed to act as a critical sensor of ROS, initiating signalling events to mediate

synaptic plasticity in Drosophila (Oswald et al., 2018).

OS is also associated with Amyotrophic Lateral Sclerosis (ALS). In this condition, there is
degeneration of the upper motor neurons in the motor cortex and lower motor neurons in the
brainstem that descend through the spinal cord to innervate voluntary muscles. With
progressive degeneration of these neurons, there is an accompanying denervation of
muscles that weaken and atrophy. Death from neuromuscular respiratory failure typically
occurs within 2-5 years of disease onset (Masrori and Van Damme, 2020). Post-mortem
examinations reveal higher protein carbonylation levels in ALS patient spinal cords (Shaw et
al., 1995) and higher levels of lipid peroxidation (Shibata et al., 2001). It is not clear if OS
drives the pathology or is a consequence of it (Parakh et al., 2013). However, many of the
risk factors for the disease are associated with generating OS in cells. This includes exposure

to agricultural chemicals, heavy metals, and intense exercise (D’Amico et al., 2013).
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Familial, early-onset forms of ALS may provide insights into the aetiology of the sporadic,
late-onset form of the disease. Mutations to Superoxide Dismutase 1 (SOD1) are associated
with familial forms of ALS (Rosen et al., 1993). Transgenic mice expressing human SOD1
mutations (G39A) exhibit increased H.O: levels, protein oxidation, and lipid peroxidation in
the spinal cord tissue lysates (Liu et al., 1999). It is not yet resolved whether ALS-associated
SOD1 mutations drive pathogenesis through LOF of this enzyme or the acquisition of toxic

properties through protein misfolding and accumulation.

As OS is implicated in the pathogenesis of many neurodegenerative diseases, the potential
therapeutic effects of dietary antioxidants on disease progression have been widely
researched. Although many antioxidants show promise when tested on animal or in vitro
models of diseases, these treatments do not necessarily translate to benefits for human
patients in clinical trials. For example, Vitamin C has been found to delay locomotor defects
in Drosophila models of PD, whereby human alpha-synuclein is ectopically expressed in
neurons (Khan et al., 2012). However, meta-analysis has shown that Vitamin C is not effective
in reducing the risk of PD in human patients (Etminan et al., 2005). A reason for this, as well
as the failure of other water-soluble antioxidants, may be its bioavailability in the CNS. The
neuroprotective potential of Vitamin C could be limited as it requires active transport at the
Choroid Plexus to enter the CNS (Etminan et al., 2005).

1.3.5. OS, autophagy, and mitochondrial dynamics

Mitochondria are dynamic organelles that undergo a continuous cycle of fission and fusion,
exhibiting a wide variety of shapes. It is proposed that various mitochondrial structures, such
as fragmented or tubular shapes, may reflect different metabolic states. However, it is still
not definitively established whether such differences produce changes in function (Willems
et al., 2015).

Mitochondrial morphology and dynamics are influenced by the redox state of cells, largely
due to the control OS exerts over autophagy. Autophagy, meaning ‘self-eating,” is an
intracellular degradation process in which components are digested by lysosomes and the
macromolecular derivatives are released into the cytosol. There are three classes of
autophagy: macroautophagy, microautophagy, and chaperone-mediated autophagy
(reviewed in Lee et al., 2012). Macroautophagy is the process by which lysosomes fuse with
double-membraned autophagosomes containing cargo to be degraded. Macroautophagy

can occur in a selective manner, whereby the autophagy of specific cargo or organelles is
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degraded. Microautophagy is the process by which lysosomes directly engulf and digest
cytosolic constituents. Chaperone-mediated autophagy delivers cargo with KFERQ AA
motifs to lysosomes via binding to lysosome-associated membrane protein 2A (LAMP2A)

receptors on the lysosomal membrane (Bejarano and Cuervo, 2010).

OS stimulates macroautophagy and is indispensable for its induction. Antioxidant treatment
of HeLa and CHO cells prevents the formation of starvation-induced autophagosomes
(Scherz-Shouval et al., 2007). Mild OS induces mitophagy in a manner that is dependent on
mitochondrial fission. Frank et al. (2012) demonstrated that treating HeLa and MEF cells with
low concentrations of H,O. or rotenone, which were insufficient to impair cell viability,
induced mitochondrial fragmentation, increased the colocalisation of mitochondria with
autophagic vesicles, and reduced the relative mitochondrial mass per cell. These changes
appeared to be independent from non-selective autophagy, as increases in
autophagolysosomes were not detected via electron microscopy. Frank et al. (2012) also
found that expression of dominant-negative isoforms of Dynamin-related protein 1 (DRP1) in
HelLa cells, which is critical for mitochondrial fission, suppressed mild OS-induced
colocalisation of mitochondria with autophagic structures. It has been suggested that OS-
induced mitophagy acts as a negative feedback mechanism to regulate mitochondrial ROS

production (Kurihara et al., 2012).

1.4. Drosophila melanogaster as a tool to study redox

biology in neurons

1.4.1. Drosophila as a model organism in neuroscience

Drosophila melanogaster, commonly known as fruit flies, are a well-established invertebrate
model organism for researching genetics, cell biology, and physiology. Thomas Hunt Morgan
used this model to prove the chromosomal theory of inheritance, whereby white eyes in
Drosophila were associated with the inheritance of X chromosomes (Morgan, 1910). This

seminal work established flies as a powerhouse for biological research.
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Drosophila have short lifespans, high fecundity, and inexpensive maintenance requirements
relative to many mammalian model organisms (Roote and Prokop, 2013). Transgenic flies
can be readily produced and housed in segregated ‘stocks.” A plethora of genetic tools
available to researchers that use fruit flies, which afford spatio-temporal control of gene
expression. Such techniques can be coupled with well-characterised behavioural,
physiological, morphometric, and immunohistological paradigms to screen for phenotypic

traits.

Approximately 75% of known human disease genes have homologues in the Drosophila
genome, demonstrating their usefulness to model various pathologies (Ugur et al., 2016). This
is particularly true for neurodegenerative conditions, as there are many common functional
and regulatory features in the fly and human nervous system (Hirth and Reichert, 1999).
Studies in Drosophila first proved genetic interactions between PTEN-induced Kinase 1
(Pink1) and parkin, which coordinate mitochondrial quality control (Clark et al., 2006; Park et
al., 2006; Pickrell and Youle, 2015). Mutations to these genes cause early-onset, hereditary
forms of Parkinson’s Disease in human patients who exhibit locomotive defects and
decreased dopamine production, which are also observed in Drosophila Pink1 and parkin

mutants.

Many mammalian antioxidant enzymes and redox-sensitive signalling components are
conserved in Drosophila, which have also been used to demonstrate the antioxidant potential
of dietary supplements (reviewed in Yi et al., 2021). Likewise, the administration of dietary
compounds to induce OS is common practice. This includes hydrogen peroxide (H.O.) and
mitochondrial toxins like paraquat. Collectively, this shows that Drosophila are a useful model

for studying redox biology and its relevance to neuron function and development.

1.4.2 The life cycle of Drosophila

Drosophila are a holometabolous insect with four distinct life stages: embryos, larvae, pupae,
and adult flies (see Figure 1.6). Adult flies mate to fertilise embryos in females, which are laid
onto a food source. Embryos develop into larvae, for which there are three instar stages. First
instar larvae feed at the surface of a food source, second instar larvae burrow into the food,
and third instar larvae exit the food source to pupate. Adult flies eclose from the pupae
(process reviewed in Fernandez-Moreno et al., 2007). The rate of the development can be

controlled by changing the temperature of the environment, with cooler temperatures slowing
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down the process. Temperatures of 25°C care typically used to rear experimental flies. This

gives a total development period of approximately 10 days.

male Figure 1.6. Drosophila melanogaster
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1.4.3. Genetic tools in Drosophila

A plethora of genetic tools are available to researchers using Drosophila. Fruit flies have four
pairs of chromosomes: one pair of heterosomes and three pairs of autosomes that encode
approximately 13,600 genes (Adams et al., 2000). The Drosophila genome exhibits low
redundancy, meaning that few genes encode proteins of the same class. Conversely, higher
organisms like mammals have higher redundancy, whereby multiple genes encode protein
classes with similar functions (Roote and Prokop, 2013). Using flies can reduce the
complications of researching loss-of-function alleles, as it is often less likely that there will be

multiple paralogous genes.

1.4.3.1. Balancer Chromosomes

A key genetic feature of Drosophila are balancer chromosomes, which allow for genes of
interest to be maintained within fly stocks and tracked through mating schemes (reviewed in
Miller et al., 2019). Balancer chromosomes contain multiple nested inversions that suppress
synapsis and homologous recombination events. Any that do occur are likely to be lethal, as

they can cause the deletion or duplication of chromosomal regions, causing them to be
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‘unbalanced.” Such events may occur in centromeric regions to create acentric or dicentric
chromosomes, compromising their stability. Balancer chromosomes also contain recessive,
homozygous lethal mutations and typically have dominant ‘marker’ genes that allow for easy
identification. An example is the second chromosome balancer CyO, which carries the Curly
gene mutation that causes curly wings. The combination of these features is particularly

useful for maintaining alleles that are homozygous lethal.

1.4.3.2. P-Elements and the ®C31 integrase system

Transgenic flies, which have exogenous DNA sequences inserted into their genome, form the
bedrock of current research in Drosophila. These are mostly derived from the use of
transposons, such as P-Elements, which are virus-like DNA fragments that stably insert into
the host genome. They encode transposase enzymes that catalyse mobilisation of the
sequence to other genomic locations. Transposons can be modified to introduce a gene of
interest to the host genome, rather than a functional enzyme. The encoding DNA is injected
into the posterior pole of Drosophila embryos with ‘helper elements’ that ensure integration

into the genome of gamete progenitor cells (Bachmann and Knust, 2008).

P-Elements insert into the genome at random loci. These differing insertion sites affect their
expression level due accessibility to transcriptional machinery. These ‘position effects’ can
be overcome by using site-directed insertion using the ®C31 integrase system, which
promotes recombination between attP and attB motifs. DNA with flanking attB sites is

injected into embryos expressing ®C31 and attP sites at known loci (Bischof et al., 2007).

Existing P-Element insertions can be mobilised to new locations to disrupt gene expression
in multiple ways (Hummel and Klambt, 2008). Firstly, this process may create imprecise
excisions and excise flanking regions of DNA. Secondly, this may cause insertion into coding

sequences of genes to cause mutagenesis.

1.4.3.3. The Gal4/UAS system

P-Elements can be used to generate transgenes that allow for the spatial specificity of gene
expression in Drosophila through the Gal4/UAS system. In this system, two separate
transgenes are combined in the fruit fly genome through crossing schemes. One contains the
exogenous, yeast-derived Gal4 transcription factor under the control of a tissue-specific

promoter. The other contains a gene of interest downstream of the promoter sequence that
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Gal4 binds to, named the ‘upstream activation sequence,’ or ‘UAS’ (Brand and Perrimon,
1993). The nature of this sequence can vary according to the needs of researchers. It could
encode endogenous Drosophila genes to induce overexpression, dominant-negative genes,
shRNA molecules to induce RNA interference, or biochemical tools and reporters. A
temperature-sensitive Gal80 protein, which binds to Gal4 at temperatures below 29°C to
inhibit Gal4-UAS binding, can confer additional temporal specificity of gene expression

through rearing flies at specific temperatures at different timepoints (McGuire et al., 2004).

Whilst Drosophila offer a wealth of tools to manipulate gene expression, there are some
features that differentiate them from working with mammalian systems. X chromosome
dosage compensation in mammals is achieved through the epigenetic silencing of one X
chromosome, whereas in Drosophila, this is achieved through upregulation of genes on the

singular X chromosome (Lucchesi and Kuroda, 2015).

1.4.4. Limitations of Drosophila for neuroscience research

Despite the many useful features of Drosophila as a model organism for neuroscience
research, several limitations render them unsuitable for specific research topics. Drosophila
exhibit open circulation systems and are consequently inappropriate for modelling brain

infarcts or haemorrhages (Jeibmann and Paulus, 2009).

Drosophila are inappropriate for modelling the glial ensheathment of neuron axons in
vertebrates, which establishes distinct domains for saltatory conduction. In vertebrates,
axons are encapsulated by multi-layered myelin membranes provided by oligodendrocytes
and Schwann cells in the central and peripheral nervous system, respectively (Poliak and
Peles, 2003). Conversely, invertebrates lack myelin and the Drosophila genome lacks most
genes encoding homologues to the major myelin proteins (Banerjee and Bhat, 2008).
Drosophila do, however, exhibit multi-layered glial membrane sheaths around neurons that
perform a similar function. For instance, ensheathing glia processes in the peripheral nervous

system encapsulate individual axons or axon fascicles (Leiserson et al., 2000).
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1.4.5. The Drosophila third instar larvae neuromuscular junction

Drosophila third instar larvae can be dissected to observe neuromuscular junctions (NMJs)
using immunohistological staining techniques, providing information on neuron development.
NMdJs in Drosophila larvae differ from those found in vertebrates as they are predominantly
glutamatergic, rather than cholinergic, with ionotropic postsynaptic receptors (GluR)
homologous to mammalian AMPA receptors (Menon et al., 2013). This renders NMJs useful
for modelling the excitatory synapses found in the mammalian central nervous system (CNS).
This paradigm is powerful as it can be complemented by additional experiments to
investigate the functional consequences of changes to neuron morphology. Crawling assays
can assess locomotor output and coordination (Nichols et al., 2012), and excitatory junction
potentials (EJPs) can be recorded to identify changes in synaptic transmission (Imlach and
McCabe, 2009).

1.4.5.1. Anatomy of the Drosophila third instar neuromuscular junction

Larval dissections along the anteroposterior axis unveil muscles attached to the body wall
within the cuticle. Each muscle is a multinucleate cell derived from the fusion of myoblasts,
which have been annotated and are readily identifiable by their shape and relative positions
(Keshishian et al., 1996). Abdominal hemisegments A2-A7 have 30 muscles that are
innervated by motor neurons derived from peripheral nerves. Typically, the NMJs at muscle
6/7 in hemisegment A3 are used to study factors affecting neuron development. Neurons at
these synapses are glutamatergic and have short, localised branches with large, varicose
presynaptic structures called boutons (Johansen et al., 1989). The anatomy of the Drosophila
third instar NMJ can be observed in in Figure 1.7. Each bouton contains multiple active sites,
from which neurotransmitter is released. They can be large or small, referred to as type Ib
and type Is boutons, respectively (Atwood et al., 1993). The number of boutons is used as a
measure of synapse growth, which is assumed to be coupled to the size of the muscle
(Sweeney and Davis, 2002). Consequently, values are often normalised to the surface area

of muscle 6/7. Henceforth, the term NMJ will refer to these specific synapses.
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Figure 1.7. Anatomy of the Drosophila NMJ.

Schematic of a third instar Drosophila larvae dissected along the anteroposterior axis, whereby the body wall (yellow) is pinned back. Nerves
descending from brain via the ventral nerve cord innervate muscles in the body wall (collectively shown in blue). The body wall exhibits
eight abdominal segments that can be further divided into symmetrical hemisegments. Abdominal segments A2-6 have identical innervation
and muscle patterns. The neuron (magenta) lying against muscle 6/7 (green) in segment A3 is commonly used as a model for studying
neurodevelopment, with the number of synaptic boutons used as a measure of growth. Due to the symmetrical nature of the muscle wall,

two such neurons can be observed per larvae.
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1.4.5.2. Development of the Drosophila third instar larvae NMJ

Drosophila NMJ synaptogenesis occurs in embryos, approximately 12 hours after egg-laying,
when the growth cones of neurons contact myoblasts, triggering differentiation into
presynaptic terminals (Broadie and Bate, 1995). Many genes are required for synapse
formation at this stage. Bruchpilot (Brp) is needed in neurons for the formation and
organisation of various presynaptic components. It is required for the formation of T Bars,
the T-shaped structures in active sites thought to promote vesicle fusion, and the clustering
of Ca®* channels (Kittel et al., 2006). GluRs and Discs large (DIg), the Drosophila orthologue
to postsynaptic density 95 (PSD-95), cluster at the postsynaptic contact sites (Chen and

Featherstone, 2005). A functional synapse is formed in embryos approximately 20 hours after

egg-laying.

Post-embryonic growth of the larval NMJ is facilitated by many complex signalling pathways,
including bidirectional morphogenic signalling between the developing presynaptic neuron
terminals and postsynaptic muscles (see Figure 1.8). Wingless (wg) signalling, which is
homologous to Wnt signalling in vertebrates, positively regulates synapse formation.
Wingless is secreted from neurons to promote the formation of boutons, active zones, and
postsynaptic structures (Packard et al., 2002). It binds to the postsynaptic G protein-coupled
receptor (GPCR) Drosophila Frizzled2 (Dfz2) on muscles to function as an anterograde signal.
This causes the receptors to be endocytosed, where the C-terminus is then cleaved and
translocates into the nucleus. This is presumed to initiate transcriptional changes in the
muscle that regulate synapse development (Mathew et al., 2005). Wingless also binds to
presynaptic Dfz2 receptors to function as an autocrine signal. This activates the
phosphoprotein dishevelled (dsh) to inhibit the glycogen synthase kinase (GSK) shaggy (sgg).
This prevents phosphorylation of the microtubule-associated protein futsch, which binds
microtubules to promote the formation of microtubule loops and stable boutons (Miech et al.,
2008).

Retrograde transforming growth factor B (TGF-B) signalling positively regulates NMJ growth.
The morphogen Glass bottom boat (Gbb) is released from postsynaptic muscle cells to act
as a retrograde signal and promote TGF-B signalling in the presynaptic neuron (Marqués,
2005). Mutations to the presynaptic type Il TGF-B receptor wishful thinking (wit), as well as
mutations to the type | TGF-B receptors thick veins (tkv) and saxophone (sax) diminish

synapse growth (Sweeney and Davis, 2002).
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Figure 1.8. Morphogenic signalling pathways regulate Drosophila NMJ growth.

Retrograde TGF-PB signalling promotes synapse growth when Glass bottom boat (Gbb) is
released from postsynaptic muscle cells and binds to presynaptic neuron receptors including
thick veins (tkv), saxophone (sax) and wishful thinking (wit). Wingless (wg) signalling, which is
homologous to vertebrate Wnt signalling, is released from presynaptic neurons. It binds to
pre- and postsynaptic Drosophila frizzled 2 (Dfz2) receptors to enhance synapse growth.
Binding of wg to postsynaptic receptors causes the nuclear localisation of the Dfz2 C-
terminus to initiate transcriptional changes. Binding of wg to presynaptic receptors activates
dishevelled (dsh), which in turn inhibits shaggy (sgg). Inhibition of sgg prevents futsch

phosphorylation and promotes futsch binding to microtubules and synapse growth.
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1.4.5.3. OS, MAPK signalling, and Drosophila NMJ development

OS enhances Drosophila NMJ growth. This is evident through administering pharmacological
agents in larval food to induce OS. Examples include Diethyl maleate (DEM), a compound
that conjugates to glutathione tripeptides to inhibit the glutathione system, and the
mitochondrial toxin Paraquat (Oswald et al., 2018; Ugbode et al., 2020). Genetic manipulation
techniques to modulate ROS production and resolution also generate overgrown synapses.
This has been achieved through mutations to the antioxidant genes sod17, sod2, and spinster,
which encodes an endosomal protein needed for lysosome function (Milton et al., 2011).
Similarly, ectopic expression of the NADPH oxidase Duox in motor neurons increases

synapse growth (Oswald et al., 2018).

OS enhances Drosophila NMJ growth through redox-sensitive MAPK signalling (see Figure
1.9). This mechanism was originally discovered when dominant-negative isoforms of
Highwire (Hiw), an E3 ubiquitin ligase, increased bouton counts (Wan et al., 2000). These
mutants have unrestrained activity of Wallenda, a JNK Kinase Kinase (JNKKK) that activates
JNK/AP-1 signalling (Collins et al., 2006). Ectopic neural expression of fos and jun, which
constitute AP-1 heterodimers, increase bouton counts, whereas expression of dominant-
negative isoforms decreases growth (Sanyal et al., 2003, 2002). Mutations to Puckered (puc),
a phosphatase that mediates a JNK/AP-1 negative feedback loop, similarly increases bouton
counts (Martin-Blanco et al., 1998; Ugbode et al., 2020).

Interestingly, differential JNK/AP-1 signalling appears to integrate synapse growth from
different sources of OS. Neural expression of dominant-negative isoforms of Fos, but not
Jun, rescues overgrowths induced by mutations to Hiw (Collins et al., 2006) and spinster
(Milton et al., 2011). However, expression of both dominant negative Fos and Jun isoforms
can rescue overgrowths induced by sod7 mutations (Milton et al.,, 2011) and
the administration of DEM in fly food (Ugbode et al., 2020). Collectively, these findings
suggest that specific sources of OS differentially activate JNK/AP-1, whereby Jun/Jun

homodimers or Jun/Fos heterodimers facilitate transcriptional changes and synapse growth.

Oswald et al. (2018) identified DJ-1P as being critical to facilitating ROS-induced changes to
NMJ growth (see Figure 1.9). Mutating the DJ-18 gene, or expressing dominant negative
isoforms, blocks OS-induced and neuronal activity-induced increases in NMJ growth. DJ-1f3
is oxidised by ROS to inhibit PTEN and increase PI3K signalling, causing enhanced bouton
numbers via an unidentified downstream factor. This mechanism appears to have a direct

impact on the plasticity of neural networks governing larval locomotion. Wild type larvae
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adapt their crawling speed to chronic changes in temperature so that a constant speed is
maintained. DJ-783 mutants do not exhibit this adaptation, suggesting that this gene gates
OS-mediated changes to both neuron structure and network plasticity. Interestingly, DJ-1f3
mutations do not exhibit other ROS-induced changes to NMJs, such as numbers of active

zone at the boutons. However, these changes are not modulated via PTEN/PI3K signalling.

Oxidative Highwire
stress
/ ?
? /‘
EN Puckered Wallenda

S~ AP1  —
(Jun/Fos or
Jun/Jun)

|

Increased synaptic bouton
number

Reduced active zone
number

Figure 1.9. Redox-sensitive MAPK signalling regulates Drosophila NMJ growth.

Oxidative stress stimulates JNK/AP-1 signalling and synapse growth at the Drosophila NMJ,
with different sources of ROS differentially recruiting AP-1 components. How different
sources activate this pathway remains to be fully characterised. Puckered is an AP-1 target
that represses AP-1 activity, forming a negative feedback loop. Wallenda is a JNKKK that
stimulates AP-1. The E3 ubiquitin ligase Highwire targets Wallenda for degradation and, as
such, mutations to Highwire stimulate AP-1 signalling. DJ-18 also enhances NMJ growth via
PTEN/PI3K signalling. The mechanism of PTEN antagonism by DJ-1B and the downstream

effectors of this pathway are yet to be elucidated.
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1.4.6. The Drosophila visual system

The Drosophila visual system is well-characterised and frequently wused in
electrophysiological assays to screen for aberrant neuron function and synaptic transmission
(Afsari et al., 2014; Vilinsky and Johnson, 2012). The morphology of Drosophila eyes is also
used to observe neurodevelopmental defects, as small changes to the highly-ordered eye

structure have profound effects on its appearance (lyer et al., 2016).

The Drosophila visual system is composed of two compound eyes with approximately 800
functional units, called ommatidia, in each (reviewed by Ranganathan et al., 1995; Wang and
Montell, 2007). Within each ommatidium are 8 rhabdomeric photoreceptors, denoted R1-8,
and glia that provide structural and metabolic support. R1-R6 exhibit Rhodopsin (Rh) 1 (Rh1),
a pigment that is most sensitive to blue wavelengths of light. In response to blue light
activation, Rh1 changes conformation to activate the G-protein isoform Gq, which in turn
activates phospholipase C (PLC). PLC catalyses the breakdown of phosphatidylinositol 4,5-
biphosphate (PIP,) to Inositol-1,4,5-triphosphate (IPs) and diacyl glycerol. This leads to the
opening of transient receptor potential (TRP) and TRP-like channels, with the subsequent
sodium and calcium ion influx causing depolarisation of the neurons. These photoreceptors
are histaminergic and project onto neurons in the lamina. Photoreceptor depolarisation
causes synaptic histamine release and the hyperpolarisation of the postsynaptic lamina
neurons. R7 photoreceptors exhibit UV-sensitive rhodopsins, whereas R8 photoreceptors
exhibit blue or green-sensitive rhodopsins. Both R7 and R8 photoreceptors are also
histaminergic, but project through the lamina targets in the medulla of the optic lobe of the

Drosophila brain.

1.4.7. Circadian regulation in Drosophila melanogaster

Transcription-translation feedback loops (TTFLs) maintain circadian rhythms in all Drosophila
cells, as well as all other organisms. In TTFLs there is rhythmic transcription of genes, whose
protein products feedback to inhibit their own transcription (reviewed by Tataroglu and
Emery, 2014). Briefly, the transcription factors CLOCK and CYCLE promote the transcription
of the genes period (per) and timeless (tim), which are transcribed to form heterodimeric
complexes that accumulate during night time. Phosphorylation of PER/TIM complexes by
kinases promotes nuclear entry and the phosphorylation of CLOCK/CYCLE to inhibit their

affinity for DNA and suppress transcription of period and timeless, completing a negative
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feedback loop. During the day, the phosphorylated PER/TIM heterodimer is bound by E3
ubiquitin ligases for degradation. This transcriptional clock can be entrained to light stimuli
by cryptochrome (CRY). CRY absorbs blue light to undergo a conformational change,
allowing it to bind TIM to promote its ubiquitination and degradation. Photoreceptors in the
Drosophila eye receive light information to entrain locomotor behaviour via pathways that are
yet to be fully elucidated (Helfrich-Forster et al., 2001).

1.5. Project aims and objectives

As detailed in this chapter, there are multiple cellular sources of ROS, and a plethora of
mechanisms that neutralise ROS and maintain redox homeostasis. The relative contribution

of Srx to ROS homeostasis is unclear.

The work described in this thesis aimed to elucidate the role of Srx using Drosophila
melanogaster and mammalian cell culture techniques. | hypothesised that Srx would
significantly contribute to defence against OS in Drosophila, modulate neuron development,
and impact physiological features that could be further validated using rat primary neuron

cultures.
The specific aims of this study were:

e To generate Drosophila Srx null mutants and investigate the contribution of Srx to the

maintenance of redox homeostasis in Drosophila melanogaster.

e To determine whether Drosophila Srx mutations impact behavioural and physiological

traits that reflect perturbed neuron function in vivo.

e To investigate whether loss of Srx affects neuron morphology in both Drosophila and rat
primary neuron cultures, which may underlie physiological abnormalities identified whilst

addressing Aim 2.
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2. Methods and materials

2.1. In silico techniques

2.1.1. Sulfiredoxin-1 homologue search in the Drosophila

melanogaster genome

When this research commenced, Drosophila Sulfiredoxin-1 was yet to be characterised by
McGinnis et al. (2021). To probe the Drosophila melanogaster genome for a Srx homologue,
a blastp search was conducted (NCBI, 2024). The AA sequence derived from human Srx
(Uniprot code Q9BYNO) was used as the search term and results were limited to the
Drosophila melanogaster taxid (no. 7227). The search parameters were adjusted to exclude
sequences that were not derived from expressed sequence tags (ESTs) generated from cDNA
libraries and were instead predicted from genomic sequences without verification of
expression at the transcript level. Such sequences were annotated with the prefix XM, XR, or
XP. All other standard parameters from the search tool were conserved. Identified

orthologous sequences were used to probe for human Srx.

2.1.2. ldentification of the putative Sulfiredoxin-1 homologue in

Drosophila

To identify the putative Srx homologues in Drosophila, a multiple sequence alignment was
performed using the Clustal Omega multiple sequence alignment tool with default settings
(Madeira et al., 2024). Included in this alignment were Srx protein derived from humans, mice
(Mus musculus), rats (Rattus norvegicus), and the putative Drosophila Srx isoforms
identified from the blastp search. The key residues critical for Srx function, identified by
(Jeong et al., 2006), were manually identified and highlighted to detect conservation amongst

the isoforms from all the species.
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2.1.3. Mitochondrial localisation prediction

Sulfiredoxin-1 in mammals localises to mitochondria, which allows it to recycle and resolve
Prdx3 (Noh et al., 2009). This function is likely to be conserved in valid Drosophila isoforms,
so MitoFates software was used to detect the presence of N-terminal mitochondrial targeting
motifs in the polypeptide structure (Fukasawa et al., 2015). This tool identifies sequences with
hydrophobic and basic residues that facilitate the creation of amphipathic alpha helices and
binding to Translocase of Outer Mitochondrial Membrane 20 (TOM20) for mitochondrial
import. Additionally, helical wheel plots were generated using the online Netwheels
application to demonstrate the amphipathicity of the N-terminal regions in the Srx isoforms
detailed in Chapter 2.1.2 (Mdl et al., 2018).

2.2. Drosophila techniques and husbandry

2.2.1. Drosophila stocks and handling

During this research, stocks were incubated at room temperature in polystyrene 25 cm?® vials
(Flystuff) or polyethylene bottles (Flystuff) containing ‘stock food’ composed of 10 g/| Agar,
39.12 g/l maize flour, 37 g/l yeast, 93.75 g/l sucrose, and 6.75 ml/l propionic acid. Flies were
housed in vials/bottles that were plugged with cotton wool to prevent the escape of flies,
whilst allowing the passage of air. They were transferred to fresh vials/bottles every 3-4

weeks.

Experimental flies were bred and housed in vials containing approximately 7 ml of ‘instant
food’ comprised of instant Drosophila medium (Carolina Biological Supply Company) with
added solution of 5% w/v inactivated yeast with 10% w/v Sucrose in dH.O. To generate this
solution, yeast was repeatedly boiled in dH.O using a microwave to inactivate it. Sucrose
was added and the solution was made up to the appropriate volume, then autoclaved. 20 g
of medium was used per 100 ml of yeast-sucrose solution. Unless otherwise stated, all
experimental flies were bred and reared on this food and kept in 25°C incubators with a 12-

hour light-dark cycle.

Unless otherwise stated, all experimental flies used in this research were males. Srx mutant

1118

virgins were backcrossed to w''’® males to reduce the effect of background mutations in

experimental flies. To observe and sort flies, of a particular sex or genotype, flies were
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anaesthetised on perforated plates that supplied CO. from a compressed gas cylinder. Flies
were sorted using a paintbrush, which was performed under a dissection microscope to
observe the sex or morphological features of flies (Stemi 2000, Zeiss). A full list detailing the

stocks used in this study can be observed in Table 2.1.
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Table 2.1. Drosophila stocks used in this research.

Stock Source Genotype Description
Wild type stocks
O’Kane lab, ) ] . .
Canton S Cambridge (UK) ++ +H+ +H+ Wild type with red eyes.
w8 (w-) Simon lab, w-/w- ;; Wild type with white eyes
Stanford ” '

Srx mutant generation and transgenic stocks

P{EP})CG6762°77%

Bloomington
Drosophila Stock
Centre

P{EP}CG6762°"%/ P{EP}CG6762°"'% ;

Stock containing a P-Element insertion into the Srx
locus (CG6762), on the Drosophila X chromosome.

SrxA12

Made as part of

SrxAT /ST 2 )+ +/+

Flies generated from the P{EP}CG6762°""% stock with
the first two exons of Srx excised via imprecise P-

this study Element transposition. First two exons of Srx have
been excised.
Mad t of Flies generated from the P{EP}CG6762°""% stock with
Srx?® ade as part ol g, 43/g,,4 S+ the third exon of Srx excised via imprecise P-Element

this study

transposition. Third exon of Srx has been excised.

UAS-Srx.FLAG

Made as part of
this study

: UAS-Srx.FLAG / UAS-Srx.FLAG ;

Flies generated from the injection of Drosophila
embryos with a pUAST plasmid that allows for Srx with
a C-terminal FLAG tag to be expressed in a tissue-
specific manner using the Gal4/UAS system.
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A2-3
Transposase

Bloomington
Drosophila Stock
Centre

- P{A2-3}99B/TM6B

Functional but non-excisable transposase enzyme that
excises and transposes P-Element insertions.

Balancer Chromosomes

FM7h/C(1)DX

Bloomington
Drosophila Stock
Centre

FM7h/C(1)DX.y,f ;;

X chromosome balancer stock with an attached-X
chromosome, which is two X chromosomes attached
at the centromere, so that they are always inherited
together. This means virgins for C(71)DX;; can be bred
with males containing an X chromosome of interest to
form a stable stock.

CyO-GFP/Sco

Davis lab, San

w-/w- ; CyO-GFP/Sco ; +/+

Second chromosome balancer stock.

Francisco
O’Kane lab, ] ) .
TM3/TM6b . w-/w- ; +/+; TM3,Sb/TM6b, Tb,Hu Third chromosome balancer stock.
Cambridge (UK)
Gal4 stocks
Act5C-Gald O’Kane lab, . Act5C-Gal4/Cyo-GFP ; Promotes ubiquitous Gal4 expression using an Act5C
Cambridge (UK) promoter.
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Goodwin lab,

Promotes pan-neuronal Gal4 expression using an n-

nSyb-Gal4 Oxford (UK) ; nSyb-Gal4 / CyO-GFP ; Syb promoter.
O’Kane lab Promotes Gal4 expression in Drosophila motor
OK6-Gal4 . ’|; OK6-Gal4 / CyO-GFP ; neurons using an OK6 promoter. Also promotes Gal4
Cambridge (UK) .
expression in the precursors of the adult fat body.
TH-Gald Blrmar.1 lab, - TH-Gal4 / TH-Gal4 Prgmotes Gal4 expression in Dopaminergic neurons
Marseille using a TH promoter.
MHC-Gald Goodman lab, - MHC-Gal4 / MHC-Gal4 Promotes Gal4 expression in muscles using an MHC
Washington promoter.

Miscellaneous transgenes and mutants

gstD1-GFP

(Sykiotis and
Bohmann, 2008)

; gstD1-GFP / CyO-GFP;

GFP reporter of glutathione S-transferase D1
expression levels (induced by Nrf2 signalling).

TRE-dsRed.T4

(Chatterjee  and
Bohmann, 2012)

; TRE-dsRed.T4 / TRE-dsRed.T4;

dsRed.T4 reporter of AP-1 signalling.

Jafract (Bellen et al.,|P{SUPor-P}Prdx2X*>372|P{SUPor-P}Prdx2*%°*37? | Loss of function Jafrac1 mutant (cytosolic 2-Cys Prdx)
2004) ;. validated by DeGennaro et al. (2011).
EV Bloomington

(stock no. 36303)

;s EVIEV

Control line with an empty P-Element insertion
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2.2.2. Drosophila crossing schemes

Flies were bred in crossing schemes to combine mutations, transgenes, and balancer
chromosomes in a variety of experiments. Per 25 cm?® vial, 6-8 virgin female flies were housed
with 3-5 male flies. Offspring would eclose from pupae approximately 10 days later. Crosses
were typically transferred to fresh vials every 1-3 days to prevent overcrowding amongst the

larvae.

The use of virgin female flies in these crosses is essential because females can store sperm
from previous male copulations. Virgin flies can be identified and retrieved for crosses via
one of two methods. Firstly, they can be identified by morphological traits as they possess a
swollen body, folded wings, and an abdominal spot called a meconium that is caused by
faecal matter. Secondly, they can be retrieved by emptying vials/bottles of flies and collecting
female flies for up to five hours afterwards. For the first 5 or so hours of their lives, male flies

remain sterile and will not fertilise females during this period (Roote and Prokop, 2013).

For the experiments detailed in this report, the Srx mutant fly stocks were out-crossed to
diminish the effects of background mutations that may have arisen. Virgin Srx mutant flies

1118

were bred with w''’® males to achieve this, with male offspring used as experimental flies.

1118

Control flies for the experiments were the white-eyed w''’™® mutant males.

2.2.3. Drosophila Srx mutant generation

To investigate the biological relevance of Srx in Drosophila, P-Element transposition was
used to generate Srx knockout mutants. This strategy was preferred to RNAi and CRISPR-
Cas9 techniques to avoid off-target effects, whereby the short interfering RNA (siRNA) or
single guide RNA (sgRNA) sequences bind to unintended targets (Guo et al., 2023; Sudbery
et al., 2010). Knockout mutations also allow for rescue transgenes to be easily expressed in
the background for rescue experiments. The creation of Srx mutants would also establish

that Srx was not an essential gene in Drosophila.

Previous work has generated public collections of mutant strains that contain single P-
Element (PE) insertions into the Drosophila genome (Bellen et al., 2011). PE insertions at a
locus of interest may be mobilised to generate imprecise excision events with the removal of

flanking DNA regions. Removal of regions that contain the CDS of a particular gene can
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generate null mutant stocks (Figure 2.1.A). To generate Drosophila Srx mutants, PE insertions

into the Srx locus (FlyBase gene annotation ID CG6762) were mobilised (Figure 2.1.B).

BI33537 BI5908
w- PEPJSOC w- _ P{A2-3)99B
w-, P{EP}Sn¢12” /" TM6,Sb
Canton S
/ \ W FMhB . CpX o w PEPISX®""  P{A2-3}99B8
w " /" /" /" +

Transposase

FM7h,B X w- (no P{EP}) _
-I—."_-'I— - '-'I— w- (no P{EP})_' X FM7h,B .

Transposase

FM7h,B" /"
Precise excision: host genome is un- Imprecise excision: host genome is STOCK MAINTAINED
altered after excision event cleaved to create mutant
500 bp

P-ELEMENT UTR

X:17,856,100..17,859,700

Figure 2.1. P-Element transposition to generate Drosophila Srx mutant stocks.

A. Graphical depiction of the precise and imprecise excision events that can result from P-
Element transposition. B. The crossing scheme used to generate imprecise excisions of Srx
and mutant stocks. C. Location of the primer annealing sites within the Drosophila Srx locus,
which were used to screen for mutations and to characterise them. The P-Element insertion

and the primers widths are not to scale.

Flies containing a PE insertion in the second intron of the Srx gene (P{EP}Srx"'%) were
crossed with flies containing a functional, but non-excisable transposase (P{A2-3}99B). This
generated excision events in the sperm of the male offspring, which could be bred with
females carrying attached-X balancer chromosomes. Male progeny from this cross were
screened for the loss of eye pigment, which indicated transposition events and the removal
of a mini-white gene construct (w*) that was contained within the PE. Once these males were
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isolated and bred with virgin flies carrying X chromosome balancers, balanced stocks were
established, and the males could be retrieved for genomic DNA extraction (see Chapter
2.5.2). The extracted DNA was used as a template for PCR reactions to screen for mutant
stocks with imprecise excision events (see Chapter 2.5.1). The PCR used combinations of
primers targeting the Srx locus (Figure 2.1.C and Table 2.4). An absence of PCR product
indicated that primer annealing sites had been excised, whereas truncated PCR product
suggested that intervening DNA regions had been excised. Truncated PCR product could be
further analysed using sanger sequencing techniques to accurately map the regions of the

Srx locus that were removed (see Chapter 2.5.6).

2.2.4. Drosophila UAS-Srx.FLAG transgenic fly generation

For rescue experiments, whereby Srx could be expressed in specific tissues in the
background of Srx mutant flies, Drosophila with a UAS-Srx.FLAG transgene were generated.
This was achieved via the injection of Drosophila embryos with a construct containing the

Drosophila Srx CDS derived from reverse transcription polymerase chain reaction (RT-PCR).

2.2.4.1. RNA extraction

1118

To isolate RNA from Drosophila, 20 w'''® males were homogenised in 50 pl TRIzol reagent
(Thermo Scientific,15596018) with a plastic pestle, before an additional 450 pl TRIzol reagent
was added. Samples were incubated at room temperature for 5 minutes and then centrifuged
for 15 minutes at 4°C and 13,000 RPM to remove insoluble debris. Supernatant was
transferred to a new 1.5 ml tube and 100 pl of Chloroform was added. Tubes were shaken
vigorously by hand and incubated at room temperature for 3 minutes. Samples were
centrifuged at 13,000 RPM for 15 minutes at 4°C and the aqueous upper phase was
transferred to a new 1.5 ml tube and 250 pl isopropanol was added. Samples were mixed by
vortexing and incubated at -20°C for 2 hours. Afterwards, samples were centrifuged for 30
minutes at 4°C and 13,000 RPM to pellet the RNA. Supernatant was removed and the pellet
was washed via the addition of 1 ml 75% ethanol with centrifugation for 5 minutes at 4°C and
13,000 RPM. This step was repeated, and supernatant was removed to air-dry the pellet for
10 minutes. The RNA was resuspended in 50 pl of Diethyl pyrocarbonate (DEPC)-treated
water. For quantification, RNA was diluted in DEPC-treated water and quantified using an

Ultrospec 2100 pro (Amersham Biosciences).
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To destroy residual DNA that may remain in the samples, 10 pg of the RNA samples
underwent DNase treatment with the DNase | RNase-free kit (Thermo Scientific, EN0521).
RNA was added to 5 pl 10X DNase buffer, 2 ul DNAse, 1 pl RiboLock RNase inhibitor (Thermo
Fisher, EO0381) then made up to 50 pl in DEPC-treated water and incubated at 37°C for 1
hour. To inactivate the DNase, 6 pl of 25 mM Ethylenediaminetetraacetic acid (EDTA) was
added to the samples, which were then heated to 65°C for 10 minutes prior to storage at -
70°C.

2.2.4.2. cDNA synthesis

Complementary DNA (cDNA) was generated from Drosophila RNA by adding 5 pg of RNA to
a 20 pl mix containing 2.5 uM oligo(dT)s primer (Thermo Scientific, SO131) and 0.5 mM
deoxyribonucleotide triphosphates (Thermo Scientific, R0192). This mixture was heated to
65°C for 5 minutes to destroy secondary structures, before being incubated on ice for 5
minutes. To synthesise cDNA, the SuperScript IV reverse transcriptase kit was used (Thermo
Scientific, 18090050). Briefly, 1 pl 0.1 M DTT, 1 pl 40 U/ul RiboLock RNase inhibitor (Thermo
Fisher, EO0381), 1 pl 200 U/ul Superscript IV reverse transcriptase and 4 pl of the associated
5X first strand buffer was added to this mix. Samples were Incubated at 50°C for 15 minutes,

room temperature for 15 minutes, then 70°C for 15 minutes to inactivate the enzyme.

2.2.4.3. Generation of a UAS-Srx.FLAG construct

A UAS-Srx.FLAG transgene was made via the insertion of the Drosophila dSrx-RA coding
sequence to pUAST plasmid (depicted in Figure 2.2). Primers were designed to amplify cDNA
derived from dSrx-RA mRNA sequences. The forward primer targeted the 5’ portion of the
cDNA and was designed to attach a EcoRI endonuclease restriction site. The reverse primer
targeted the 3’ portion of the cDNA and was designed to attach a Xhol endonuclease
restriction site and a FLAG tag. The resulting PCR product, as well as a pUAST vector, were
digested with the aforementioned enzymes and ligated together (see Chapter 2.5.7-8). This

plasmid was then amplified using molecular cloning techniques (see Chapter 2.5.9).
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(1) EcoRI BgIII (13)
EagI - NotI (20)

(8529) SbfI
(8523) SphI MCS
(8397) Bpu10I ’ SacIt (26)
white linker sequence Y PaeR7I - PspXI - XhoI (29)
/ Acc65I (35)
/ KpnI (39)
(7733) Ndel - —— XbaI (41)
: -Emal Eintron)
(7484) AatIl Mfel (597)
(7482) Zral Psil (630)
AmpR promoter - “SV40 poly(A) signal
Stul (760)
Afel (962)
— AfIII  (1345)
KasI (1961)

- Narl (1962)
Sfol (1963)

(6784) Fspl ——— PluTI (1965)

(6623) Bsal

(6562) AhdI - Ncol (2310)

BtgzI (2523)

Eco53kI (2635)
Sacl (2637)

SnaBI (2825)
TspMI - Xmal (2917)
Smal (2919)
BstXI (2951)

Nrul (3259)

(5169) EcoNI ' BspDI - Clal (3504)
(4992) PpuMI
(4789) Nsil
(4620) BsrGI

ECORV (3749)

Figure 2.2. The pUAST plasmid map.

The Drosophila Srx CDS was amplified using PCR with primers that adhered a FLAG tag
and EcoRI/Xhol digestion sites. A recombinant plasmid was generated by restriction digest
of both the plasmid and PCR product with the aforementioned enzymes, followed by
ligation and molecular cloning techniques. The resulting plasmid was inserted into the
Drosophila genome via the $C31 integrase system to generate UAS-Srx.FLAG transgenic
flies. The image of this plasmid was generated using Snapgene software

(www.snapgene.com).

2.2.4.4. Drosophila embryo injection and stock formation

To generate the transgenic Drosophila stock, this study recruited the services of FlyORF
Drosophila Injection service (FlyORF, Zurich). The assembled pUAST plasmid was prepared
using a Qiagen HiSpeed Midiprep kit (see Chapter 2.5.9.3) and injected into Drosophila

embryos. The pUAST plasmid contained attB sites for site-directed recombination with attP
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sites in the Drosophila genome using the $C31 integrase system (see Chapter 1.4.3.2). The
plasmid was injected into the embryos of stock ‘P40’ and flies were screened for insertion
into the 2nd chromosome at cytological location 25C7. Flies were on a yw background so
successful recombination events could be identified by the expression of the mini-white gene
(w*™) encoded by the plasmid. The integrase was removed and successful lines were

balanced prior to being returned.

2.3. Cell culture techniques

All cell culture techniques in this study were conducted using proper aseptic technique,
performing experiments within tissue culture hoods. Unless otherwise stated, all cultures

were maintained in a humidified CO. incubator at 37°C and 5% CO..

2.3.1. HEK293t cell cultures

Human embryonic kidney cells (HEK293t) cells were cultured in Dulbecco’s modified Eagle
Medium (DMEM) (Gibco, 41966029) containing 10% Fetal Bovine Serum (HyClone,
SV30160.03) and 1% Penicillin-Streptomycin (Gibco, 15140122). Cells were maintained in
T75 flasks (BioLite, Thermo, 130190) and passaged at a 1:5 ratio every 3-5 days after
dissociating in 0.05% Trypsin-EDTA (Gibco, 15140122) in PBS.

2.3.2. Rat primary neuron cultures

Timed-mated female Wistar Rats (Charles River UK) were purchased from Charles River (UK).
All procedures were conducted in accordance with the regulations detailed in the UK Animals
(Scientific Procedures) Act, 1986. All appropriate project and personal licences (to the Chawla
lab) were granted by the UK Home Office. Hippocampi were dissected from postnatal day 1
(P1) mixed sex rat pups. The animals were euthanised via pentobarbital injection, followed

by cervical dislocation, according to Home Office guidelines.

Cultures were generated as previously described by Suman et al. (2016). Dissections were
carried out in a solution comprised of Dissociation Media (81.8 mM Na,SO., 30 mM K>SOy,
5.8 mM MgCl,, 252 uyM CaCl,, 1 mM HEPES, 20 mM Glucose, Phenol Red 1000X) and
Kynurenate-Magnesium Solution (9.98 mM C1,H;NOs, 100 mM MgCl,, 200X Phenol Red, 5

mM HEPES, 1M NaOH added until Kynurenic acid dissolves). To form the working solution,
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63 ml of Dissociation Media was added to 7 ml of Kynurenate-Magnesium Solution.

Henceforth, this solution is referred to as DM/KY.

Dissected hippocampi/cortices were incubated in 3 ml Papain solution (DM/KY with 3.71 mM
Cysteine, 1 U/ul Papain Latex, pH 7-7.4) at 37°C for 20 minutes, mixing every 5 minutes. The
solution was removed and this incubation was repeated. Papain solution was then removed
and the samples were washed in 2-3 ml of DM/KY 3 times. The solution was removed and 2
ml Trypsin Inhibitor (DM/KY with 0.1 g/ml Trypsin) was added and samples were incubated
at 37°C for 5 minutes. This solution was removed and the process was repeated 2 times.
Trypsin Inhibitor was removed and washed 3 times with warm Growth Medium (2% B27, 35

mm Glucose, 1 mm L-Glutamine, 5% Foetal Bovine Serum, 0.5% Penicillin-Streptomycin).

Samples were triturated, then the wash buffer removed and replaced with 2 ml fresh Growth
Medium. This was gently triturated with a 5 ml pipette until cloudy. A pellet was allowed to
form and the media was removed so as to not disturb the process. Fresh Growth Medium
was added and the trituration process was repeated a further 2 times. Cells were diluted to
the appropriate concentration and plated. For 35 mm dishes, 2 ml media was plated

containing 0.4 hippocampi/ml.

After two hours cells would adhere to the surface of the culture vessel and media was
aspirated and replaced with fresh Growth Medium. After 1 day in vitro (DIV), cultures were
treated with cytosine arabinoside (AraC, 2.4 pM final concentration) to inhibit the proliferation

of glial cells.

For the generation of protein lysates, cultures were performed in 6-well plates. For
immunocytochemistry experiments, cultures were conducted in 35 mm dishes containing 4
13 mm glass coverslips that had been coated in Poly-D-Lysine to facilitate cell adherence.
Coverslips were coated in 0.1 mg/ml Poly-D-Lysine solution overnight, rinsed in dH.O, then

allowed to dry prior to plating the cells.

2.3.3. Drosophila embryonic neuron cultures

Drosophila embryonic neuron cultures were conducted according to Voelzmann and
Sanchez-Soriano (2022). Experimental fly stocks were kept on ‘stock food’ overnight at 25°C
to lay embryos. The following day, embryos were dechlorinated with 50% bleach for 90
seconds and washed in a sieve with water. The embryos were collected with a paint brush

and placed onto a 1% agar plate. Using a microscope, stage 11-12 embryos were identified
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by their autofluorescence pattern in blue light and collected in groups of 30, detailed by

Campos-Ortega and Hartenstein (1997).

The embryos were briefly washed in 70% ethanol solution in 1.5 ml tubes, which was then
removed and replaced with supplemented Schneider’s medium (20% heat-inactivated Foetal
Bovine Serum, 2 pg/ml insulin, 0.1% (w/w) Penicillin-Streptomycin, pH 6.8-7). Schneider’s
medium was replaced with 100 pl Hank’s Balanced Salt Solution (HBSS)-based dispersion
media, comprised of 1% (w/w) Penicillin-Streptomycin, 0.25% (w/v) Dispase Il (Sigma,
D4693), and 0.05% (w/v) Collagenase type V (Worthington, LS004214). Embryos were ground
using a pestle, then incubated at 37°C for 4 minutes. The dispersion reaction was terminated
by the addition of 200 pl supplemented Scheider’s medium and cells were pelleted by
centrifugation at 3000 RPM for 4 minutes. The supernatant was discarded and the pellet was

resuspended in 90 pl of supplemented Schneider’'s medium.

Glass bottom dishes, which were cleaned with acetone, were filled with 30 pl of medium
containing the resuspended cells. Dishes were covered by concanavalin A (conA)-coated
coverslips and sealed by a ring of petroleum jelly. The dishes were inverted to allow the cells
to adhere to the conA-treated surface for 2 hours at 26°C, before being inverted for the
neurons to develop as hanging drop cultures. The conA-coated coverslips were generated in
advance by applying 150 pl of 20 pg/ml conA in dH.O to square coverslips and incubating
them at 37°C for 60-90 minutes. Coverslips were rinsed with dH,O before being dried at 50°C

overnight and stored at room temperature.

2.3.4. Transfection techniques

As part of this study, mammalian cells in vitro underwent cationic lipid-mediated transfection
to transiently express transgenes. Full details of the plasmids used can be found in Table 2.5,
which also denotes the antibacterial selection agents used for the molecular cloning

techniques.

2.3.4.1. Transfection of HEK293t cells

Transient transfection of HEK293t cells was performed at least 24 hours after plating cells
into a 6-well plate at a confluency of 50-70%, with identical confluences used for the same
experiment. The medium of HEK293t cells was aspirated and replaced with fresh, serum-

containing DMEM an hour prior to the transfection process. PolyJet transfection reagent
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(SignaGen) was used to transfect these cells, with 6 pyl made up to 50 pl in serum-free DMEM
and added to 50 pl serum-free media containing 2 pg of plasmid DNA. This mixture was
incubated at room temperature for 10-20 minutes and then added dropwise to wells. Cells
were left in this transfection mixture for 9-12 hours, which was then aspirated and replaced
with fresh, serum-containing DMEM. Transfected HEK293t cells were not used for
experiments until 36-48 hours post-transfection to afford high levels of expression of the
genes being transiently transfected. Typically, transfection rates of 70-80% could be

observed.

2.3.4.2. Transfection of Rat primary neurons

Rat primary neurons were transfected in Transfection Medium composed of 90% CO.-
dependent Salt-Glucose-Glycine (114 mM NaCl, 26.1 mM NaHCO;, 5.3 mM KCI, 1 mM
MgCl,, 2 mM CaCl,, 10 mM HEPES, 1 mM Glycine, 0.5 mM Sodium Pyruvate, Phenol Red
0.001%), 10% Minimal Essential Medium (Gibco, 21090022), 1%
Insulin/Transferrin/Selenium (Gibco, 41400045), 0.5% Penicillin-Streptomycin (Gibco,
15140122).

5 ul of Lipofectamine 2000 (Thermo, 11668019) was made up to 100 pl of Transfection
Medium and added to 2 pg of plasmid made up to 100 pl of Transfection Media. This mixture
was incubated at room temperature in the hood for 30 minutes, then made up to 1 ml with
Transfection Medium and added to 35 mm dishes of cells. Cells were incubated for 4-6 hours,
before the medium was aspirated and fresh Transfection Medium was added. These
transfections were performed at 2-4 DIV and experiments were performed 3 days post-

transfection.

2.3.5. Srx shRNA construct generation

To investigate the effect of reduced Srx expression, shRNA constructs were created to
induce RNA interference (RNAI) of both the human and rat isoforms of the protein using the
pSuper RNAI system (Oligoengine, VEC-PBS-0006). Constructs are designed to express
shRNA molecules under the control of a polymerase-Ill H1-RNA promoter, with transcription
terminated by a signal of 5 consecutive thymidine residues with 2 3’ overlapping Uracil
residues. shRNA molecules are processed by Dicer and R2D2 proteins to short interfering

RNAs (siRNAs). The siRNA antisense strands are recruited into RNA-induced silencer
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complexes (RISC) with Argonaute proteins. The RISC complexes can then bind and degrade

homologous mMRNA sequences to inhibit translation (Iwasaki et al., 2010).

Plasmids were generated according to the manufacturer's instructions. Briefly, inserts to the
pSuper.neo+GFP backbone (Figure 2.3.A) were generated by designing complementary
oligos containing a 19 nt sequence to the target mRNA in both the sense and antisense
direction (see Figure 2.3.B). Target sequences for each plasmid are shown in Table 2.2. A
control plasmid was also synthesised with a non-targeting shRNA (Keenan et al., 2017). The
oligos (see Table 2.4) were annealed by resuspending 3 pg of each primer in 50 pl of annealing
buffer (100 mM NaCl, 50 mM HEPES pH 7.4) and heating to 90°C for 4 minutes. The mixture
was gradually cooled in a stepwise fashion through 10-minute incubations at 80°C, 70°C,
60°C, 50°C, and 37°C. Annealing these oligos generated overhangs that afforded ligation into
the pSuper.neo+GFP plasmid digested with Bglll and Hindlll restriction endonucleases (see
Chapter 2.5.7-8). Plasmids could then be amplified using molecular cloning techniques (see
Chapter 2.5.9). Colony screening was performed using primers that spanned the insertion
site in the pSuper.neo+GFP plasmid to identify the successful recombinant plasmids (see
Table 2.4).

Table 2.2. Amino acid sequences targeted as part of shRNA construct design.
Plasmid name | Target Target sequence (sense strand)

shRNA control N/A GCGCGATAGCGCTAATAAT

H1 Human Srx | GACTACTTCTACTCCTTITG

H2 Human Srx | GGAGCATCCACACCAGACT

H3 Human Srx [ AGCATCCACACCAGACTTG

R1 Rat Srx GCCAAGGAAGCAATATGGG

R2 Rat Srx GCGGTGACTACTACTACTC

R3 Rat Srx GACCATTCCTGCCAAGCTC
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Figure 2.3. The pSuper system expresses shRNAs to induce RNA..

A. The pSuper.neo+GFP plasmid map. B. pSuper construct assembly. Inserts to the
pSuper.neo+GFP plasmid backbone were generated by annealing complementary oligos.
The resulting DNA fragment exhibited 3’ and 5’ overhangs to enable ligation into a
pSuper.neo+GFP plasmid digested using Bglll and Hindlll. The resulting plasmid encoded
a hairpin molecule, which is further processed to an siRNA duplex. Antisense strands of

the duplex hybridise to human/rat Srx mRNA to mediate cleavage and repress translation.
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Validation of these plasmids was achieved by co-transfecting HEK293t cells with the shRNA
constructs and constructs encoding Myc-tagged human Srx (Origene, RC207654) or rat Srx
(Origene, RR209543). High transfection rates can be achieved using this cell line, which are
readily observable as the pSuper plasmids encode GFP. Protein lysates were generated, and
the relative amounts of Myc-tagged protein were observed using western blots (see Chapter

2.6.3). Successful shRNA constructs repressed the Myc-tagged protein expression.

2.4. Immunohistochemistry and microscopy

techniques

Unless otherwise stated, the imaging experiments in this thesis were conducted in a blinded
fashion to ensure objectivity. This was achieved using the ‘Blind Analysis Tools’ plugin
(Jaiswal and Lorenz, 2019). Antibodies used the following assays are presented at the end of
Chapter 2.4 in Table 2.3.

2.4.1. Drosophila NMJ dissection fixation, staining, and imaging

The morphological characteristics of neurons at the Drosophila neuromuscular junction (NMJ)
are controlled by redox-sensitive signalling pathways (Milton et al., 2011; Ugbode et al.,
2020). Therefore, this can be used as a physiological marker of OS. We sought to find out

whether Srx mutants had altered neuron morphology at the NMJ.

Third instar wandering larvae, which had climbed out of the food and up the vial, were
collected. Male larvae of the correct genotype were selected and transferred to a Sylgard
dish (Silicone elastromere kit, Dow Corning). Dissections were performed in PBS, with
minuten pins (Austerlitz Insect Pins 0.1 mm diameter, Fine Science Tools) applied to the
posterior and anterior ends of the larvae to immobilise them. Scissors were used to cut the
larvae along their antero-lateral axis, then the guts (amongst other internal organs) were

removed using forceps and the muscle walls pinned back using minuten pins.

The larvae were fixed for 7 minutes in PBS with 4% (w/v) Formaldehyde, then transferred to
a 2 ml tube with PBT (PBS with 0.05% Triton X-100). Larvae were washed in PBT 3 times,
before 1 ml fresh PBT was added containing primary antibodies at the desired concentration.

Samples were incubated overnight at 4°C, whilst left on a rotary shaker. The next day,
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samples were washed in PBT 3 times for 10 minutes, before 1 ml PBT was added with
secondary antibodies at the relevant concentration. Samples were left to incubate at room
temperature for 2 hours on a nutator before being washed in PBT 3 times for 10 minutes.
PBT was removed and 1 ml of 70 % Glycerol in PBS was added. Larvae were left in this
solution for at least 30 minutes (until they sank) and then mounted onto microscopy slides of
0.8-1.0 mm (Fisher) with the muscle wall facing away from the slide. A suitable amount of
Fluoromount (Thermo) was applied to samples and coverslips were placed onto the
preparations and sealed with nail vanish. The concentrations of antibodies used is detailed
in Table 2.3. Anti-HRP-Cy3 was used to visualise neurons, which binds to neuronal
membranes in Drosophila and acts as a specific neuronal marker (Jan and Jan, 1982). Anti-

Syn1 was used to label boutons.

A Carl Zeiss LSM880 confocal AiryScan microscope was used to take z-stack images of the
neuron located at muscle 6/7 at abdominal hemisegment A3. The 40X oil-immersion lens was
used. The same pixel resolution and distance between z-stack planes was used for all
images. For larger neurons, image tiling and stitching was required. In the central plane of
the z-stack image, a 3X3 tiling image with 10% overlap was created for muscle 6/7 in this
muscle segment, for the purpose of normalising bouton counts to the muscle surface area
(MSA). Z-stacks images were assembled in Fiji and the bouton counts were recorded using
the ‘Cell Counter’ analysis feature (Schindelin et al., 2012). The surface area of the muscles
was also recorded by drawing lines across the length and width of the muscle (Figure 2.4).
Bouton counts were normalised to the muscle surface area (MSA). This was done by dividing
the surface area of the muscle by the control group average, then multiplying by the bouton
count number. Sample sizes were based on those used in previous published work, with at

least 10 NMJs analysed per group (see Sweeney and Davis, 2002).
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Figure 2.4. Quantification of Drosophila third instar larvae MSA.

The length and the width of muscles were measured to calculate MSA for the normalisation
of bouton numbers at the NMJ.

2.4.2. Rat primary neuron fixation, staining, and imaging

Cells in 32 mm dishes were washed in PBS before being fixed in 1 ml of PBS with 3% (w/v)
Paraformaldehyde (PFA), 4% (w/v) Sucrose for 20 minutes. Cells were washed twice in PBS
and permeabilised in PBS with 0.5% (w/w) NP-40 for 5 minutes and washed in PBS again.
Primary antibodies were made up to the desired concentration in PBS and 50-70 pl droplets
were applied to a sheet of Parafilm. Individual coverslips were removed from the 35 mm

dishes, inverted and placed onto these droplets and incubated overnight at 4°C in a
humidified chamber.

The next day, cover slips were retrieved and washed twice with PBS. Secondary antibodies
were made up to the appropriate concentration in PBS and applied to the coverslips for an
hour. These steps were either achieved by placing the inverted coverslips onto PBS droplets,
as was done for the primary antibody incubation, or by un-inverting them and placing them
into a 12-well plate to apply 500 pl PBS. Afterwards, two washes in PBS were performed,
followed by a 5-minute incubation in PBS with Hoechst 33342, trihydrochloride trihydrate
(Molecular Probes, 10 ug/ml). Two washes in PBS were performed and coverslips were

mounted in Fluoromount Aqueous Mounting Medium (Sigma, F4680). In the experiments
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detailed in this study, neurons transfected with GFP-encoding shRNA constructs were

imaged using anti-GFP.

A Carl Zeiss LSM880 confocal AiryScan microscope was used to take images of the fixed
and stained neurons. The 20X air lens was used with the same pixel resolution and pinhole
size for experiments. The Images were analysed in Fiji, with neurite tracings performed using
the plugin package (Meijering et al., 2004; Schindelin et al., 2012). This enabled neurite
lengths to be quantified, or for sholl analysis to be performed using the Neuroanatomy plugin
to quantify neurite growth and branching (Ferreira et al., 2014). The 63X oil-immersion lens
was used to image DsRed-labelled mitochondria within primary neurites within a 150 pm
radius of the soma. Z-stack images were converted to 2D images using maximum intensity
projections. The same pixel resolution and distance between z-stack planes was used for all
images. Images were individually thresholded, and analysed using the ‘mitochondrial
analyzer’ plugin (Chaudhry et al., 2020). Sample sizes for these imaging experiments were
based on those used in previous published work (see West et al., 2018). For each group,

approximately 50 neurons were imaged and analysed from 3 independent cultures.

2.4.3. Drosophila embryonic neuron fixation, staining, and imaging

Drosophila embryonic neuron cultures were fixed at 1 DIV. Cells were fixed by applying 200
pl droplets of PBS with 4% (w/v) PFA and 0.02% (w/w) Glutaraldehyde to the coverslip
surface and incubating them at room temperature for 30 minutes. Afterwards, cells were
permeabilised via the application of 200 ul PBT (PBS with 0.3% Triton X-100) for 20 minutes.
Cells were washed with 200 pl of PBS 3 times and then 200 pl of PBS with primary antibodies
at the relevant concentration were applied. Cells were incubated overnight at 4°C in a
humidified chamber. The next day, cells were washed in PBS twice and then PBS with
secondary antibodies at the relevant concentration were applied for two hours. Cells were
washed in PBS twice and then mounted in ProLong Gold Antifade Reagent with DAPI
(Invitrogen, P36931). Cells were imaged using an inverted fluorescence LED microscope
(Leice, DM IL) with a 100X oil immersion lens and associated USB microscope camera (Leica,
DFC3000G). Images were analysed in Fiji, with neurites traced and quantified using the
Neurond plugin (Meijering et al., 2004; Schindelin et al., 2012). Neurons were stained with
anti-HRP-Cy3. For each group, approximately 30 neurons were imaged and analysed from

multiple independent cultures.
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Table 2.3. Antibodies used for immunohistological and immunocytochemical experiments in this research.

Antibody Type Experiment Source Host Concentration
Anti- GFP Primary (monoclonal) | Rat primary neuron Life Technologies, RRID: AB_221568, Ref: | Mouse 1:500
cultures A11120
Anti- Ms-Alexa | Secondary Rat primary neuron Invitrogen, RRID: AB_2534088, Ref: Goat 1:500
488 cultures A11029
Anti- HRP Primary (polyclonal) Drosophila NMJs Jackson ImmunoResearch labs, RRID: Goat 1:200
(Cy3 and embryonic AB_2338959
conjugated) neuron cultures
Anti- Syn1 Primary (polyclonal) Drosophila NMJs Sweeney lab, York (West et al., 2015), Rabbit 1:1000
RRID: AB_2713991
Anti- Rb-Alexa | Secondary Drosophila NMJs Jackson ImmunoResearch labs, RRID: Goat 1:200
488 AB_2338046, Ref: 111-545-003
Anti- GP-FITC [ Secondary Drosophila NMJs Jackson ImmunoResearch labs, RRID: | Goat 1:200
AB_2337415
Anti-Srx Primary (polyclonal) Drosophila NMJs Made in this project (Final bleed, SCK018) | Guinea Pig [ A range tested
Anti-Srx Primary (polyclonal) Drosophila NMJs Made in this project (Final bleed, SCK017) | Guinea Pig [ A range tested
Anti-FLAG M2 | Primary (monoclonal) | Drosophila NMJs Sigma, F3165 Mouse A range tested
Anti-FLAG Primary (polyclonal) Rat primary neuron | Cell Signalling, RRID: AB_2217020 Rabbit 1:200 for
cultures Drosophila primary neuron
NMJs cultures
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2.5. Molecular Biology

2.5.1. PCR and agarose gel electrophoresis

To conduct Polymerase Chain Reaction (PCR) for the amplification of DNA, optimal primer
design is required. This research adhered to the general principles of primer design for
effective amplification (reviewed by Alvarez-Fernandez, 2013). Primers were designed using
NCBI’s Primer-BLAST tool (Ye et al., 2012) and melting temperatures (Tm) for the specific
PCR conditions were estimated using the New England Biolabs Tm calculator (“NEB Tm

Calculator,” 2024). Primers were synthesised by Sigma Aldrich (UK).

PCR reactions conducted for the purpose of validating DNA ligations and P-Element
imprecise excision events were performed as 20 pul reactions containing 2X taqg polymerase
mastermix (Thermo Fisher, KO171), 250 nM of both forward and reverse primers, plus <500
ng of template DNA. Samples were initially exposed to 95°C for 2 minutes to denature DNA
and activate the polymerase. This was followed by iterative cycles of exposure to 95°C for 30
seconds to denature DNA, the appropriate DNA reannealing temperature for 30 seconds, and
then 72°C for elongation of PCR product. This elongation time was adjusted according to the
size of the desired product, with each minute facilitating the creation of DNA up to 1 kb. After
30-35 cycles, a final extension period of 10 minutes at 72°C was performed and samples

were cooled to 4°C to prevent decomposition.

PCR reactions conducted for molecular cloning purposes were performed using Phusion
High Fidelity Polymerase (NEB, M0530S). Reactions were assembled in a 20 pl volume
containing 0.2 pl Phusion DNA polymerase, 4 pl 5X Phusion HF buffer, 500 nM forward and
reverse primers, plus 0.6 pyl DMSO and <500 ng of template DNA. Samples were initially
exposed to 98°C for 30 seconds to denature DNA and activate the polymerase. This was
followed by iterative cycles of exposure to 98°C for 10 seconds for DNA denaturation, the
appropriate annealing temperature for 30 seconds for DNA reannealing, and then 72°C for
elongation of PCR product. This elongation time was adjusted according to the size of the
desired product, with 30 seconds facilitating the creation of DNA up to 1 kb. After 30-35
cycles, a final extension period of 10 minutes at 72°C was performed and samples were

cooled to 4°C to prevent decomposition.
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PCR product was analysed using gel electrophoresis. The appropriate volume of 6X TriTrack
loading dye (Thermo Fisher, R1161) was added to samples before loading into the well of a
1.5% (w/v) agarose gel in Tris Acetate-EDTA (TAE) buffer (Sigma, T4038) with 0.01% (v/v)
SYBR safe (Invitrogen, S33102) to visualise DNA bands. Gels were submerged in TAE buffer
prior to the loading of wells with samples, which were run alongside GeneRuler 1 kb DNA
ladder (Thermo Fisher, SM0311) or HyperLadder 1kb (Bioline, 33025) to determine PCR
product size. Gels were typically run at 70-90 V for 30-60 minutes. Gels were imaged using

a blue-light box or a Bio-Rad Gel Doc EZ gel imaging system.
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Table 2.4. Primer sequences used in this research project and their associated melting-point temperatures (Tm).

Primer Sequence (5’->3’) Tm (°C) | Experiment

A ATGGACACCACCGTTCACTC 60 Drosophila Srx mutagenesis detection (chapter
2.2.3)

B ATCCACAGCAGGTCGATGGG 63 Drosophila Srx mutagenesis detection (chapter
2.2.3)

J TCCAGCGATCACGACATTCT 59 Drosophila Srx mutagenesis detection (chapter
2.2.3)

L TGAGGTGATGAGATGGTCGC 60 Drosophila Srx mutagenesis detection (chapter
2.2.3)

M TGGCCTGATCTTTGTCGCTG 61 Drosophila Srx mutagenesis detection (chapter
2.2.3)

O ATAGGGCGATGGGAATTGGG 60 Drosophila Srx mutagenesis detection (chapter
2.2.3)

P CTCGTCGCTCGCAAGAAATG 59 Drosophila Srx mutagenesis detection (chapter

2.2.3)
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S ATGCCGATTACTGACGCACA 59 Drosophila Srx mutagenesis detection (chapter
2.2.3)

T TTACCCGGAATCGGTTGCTT 59 Drosophila Srx mutagenesis detection (chapter
2.2.3)

Vv CAGGACCAATACGACTGCGA 60 Drosophila Srx mutagenesis detection (chapter
2.2.3)

w CTGCGCTACACCATACAGGT 60 Drosophila Srx mutagenesis detection (chapter
2.2.3)

Drosophila Srx CDS FWRD | GCGGAATTCATGGAGTTCATTAGCCATTTC 66 Drosophila UAS-Srx.FLAG transgene generation

(plus EcoRlI digest site) (chapter 2.2.4)

Drosophila Srx CDS RVRS | GCGCTCGAGCTACTTGTCGTCATCGTCTTT- 81 Drosophila UAS-Srx.FLAG transgene generation

(plus FLAG-tag and Xhol GTAGTCGGCCAGGTACTTGGGC (chapter 2.2.4)

digest site)

pUAST sequencing primer | AGCGCAGCTGAACAAGCTA N/A Sequencing primer to validate plasmid synthesis
for the UAS-Srx.FLAG transgene generation
(chapter 2.2.4)

pSuper shRNA control GATCCCCGCGCGATAGCGCTAATAATTTCA- N/A Control shRNA construct generation for Srx

FWRD AGAGAATTATTAGCGCTATCGCGCTTTTTA

knockdown experiments (see Chapter 2.3.5)
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pSuper shRNA control
RVRS

AGCTTAAAAAGCGCGATAGCGCTAATAATT-
CTCTTGAAATTATTAGCGCTATCGCGCGGG

N/A

Control shRNA construct generation for Srx

knockdown experiments (see Chapter 2.3.5)

pSuper shRNA human Srx
FWRD (H1)

GATCCCCGACTACTTCTACTCCTTTGTTCA-
AGAGACAAAGGAGTAGAAGTAGTCTTTTTA

N/A

shRNA construct generation for human Srx
knockdown (see Chapter 2.3.5)

pSuper shRNA human Srx
RVRS (H1)

AGCTTAAAAAGACTACTTCTACTCCTTTGT-
CTCTTGAACAAAGGAGTAGAAGTAGTCGGG

N/A

shRNA construct generation for human Srx

knockdown (see Chapter 2.3.5)

pSuper shRNA human Srx
FWRD (H2)

GATCCCCGGAGCATCCACACCAGACTTTCA-
AGAGAAGTCTGGTGTGGATGCTCCTTTTTA

N/A

shRNA construct generation for human Srx

knockdown (see Chapter 2.3.5)

pSuper shRNA human Srx
RVRS (H2)

AGCTTAAAAAGGAGCATCCACACCAGACTT-
CTCTTGAAAGTCTGGTGTGGATGCTCCGGG

N/A

shRNA construct generation for human Srx

knockdown (see Chapter 2.3.5)

pSuper shRNA human Srx
FWRD (H3)

GATCCCCAGCATCCACACCAGACTTGTTCA-
AGAGACAAGTCTGGTGTGGATGCTTTTTTA

N/A

shRNA construct generation for human Srx

knockdown (see Chapter 2.3.5)

pSuper shRNA human Srx
RVRS (H3)

AGCTTAAAAAAGCATCCACACCAGACTTGT-
CTCTTGAACAAGTCTGGTGTGGATGCTGGG

N/A

shRNA construct generation for human Srx

knockdown (see Chapter 2.3.5)

pSuper shRNA rat Srx
FWRD (R1)

GATCCCCGCCAAGGAAGCAATATGGGTTCA-
AGAGACCCATATTGCTTCCTTGGCTTTTTA

N/A

shRNA construct generation for human Srx

knockdown (see Chapter 2.3.5)
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pSuper shRNA rat Srx AGCTTAAAAAGCCAAGGAAGCAATATGGGT- N/A shRNA construct generation for human Srx
RVRS (R1) CTCTTGAACCCATATTGCTTCCTTGGCGGG knockdown (see Chapter 2.3.5)

pSuper shRNA rat Srx GATCCCCGCGGTGACTACTACTACTCTTCA- N/A shRNA construct generation for human Srx
FWRD (R2) AGAGAGAGTAGTAGTAGTCACCGCTTTTTA knockdown (see Chapter 2.3.5)

pSuper shRNA rat Srx AGCTTAAAAAGCGGTGACTACTACTACTCT- N/A shRNA construct generation for human Srx
RVRS (R2) CTCTTGAAGAGTAGTAGTAGTCACCGCGGG knockdown (see Chapter 2.3.5)

pSuper shRNA rat Srx GATCCCCGACCATTCCTGCCAAGCTCTTCA- N/A shRNA construct generation for human Srx
FWRD (R3) AGAGAGAGCTTGGCAGGAATGGTCTTTTTA knockdown (see Chapter 2.3.5)

pSuper shRNA rat Srx AGCTTAAAAAGACCATTCCTGCCAAGCTCT- N/A shRNA construct generation for human Srx
RVRS (R3) CTCTTGAAGAGCTTGGCAGGAATGGTCGGG knockdown (see Chapter 2.3.5)

pSuper colony screening AGGAAGATGGCTGTGAGGGA 60 Positive clone identification for Srx shRNA
FWRD constructs (see Chapter 2.3.5)

pSuper colony screening ACTTTATGCTTCCGGCTCGT 59 Positive clone identification for Srx shRNA
RVRS constructs (see Chapter 2.3.5)

H1 sequencing primer TCGCTATGTGTTCTGGGAAA N/A Sequencing primer to validate Srx shRNA

construct generation (see Chapter 2.3.5)
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2.5.2. Genomic DNA extraction from Drosophila

To extract genomic DNA from Drosophila, a single fly was collected in a 1.5 ml tube and
homogenised in 50 pl lysis buffer (10 mM Tris pH 8.2, 1 mM EDTA, 25 mM NaCl, 200 pg/ml
proteinase K) using a pipette tip. After a 45-minute incubation at 37°C, samples were placed
at 95°C to inactivate the proteinase K. These samples could then be frozen at -20°C for
storage. For PCR experiments using Drosophila genomic DNA as a template, 1-2 pl of this

solution was used.

2.5.3. Gel extraction of DNA

DNA bands within gels were visualised using a blue-light box and excised using a scalpel.
These bands were placed into a 2 ml tube and silica membrane-based extraction of DNA was
performed using the QIAquick gel extraction kit (Qiagen, 28704) protocol. Briefly, 1 volume
of gel was dissolved in 3 volumes of buffer QG at 50°C, then 1 volume of isopropanol was
added. This mixture was transferred to a QIAquick spin column and centrifuged to facilitate
DNA binding to the column. The column was washed with 750 pl buffer PE (with ethanol
added) to remove salts and eluted into a fresh 1.5 ml tube using 20-50 pl buffer EB at 50°C

or nuclease-free water.

2.5.4. Nucleic acid quantification

To calculate the DNA or RNA concentration of samples, either a NanoDrop (Thermo Scientific,

ND-1000) or a Ultrospec 2100 pro (Amersham Biosciences) was used.

2.5.5. DNA precipitation

To increase the concentration of DNA samples, ethanol precipitation was performed and DNA
was resuspended in a smaller quantity of solution. This was achieved by adding 0.1 volumes
of 3 M Sodium Acetate pH 5.2 to 1 volume of DNA sample, followed by two volumes of
ethanol. This mixture was incubated at -20°C for 1-2 hours and then centrifuged at 13,000
RPM at 4°C for 30 minutes. The resulting pellets of DNA were washed with 70% ethanol in
ddH.O twice before being allowed to air-dry for 10 minutes and re-suspended in the

appropriate amount of nuclease-free water or relevant buffer.
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2.5.6. DNA Sequencing

DNA samples were sequenced using the LightRun sequencing service (eurofins genomics).
Sanger sequencing was performed on pre-assembled 1.5 ml tubes containing a 10 pl sample
with 400-500 ng plasmid DNA, or 100-400 ng PCR product, and 2.5 pM of the sequencing

primer.

2.5.7. Restriction endonuclease digestion

As part of this study, recombinant plasmids were generated via the insertion of specific DNA
fragments into vector backbones at multiple cloning sites. To achieve this, plasmids and
insert sequences were digested with restriction endonucleases to generate ‘sticky ends’ that
can be ligated (see Chapter 2.5.8). The digests could either be performed simultaneously,

known as double digestion, or sequentially.

Prior to the creation of UAS-Srx.FLAG transgenic flies, the coding sequence for Drosophila
Srx (Srx-PA) was inserted into a pUAST plasmid. Drosophila Srx was amplified from cDNA
using primers designed to adhere EcoRI and Xhol restriction sites, as well as a nucleotide
sequence encoding a FLAG tag. Double digestion of the PCR product and pUAST vector was
achieved using EcoRI-HF (New England Biolabs, R3101) and Xhol (New England Biolabs,
R0146) in either rCutSmart (New England Biolabs B6004S) or r2.1 (New England Biolabs,

B6002S) buffer according to the manufacturer’s instructions.

For the shRNA construct, pSuper.neo+GFP plasmids were double digested with Bglll
(Thermo Scientific, ER0081) and Hindlll (Thermo Scientific, ER0501) in buffer R (Thermo
Scientific, BR5) according to the manufacturer’s instructions. Alternatively, sequential digest
of Bglll in buffer R and Hindlll in buffer O (Thermo Scientific, BO5) was performed. After
ligation into pSuper.neo+GFP plasmids and prior to transformations, 5 pl from ligation
reactions were digested using Bglll in buffer O to reduce the occurrence of unwanted cloned,
as this site is destroyed upon ligation and such treatment will reduce the number of unwanted

unsuccessful transformants.
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2.5.8. DNA ligation

Sticky-end DNA ligation was performed using T4 Ligase (New England Biolab, M0202S). The
reaction was assembled as a 20 pl mix containing 2 pyl 10X T4 DNA Ligase buffer and 1 pl T4
ligase. The appropriate insert:vector molar ratios were calculated using NEBioCalculator
(“NEBioCalculator,” 2024). Ligation reactions were typically left at room temperature for at
least 10 minutes. The enzyme was inactivated by incubation at 65°C for 10 minutes and 1-5
I of this reaction could be used in bacterial transformation experiments. In some instances,

10 pl reactions were performed by adjusting the proportions of the reagents by a factor of 2.

2.5.9. Molecular cloning techniques

2.5.9.1. Bacterial transformation and culture

Molecular cloning experiments were performed to generate a pUAST plasmid containing a
UAS-Srx.FLAG sequence for the creation of transgenic Drosophila. All bacterial cultures in
this research were performed using DH5a e coli bacteria. Heat shock transformation of cells
was performed after 50 pl of bacteria (BL21 DH5a) was incubated with 1-5 pl of plasmid for
30 minutes. Heat shock at 42°C for 45 seconds was performed and samples were incubated
on ice for 5 minutes. 500 pl of Luria-Bertani (LB) medium (1% (w/v) Tryptone, 0.5% (w/v)
Yeast extract, 1% (w/v) NaCl) was added and the samples were incubated at in a shaker-
incubator at 37°C with a rotation speed of 210 RPM. Samples were then centrifuged at 5000
RCF to pellet the bacteria, which were resuspended in 50-150 pyl LB and spread onto
prewarmed LB Agar plates (LB plus 1.5 % (w/v) Agar) with the relevant antibacterial agent for
selection, which are presented in Table 2.5. Working concentrations for Ampicillin were 50
pg/ml, whereas working concentrations for Kanamycin were 30 pg/ml. Plates were incubated

in an inverted fashion at 37°C overnight to allow colonies to grow.
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Table 2.5. Plasmids used in this study.
Plasmid Source Bacterial Experiment
resistance
pSuper.neo+GFP | Evans lab, University [ Ampicillin Srx shRNA production for
of York use in in mammalian cells in
vitro
Mito-DSred Chawla lab, Kanamycin Mitochondrial labelling in
University of York mammalian cells in vitro
Human Srx-Myc- | Origene (Cat Kanamycin Expression of human Srx in
DDK no. RC207654) mammalian cells in vitro
Rat Srx-Myc-DDK | Origene (Cat no. Kanamycin Expression of rat Srx in
RR209543) mammalian cells in vitro
pUAST Sweeney lab, Ampicillin Generation of a UAS-
University of York Srx.FLAG transgene

The next day, individual colonies were picked and grown in 10-12 ml of LB with the relevant
antibacterial agent (at the same concentration used for the LB-Agar plates). Cultures were
grown overnight in a shaker-incubator at 37°C with a rotation speed of 210 RPM. Glycerol
stocks could be made for individual cultures by mixing 500 pul of the LB culture with 500 pl
50% (v/v) Glycerol solution and storage at -70°C. Cultures underwent centrifugation at 5000
RPM for 10 minutes at 4°C and the subsequent pellets were frozen at -20°C. Pellets could

be stored in this manner until plasmid extraction was performed (see Chapter 2.5.9.3).

2.5.9.3. Plasmid extraction

LB cultures of 10-12 ml were developed for the purification of up to 20 pg of plasmid DNA
using the QlAprep Spin Miniprep Kit (Qiagen, 27104). Plasmid DNA was purified in this
manner for the generation of all the recombinant plasmids synthesised in this study. Greater
yields of up to 200 ug of plasmid DNA could be produced using the QIAGEN HiSpeed Midi
Kit (Qiagen, 12643), which was performed to generate the plasmid used for Drosophila
embryo injection (see Chapter 2.2.4.4) as well as to generate larger quantities of plasmids
used for in vitro experiments. Smaller cultures of 10 pl were used to inoculate a larger 100 ml

culture.
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2.6. Biochemical assays

2.6.1. Drosophila Srx antibody generation

Polyclonal antibodies were generated via the immunisation of Guinea Pigs using HIS-MBP-
tagged Drosophila Srx protein (Srx-PA). The CDS of Drosophila Srx was used to generate a
soluble HIS-MBP-tagged Srx protein by the Technology Facility Protein Production Lab
(Biology, University of York), which were used to inoculate 2 Guinea Pigs over a three-month
immunisation scheme (Eurogentec, Belgium). Each animal received 4 injections of 30 pg of

protein in up to 250 pl PBS.

2.6.2. BCA assay

Protein concentrations were routinely calculated throughout this research using the BCA
assay (Thermo Fisher, Cat No. 23225). The BCA assay was performed to ensure that equal
protein levels were loaded into wells during western blot experiments, as well as to normalise
the results of fluorescence or absorbance assays using tissue homogenates. A 2X series
dilution of 2-0.0625 pg/pl BSA (Thermo) in the relevant lysis buffer/solution was used as a
reference standard curve. 10 pl of protein/standard solutions were added to 200 pl of the
BCA reagent in a clear 96-well plate (BioLite, Thermo). Duplicates were run for samples and
standards. The 96-well plate was placed into a 37°C incubator for 30-45 minutes, then
allowed to cool at room temperature for 10 minutes. Absorbance at 562 nm was recorded
for each well using a Multiskan GO Microplate Reader (Thermo). A custom-built R script was
used to quantify the protein levels, which generated a linear model using the standard curve
absorbances. The average absorbances for samples were plugged into the resulting model

to estimate protein concentration.

2.6.3. Western blotting

Western blots samples were prepared from Drosophila heads. Flies were collected in 1.5 ml
tubes and snap-frozen on dry ice. To dissociate the heads, a falcon tube could be filled with
2-3 of these tubes and several pieces of dry ice, then vortexed at high speeds for at least a
minute. To collect the heads using a paintbrush, the contents of the tubes could be emptied
onto a petri dish covered in filter paper, which was kept on dry ice. For individual samples,

30-60 heads were ground on dry ice using a pestle, with similar numbers used for separate
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experiments. Radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris, 30 mM NaCl, 0.2%
v/v Triton X-100, 0.1% w/v Sodium Deoxycholate, 0.02% w/v Sodium dodecyl sulphate, 0.2
mM EDTA, 0.2 mM Sodium Orthovanadate, pH 8) was added to the heads at a range of 1-2
ul per head. RIPA was supplemented with 0.5% v/v Phenylmethylsulfonyl fluoride (PMSF)
and 1% v/v protease inhibitor (Sigma, P8340) to prevent protein degradation in samples. The

BCA assay was used to adjust the concentration of Drosophila samples to 2 pg/l.

Samples were incubated on ice for 30 minutes and centrifuged at 13,000 RPM and 4°C for
20 minutes to remove insoluble debris. The supernatant was added to 2X Sodium dodecyl
sulphate (SDS) loading buffer (30% (v/v) Glycerol, 4% (w/v) SDS, 160 mM Tris-HCI pH 6.8,
0.1% (w/v) Bromophenol blue) and heated to 70-80°C for 10 minutes to denature proteins.
DTT was omitted from the 2X SDS loading buffer to avoid oxidation of disulphide bonds that
may be of interest to this research. Pre-cast gels (NUPAGE, 4-12% Bis-Tris Gels, Thermo)
were loaded with 20 pl to ensure that each sample had 20 ug of protein loaded. Samples
were run in MOPS buffer (20X Bolt, Invitrogen) at 150 V for 1-1.25 hours. A protein ladder
(Thermo Fisher, PageRuler Plus Prestained) was used to track migration during the
electrophoresis and observe the approximate molecular weight of proteins during imaging in
kilodaltons (kDa).

Wet transfer to PVDF membranes was performed in transfer buffer (25 mM Tris, 192 mM
Glycine 20% Methanol, plus 500 pl 10% SDS per litre) at 30 V overnight at 4°C or at 70 V for
4 hours. Blots were blocked in 5% (w/v) skimmed milk powder in TBS-T for 2 hours at room
temperature under gentle agitation. This was followed by overnight incubation in the primary
antibody-containing solutions of 5% (w/v) milk in TBS-T at 4°C under gentle agitation.
Aliquots of the primary antibody were frozen and reused up to 5 times. Blots underwent 10-
minute washes in TBS-T 3 times, before secondary HRP-conjugated antibodies in 5% (w/v)
milk in TBS-T were applied and incubated under gentle agitation for 2 hours at room
temperature. After 3X 10-minute washes in TBS-T, approximately 1 ml of chemiluminescent
HRP substrate (Immobilon, Millipore) was added and chemiluminescence was recorded
using an IBright (Thermo). The concentrations of the primary and secondary antibodies used
are detailed in Table 2.6.

For HEK293t and rat primary neurons, protein lysates were generated using cells derived
from the individual wells of a 6-well plate at 80-90% confluency. Media was aspirated from
the cells, which were washed in 2 ml PBS. 200 pl of RIPA buffer was added to each well and

cell scrapers used to help harvest the cells and collect them in 1.5 ml tubes. Protein
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concentration was not calculated using the BCA assay due to low levels of variation amongst

samples, but lysates were then processed in an identical process to those from Drosophila.
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Table 2.6. Antibodies used for Western Blot experiments in this research.

Antibody Type Target Source Host Concentration
species/size

Anti- Beta Actin | Primary (monoclonal) | Drosophila/~42 | Proteintech (60008, RRID:AB_2289225) Mouse 1:5000- 1:100,000
kDa

Anti- GAPDH Primary (monoclonal) | Rat/~38 kDa Millipore (MAB374) Mouse 1:15,000-1:50,000

Anti- c-Myc | Primary (monoclonal) | N/A DSHB (RRID:AB_2266850) Mouse 1:1000

(9E10)

Anti- Srx Primary (polyclonal) Drosophila Made in this project (Final bleed, SCK018) | Guinea Pig | 1:600

Anti- Srx Primary (polyclonal) Human/Rat Proteintech (14273-1-AP) Rabbit 1:1000

Anti- DJ-1p Primary (polyclonal) Drosophila Sweeney lab, York Guinea Pig | 1:3000

Anti- Mouse | Secondary N/A Cell Signalling (7076, RRID:AB_330924) Horse 1:5000

IgG, HRP-linked

Anti- Rabbit IgG, | Secondary N/A Cell Signalling (3678, RRID:AB_1549606) | Mouse 1:5000

HRP-linked

Anti- Guinea Pig | Secondary N/A Sigma (A5545) Rabbit 1:5000

lgG, HRP-linked
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2.6.4. Amplex Red assay

To see if manipulating Srx expression affected levels of ROS in Srx mutant flies, the Amplex
Red assay was performed to quantify H.O. levels in tissue homogenates. This is a relatively
easy and cost-effective method to address whether Srx affects H.O. levels in Drosophila
tissue. Horseradish Peroxidase (HRP) in the presence of H.O. converts Amplex red reagent
to the fluorescent pigment Resorufin, to indirectly quantify ROS levels in biological
samples. Cohorts of 10 3-4 day old flies were homogenised in 1.5 ml tubes in 500 pl of HL3
solution (128 mM NaCl, 2 mM KCI, 1.8 mM CaCl..2H.0, 4 mM MgCl..6H.O, 5 mM HEPES,
35.5 mM Sucrose at pH7.2) containing 0.5 pyl HRP at 100 u/ml (Thermo Scientific, 31490) and
2.5 pl of Amplex Red at 10 mM (Invitrogen, A12222) in DMSO per ml. The samples were
incubated for 1 hour in the dark. Afterwards, they were spun down for 1 minute on a table-
top centrifuge, and additional debris was removed from the supernatant via centrifugation
through Spin-X columns (Corning 8160). 100 pl duplicates from each sample were aliquoted
into a clear 96 well plate (Thermo Scientific, 130188) and absorbance at 560 nm was recorded
using a Multiskan GO Microplate Reader (Thermo). Once the absorbances were recorded, 10
pl from each sample duplicate were retrieved and protein concentration was calculated using

the BCA assay to normalise absorbance readings (AU) to protein levels.

For experiments using HEK293t cells, cells were split into 6-well plates to generate
confluencies of approximately 50%. The dishes had been coated in poly-D-lysine prior to
plating. After 24 hours the cells in each well were transfected with either shRNA control
plasmids or shRNA-encoding plasmids targeting human Srx. 48 hours post-transfection,
cells were carefully washed and incubated in 1.5 ml of HBSS supplemented with 1 mM
Sodium Pyruvate, D-4500 mg/ml D-Glucose, 1 mM L-glutamine, 1.5 pl HRP at 100 u/ml
(Thermo Scientific, 31490) and 7.5 pl of Amplex Red at 10 mM (Invitrogen, A12222) in DMSO
per ml. After 1 hour, 500 pl of medium was retrieved from each well, spun through Spin-X
columns (Corning 8160), and 100 pl duplicates from each sample were aliquoted into a clear
96 well plate (Thermo Scientific, 130188). Absorbance at 560 nm was recorded using a
Multiskan GO Microplate Reader (Thermo). Alongside the samples, a standard curve was
generated using the modified HBSS solution supplemented with H,O,. A 2X dilution series
from 100 pM - 3.125 pM H.0O, generated a standard curve to ascertain the H.O.

concentrations in the samples.
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2.6.5. Nrf2 and AP-1 signalling assays

To determine whether Drosophila Srx mutant flies exhibited increased Nrf2 signalling, this
research used a transgene that expressed GFP under the control of a glutathione S-
transferase D1 (gstD1) promoter sequence (Sykiotis and Bohmann, 2008). Nrf2 signalling is
enhanced under conditions of oxidative stress and binds to antioxidant response element
(ARE) sequences within the promoter regions of genes like gstD7. Quantification of green
fluorescence in tissue homogenates derived from flies with this transgene can be used to
observe activation of this pathway and the redox state in cells. Similarly, to determine whether
Drosophila Srx mutant flies exhibited increased Nrf2 signalling, this research used a

transgene that expressed DsRed.T4 under the control of a TRE promoter sequence.

Cohorts of 10 flies, which carried this transgene in a heterozygous fashion, were
homogenised in 150 pl of lysis buffer in a 1.5 ml tube. This buffer consisted of 150 mM NacCl,
20 mM Tris-HCI, pH 8.0, 2 mM EDTA with 100X protease inhibitor added (Sigma, F4680).
Samples were left on ice for 30 minutes, before being centrifuged at 13000 g for 30 minutes
at 4°C. 120 pl of the supernatant was transferred to a new vial and the centrifugation step
was repeated. 100 pl of this supernatant was then added to 300 pl ice-cold PBS and mixed.
2 aliquots of 100 pl were pipetted into a black 96-well plate (Costar) and fluorescence was
measured using a CLARIOstar Plus Microplate Reader (BMG Labtech). A matrix scan of 3X3
was used for each well with a scan width of 6 mm. For the Nrf2 signalling assays, GFP
fluorescence was measured using an excitation/emission range of 470-15/515-20 nm was
used, along with a gain of 1970 and adjustment for a focal height of 5.6 mm. For AP-1
signalling assays, DSRed.T4 fluorescence was measured using an excitation/emission range
of 570-20/630-40 nm, along with a gain of 2462 and adjustment for a focal height of 6.2 mm.
Expression of both fluorophores was normalised to protein content in the sample, measured

using the BCA assay.

These experiments were conducted using 3-7 day old flies that were either reared under
standard conditions, or placed onto food made using sucrose-yeast solution supplemented
with 10 mM DEM. This treatment was performed 72 hours prior to the experiment to see if
OS elicited differences between the genotypes. Three groups of 10 flies for each genotype

and condition were used.
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2.7. Drosophila physiological assays

2.7.1. H2O2 survival assays

Cohorts of 20 flies aged 0-1 days were collected and housed in vials containing 2-3 ml of 1%
(w/v) Agar and a 1.5 cm? piece of thick filter paper soaked in 5% (w/v) Sucrose, 5% H,0.
(w/v) solution in dH.O. This setup ensured that the filter paper did not dry out. The survival of
the flies was recorded twice a day, and flies were transferred to new tubes with fresh H.O.-
supplemented sucrose solution every day. At least 8 vials were established for each

genotype.

2.7.2. Climbing assay

The effect of a loss of Srx function on the locomotor activity of flies was determined by
performing the climbing assay. Freshly-eclosed male offspring were collected and aged for
4-7 days prior to experiments. The assay was performed using cohorts of 20 flies at ZT3.5-

6.5 to avoid differences being induced by the circadian rhythms of the flies.

Cohorts were placed into a 100 ml measuring cylinder, which had a line drawn onto it 10 cm
from the bottom. A light source was positioned above this apparatus and flies were allowed
to adjust for at least one minute, before being knocked to the bottom of the cylinder by
tapping it 10 times against the work surface. The process was recorded using a Samsung
Galaxy A21S in FHD mode and videos were analysed manually. The number of flies to climb
to or past the 10 cm mark after 5 seconds was recorded and expressed as a percentage of
the total flies tested. Each cohort was tested three times and the average number of flies to
reach 10 cm, referred to as the ‘success rate,” was recorded and compared amongst

experimental groups.

2.7.3. Larval crawling assay

Third instar larvae were placed onto the centre of a 150x25mm plate filled with 50 ml of 1%
Agar solution. The plate was inserted into a box that was illuminated so that a light intensity
of 20 lux was recorded on a photometer (Fisher Scientific, 11784196). Larvae were briefly
washed in dH.0, placed onto the plate and allowed to adjust for 15 seconds. The larvae were

recorded for 1 minute on a mobile phone (Samsung Galaxy A21s). Videos were recorded at
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Full HD, before being converted to 720p and from an alternating frame rate to a constant
frame rate of 5 frames per second (Handbrake). The videos were then converted to an AVI
format and limited to 300 frames, representative of the 1-minute recording time (FFMPEG).
The resulting videos were processed in Fiji using a median filter, with all files having the colour
threshold adjusted to the same degree. The Mtrack2 plug-in was used to trace the path of

crawling larvae and the number of millimetres moved per second was calculated.

2.7.4. Steady-state visually evoked potentials

To assess the functioning of neurons in the Drosophila visual system, steady-state visually
evoked potential (SSVEP) assays were performed. These measure the response of different
components of the visual system to flickering light stimuli (Figure 2.5). Seven-day old males
were used for the control group and outcrossed mutants. Flies were immobilised in shortened
200 pl micropipette tips and secured in position using nail vanish. Reference electrodes were
placed against the mouthpiece and recording electrodes were placed against one of the
compound eyes. These electrodes were filled with simple Drosophila Saline solution (128 mM
NaCl, 4.70 mM KCI, 1.82 mM CaCl..2H,0). Initially, electroretinograms (ERGs) were
performed to check that the electrodes were suitably positioned, as evidenced by the
production of a typical trace with an on- and off-transients (Vilinsky and Johnson, 2012).

Experiments were performed at ZT5.5-8.5.

SSVEPs were performed as previously described by (Afsari et al., 2014). Flies are presented
with light stimuli produced by blue light-emitting diodes (LEDs). This stimulus was the sum
of 2 square waves that had frequencies of 12 and 15 Hertz that flickered about the mean
illumination. The intensity was controlled by a sequence generator encoded in MATLAB.
Some parts of this sequence contained only the 12 Hertz stimulus ‘probe,” whereas in other
parts this was accompanied by a 15 Hertz ‘mask.” The amplitude of each component was
determined randomly. This generated response traces that underwent Fast Fourier transform
analysis, which produced peaks at the input frequency (1F1) and twice the input frequency
(2F1), as well as intermodulation terms (1F1+1F2, 1F2-1F1 and 2F1+2F2). Manipulating the
expression of genes crucial to the Drosophila visual system has demonstrated that the
harmonics, 1F1 and 2F1, correspond to the activity of photoreceptors in the compound eye
and second order neurons in the lamina of the optic lobe of the brain, respectively. 2F1+2F2
intermodulation terms correspond to medulla neuron activity (Afsari et al., 2014). The 1F2 and

2F1 amplitudes of the flies were compared via one-way ANOVAs.
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Figure 2.5. Recording and analysing Drosophila visual responses with SSVEPs.

Drosophila are immobilised in a shortened pipette tip using nail varnish. Reference electrodes
are placed against the mouthpiece of flies, whereas recording electrodes are placed against
the compound eye. Harmonic light stimuli, generated by blue LEDs, are presented to the flies
and the response traces are recorded. Fast-fourier transform (FFT) breaks down response
traces into specific components that reflect the activity of specific neuron populations within
the Drosophila visual system as determined by using genetic tools to silence the activity of
specific neuron types (Afsari et al., 2014). The amplitude of 1F1 peaks corresponds to the
activity of first-order photoreceptors in the Drosophila compound eyes (*), whereas 2F1 peaks
correspond to the activity of second-order neurons within the lamina of the optic lobe (#).

This figure is adapted from (Afsari et al., 2014).
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2.7.5. Circadian rhythms

The DAM2 Drosophila activity monitor system (Trikinetics Inc. Massachusetts) was used to
record locomotor activity in 1 minute bins. Age-matched males were collected and loaded
into activity tubes containing 1% w/v Agar 5% sucrose at one end. Flies were entrained to
12h:12h light:dark (LD) cycles for 4 days and activity was monitored for a further 7 days in
constant darkness (DD). Activity records were analysed and actograms were produced using
ShinyR-DAM web-based analysis software (Cichewicz and Hirsh, 2018). A chi-sq period
testing range of 18-30 hours and a chi-sq period testing resolution of up to 0.2 hours was

used. The period strength was calculated using Qp.act/Qp.sig ratios.

2.8. Statistical analysis

All statistical analysis and data presentation was performed using R 4.2.2 (R Core Team,
2022). This included the use of the following packages: RColorBrewer (Neuwirth, 2014),
ggpubr (Kassambara, 2023), ggplot2 (Wickham, 2016), dplyr (Wickham et al., 2023), car (Fox
and Weisberg, 2019), agricolae (de Mendiburu, 2023), tidyverse (Wickham et al., 2019),
survival (Therneau, 2023), survminer (Kassambara et al., 2021), and plotrix (Lemon, 2006).
Where possible, sample sizes for each experiment were based on those used in previous

published studies.

Experiments with one measurement variable and one nominal variable, in which the nominal
variable only had two values, were primarily analysed using a two-sample t-test. The two-
sample t-test was conducted under the assumption that data from the two groups exhibited
a normal distribution and a homogeneity of variances. The former was checked using the
Shapiro-Wilk test, whereas the latter was checked using Bartlett’s test. If both groups did not
exhibit normal distributions, homogeneity of variance was re-tested using Levene’s test,
which is less sensitive to departures from normality. Experiments with equal variance, but
non-normal distributions were instead analysed via the Wilcoxon test. Experiments with
normal distributions, but unequal variance were analysed via the Welch two-sample t-test.
Experiments with neither normal distributions, nor equal variance, were analysed via the

Kolmogorov-Smirnov test.
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Experiments with one measurement variable and one nominal variable, in which the nominal
variable had more than two values, were primarily analysed using a one-way ANOVA. The
one-way ANOVA test was conducted under the assumption that the groups exhibited normal
distributions and a homogeneity of variances using the previously described tests. Post-hoc
Tukey’s HSD test comparisons or Dunnett’s test could be used to identify groups that were
significantly different from one another. Experiments with equal variance, but non-normal

distributions were analysed via the Kruskal-Wallis test followed by Dunn’s post-hoc test.

Experiments with one measurement variable and two nominal variables were analysed using
a two-way ANOVA, permitted the groups exhibited normal distributions and a homogeneity
of variances. Post-hoc comparison between the groups was conducted with Tukey’s HSD
test. The Scheirer-Ray-Hare test was used as a non-parametric alternative to the two-way
ANOVA.

Pearson’s Chi-square test was used for categorical data (see Chapter 5.2.5) to determine
whether data was significantly different from the expected results. Log-rank analysis was

used to compare survival amongst fly populations for longevity assays (see Chapter 3.2.6).
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3. ldentification and mutagenesis of
the Drosophila Sulfiredoxin-1 locus:

implications for redox homeostasis

This chapter describes work that examines the utility of Drosophila to understand the function
of Srx from the cellular to the organismal level. | first used in silico approaches, whereby the
Drosophila Srx gene was identified and compared to mammalian orthologues to see if the
key amino acids to Srx function were conserved. Drosophila Srx was also analysed using in
silico tools to identify whether mitochondrial targeting motifs were conserved. | then
developed genetic tools to manipulate expression of Srx in Drosophila so that its biological
function may be investigated. To this end, | generated Drosophila Srx mutants, the creation
of which provides evidence for the notion that Srx is not an essential gene in Drosophila. |
also generated transgenic stocks to express Srx using the Gal4/UAS binary expression
system. The newly generated Drosophila Srx mutants were screened for changes to redox

homeostasis and tolerance to OS to characterise its relevance as an antioxidant enzyme.

3.1. Introduction

Several lines of evidence, reviewed in the introduction, indicate that Srx-mediated ROS
homeostasis is important for neuronal viability (Lan et al., 2021; Ugbode et al., 2020; Wu et
al., 2017). Previous research has predominantly used mammalian cell cultures. A limited
number of studies have used null mutant organisms and in vivo techniques, which afford cell
biology to be studied in a natural physiological context. However, Srx null mutant mice have
been generated and display increased mortality in response to lipopolysaccharide-induced
endotoxemia (Planson et al., 2011). Although Srx null mice do not exhibit any obvious
abnormalities under standard laboratory conditions, they have not been comprehensively
screened for neurological defects and, as such, the neurophysiological roles for Srx remain

unclear.
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Here, | sought to exploit the well-characterised electrophysiological, biochemical, and
behavioural assays used to study neuron function in Drosophila. The short generation times
and wealth of genetic tools render Drosophila a practical alternative to murine models for in
vivo research. Generating Drosophila Srx mutant stocks would allow for the role of Srx to be

researched and establish whether Srx is an essential gene for Drosophila survival.

This chapter details the generation of Drosophila Srx null mutant stocks via P-Element
transposition. Transgenic fly strains were created to allow for the expression of Srx in a
tissue-specific fashion. This allowed for the rescue of null mutant-associated phenotypes, as
well as the exploration of effects when Srx was over-expressed. An antibody was also

generated to monitor Srx expression levels in Drosophila via Western blotting.

3.2. Results

3.2.1. Srx conservation in Drosophila

There are many practical advantages to using Drosophila to study neuron function (discussed
in Chapter 1.4). To capitalise on these, | first sought to create null mutant stocks to investigate
Srx function. There is a limited body of work investigating Srx in Drosophila. To this end, gene
conservation is paramount. The Drosophila Srx locus has previously been identified by
(Jonsson et al., 2005). In the present study, this process was repeated to confirm the result
and account for updated cDNA libraries. A basic local alignment search tool (BLAST) was
used to identify similar protein sequences derived from Drosophila cDNA libraries (NCBI,
2024). The results of this BLAST are based on an annotated Drosophila transcriptome derived
from a multitude of cDNA libraries. These are generated via RNA extraction, cDNA synthesis,
and cloning into sequencing vectors. Sequencing these generates a collection of expressed
sequences derived from regions of the genome that are transcribed, known as expressed
sequence tags (ESTs). These have been collated and annotated by the FlyBase consortium
(FlyBase, 2024).

The blastp search of human Srx (hSrx) (Uniprot code Q9BYNO) identified three homologous
isoforms in Drosophila. All three were produced from transcripts derived from the same gene,
sulfiredoxin/CG6762 (Srx-PA, blast E value 1e-42; Srx-PB, blast E value 1e-42; Srx-PD, blast
E value 1e-42). The Drosophila Srx locus is located on the X chromosome at cytogenetic

band 16E2. The human sulfiredoxin-1 product was also identified when Drosophila Srx-PA
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was used as the search term in blastp (blast E value 1e-41). Similar results are observed when
the search term is changed to Srx-PB (blast E value 8e-42) and Srx-PD (blast E value 1e-41).

The Srx-PA isoform is 162 amino acids (AA) in length and encoded by the CG6762-RA
transcript of 984 bp, translated in reading frame (RF) 3. Srx-PB is 112 AA long with a
truncated N-terminus, encoded by the 921 bp transcript CG6762-RB in RF3. Srx-PD is 152
AA long, exhibiting an N-terminal extension that misses 10 AA residues relative to Srx-PA.
This is encoded by the 787 bp CG6762-RD transcript.

hSrx =  ———————m—mmmmmmm o MGLRAGGTLGRAGAGRGAPEGPGPSGGAQGGSIH 34
MSrx =~ ——————m—mm—mm—m o MGLRAGGALRRAGAGPGAPEGQGPG-GAQGGSIH 33
rSrx =~ ——-——-- MVQPGRVKRPGGAVRQGSNMGLRAGGALRRASAGPGAPDGQGPS-GAQGGSIH 52
dSrx-PA MEFISHFLRATSRRTAALGPILQRNRSEIIQKQSL----TNRQAFRRYRSSCSTMDTTVH 56
ASEX-PB  —— o oo oo~ MDTTVH 6

dSrx-PD MEFISHFLRATSRRTAALGPILQRNRSEIIQK-—--—--—-——--—- QYRSSCSTMDTTVH 46

ek

hSrx SGRIAAVHNVPLSVLIRPLPSVLBPAKVQSLVDTIRED--PDSVPPIBVLWIKGAQGGDY 92
mSrx SGCIATVHNVPIAVLIRPLPSVLDPAKVQSLVDTILAD--PDSVPPIDVLWIKGAQGGDY 91
rSrx SGCIDTVHNVPIAVLIRPLPSVLDPVKVQSLVDTILED--PDSVPPIDVLWIKGAQGGDY 110

dSrx-PA SAGIDETHLVPMSVIQRPIPSVLDEQKVQSLMETIKNETSEDEVPPIDLLWISGSEGGDY 116
dSrx-PB SAGIDETHLVPMSVIQRPIPSVLDEQKVQSLMETIKNETSEDEVPPIDLLWISGSEGGDY 66
dSrx-PD SAGIDETHLVPMSVIQRPIPSVLDEQKVQSILMETIKNETSEDEVPPIDLLWISGSEGGDY 106

Kk, ok k kk.ok. kkokkkkk kkkkk..kk . * kkkkk . kkk k. okkkk
hSrx FYSFGGCHRYAAYQQLQORETIPAKLVQSTLSDLRVYLGASTPDLO- 137
mSrx YYSFGGCHRYAAYQQLQRETIPAKLVRSTLSDLRMYLGASTPDLO- 136
rSrx YYSFGGCHRYAAYQQLQRETIPAKLVRSTLSDLRMYLGASTPDLQ- 155

dSrx-PA YFSFGGCHRFEAYKRLORPTIKAKLVKSTLGDLYHYMGSSAPKYLA 162
dSrx-PB YFSFGGCHRFEAYKRLORPTIKAKLVKSTLGDLYHYMGSSAPKYLA 112

dSrx-PD YFSFGGCHRFEAYKRLOQRPTIKAKLVKSTLGDLYHYMGSSAPKYLA 152
cokkkkkkk: kk:okkk kk kkkk:okkk kk  kokokook

Figure 3.1. BLAST followed by multiple sequence alignment indicates that
Sulfiredoxin-1 is conserved in Drosophila.

Relative to hSrx, the sequence similarities were 50.38% (dSrx-PA), 57.80% (dSrx-PB), and
52.03% (dSrx-PD). Relative to rSrx, sequence similarities were 46.36% (dSrx-PA), 58.72%
(dSrx-PB), and 48.23% (dSrx-PD). The crucial residues required for Srx function are
conserved across species. Charged AA residues required for Prdx binding are highlighted
in pink, whereas those needed for ATP phosphate group binding are highlighted in yellow.
The conserved catalytic cysteine residue is highlighted in green. Residues are annotated
according to whether the AA residues completely match (*), show high similarity (:), low

similarity (.), or no similarity (unannotated).
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Crucially, all the Drosophila Srx isoforms possess the AA residues that are critical for Srx
function and are highly conserved. This is demonstrated through a multiple sequence
alignment of the Drosophila Srx isoforms with hSrx, Mus musculus (Mouse) Srx (mSrx), and
Rattus norvegicus (Rat) Srx (rSrx) using the Clustal Omega online tool (Madeira et al., 2024).
All of the charged AAs that facilitate Prdx dimerisation and ATP-binding are conserved (Figure
3.1). It should be noted that the AA residue numbers for rSrx differ to those detailed in Chapter
1.2.6.5 because the sequence has been updated on the NIH Genbank database since the
seminal work of Jeong et al. (2006), which originally characterised the function of specific AA

residues, was published.

3.2.2. Are all the Drosophila Srx isoforms valid?

The cDNA libraries used to elucidate the Drosophila transcriptome have been generated from
distinct tissue types. which have produced ESTs corresponding to different Drosophila Srx
isoforms. Srx-PA ESTs were generated from Drosophila head extracts, which contain a large
proportion of neurons, whereas Srx-PB was generated from larvae and early stage pupae
(Rubin et al., 2000). This may indicate that the Srx-PA isoform, with an N-terminal extension,
is more relevant to neuron function. However, this does not necessarily render the alternative
isoforms as invalid and irrelevant to this investigation. This may instead be resolved by a

comparison of the conserved AA motifs in each isoform.

Mammalian Srx translocates into the mitochondrial matrix, where it can recycle Prdx3 (Noh
et al., 2009). Mitochondrial import of Srx is protective against OS and appears to regulate
oscillatory H,O, release (Kil et al., 2015). Mitochondrial import of proteins is typically
facilitated by translocase of outer mitochondrial membrane 20 (TOM20), a component of the
TOM complexes in the outer mitochondrial membrane. TOM20 can interact with the N-
terminal sequences of proteins targeted for the mitochondrial matrix and inner membrane,
which are typically cleaved upon import, although not always (Chacinska et al., 2009). These
sequences are composed of 15-40 AA residues with an abundance of positively charged

residues that tend to form an amphipathic a-helix (von Heijne, 1986).

The N-terminus of mSrx has been found to contain an unorthodox, non-cleavable
mitochondrial-targeting sequence, which is conserved in hSrx and rSrx too. Mutating the first
10 or 20 AA residues of the mSrx N-terminus, or the Arginine residues at position 4 and 11,
prevents mitochondrial localisation in human-derived Hela cells (Kil et al., 2015). It also

prevents TOM20-binding, as shown through co-immunoprecipitation experiments.

96



Therefore, these residues and the neighbouring hydrophobic residues likely generate the
amphipathic helical structure that can interact with TOM20. HSP90 chaperones Srx to the
TOM complex via disulphide bonds at the catalytic cysteine residue of Srx, along with the
co-chaperone FK506-binding protein (FKBP). This presequence is not cleaved, unlike motifs

in other proteins (Kil et al., 2015).

The Drosophila genome also encodes Prdx3, a mitochondrial typical 2-Cys Prdx enzyme that
is important for conferring resistance to OS (Kayashima and Yamakawa-Kobayashi, 2012;
Radyuk et al., 2001). Therefore, valid dSrx isoforms are likely to encode an analogous N-
terminus sequence to facilitate amphipathic a-helix formation, TOM20 binding, and
mitochondrial import. Analysis of the first 18 AA residues in dSrx isoforms, using MitoFates
prediction tool, revealed TOM20 recognition motifs in Srx-PA and Srx-PD, but not Srx-PB,
as shown in Figure 3.2.A (Fukasawa et al., 2015). The motif is composed of 5 AA residues
(dxBdd, where ¢ is hydrophobic, B is basic and x is any residue). This sequence, and the
mammalian N-termini, are likely to generate amphipathic a-helices, as demonstrated through
helical wheel plots, generated using NetWheels application (Mol et al., 2018). These are
presented in Figure 3.2.B-E. Srx-PB lacks this motif and does not appear to have amphipathic

sequences organised in a manner that permits TOM20 binding (Figure 3.2.F).

Collectively, this evidence suggests that dSrx-PA may be the valid orthologue to mammalian
Srx. It possesses a predicted TOM20 recognition motif for localisation into mitochondria,
which is required to reduce mitochondrial typical 2-Cys Prdx enzymes (Prdx3). It has also
been identified from the neuron-rich adult head cDNA libraries, suggesting it is the
predominant isoform in neurons. However, one cannot conclusively dispel the notion that the

other isoforms perform Srx function in non-mitochondrial organelles and other tissue types.
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hSrx
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dSrx-

—————————————————————————— MGLRAGGILGRAGAGRGAPEGPGPSGGAQGGSIH
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PA MEFISHFLRATSRRTAALGPILQRNRSEIIQKQSL————TNRQAFRR.RSSCSTMDTTVH
P - = MDTTVH
PD MEFISHFLRATSRRIAALGPILQRNRSEIIQK —————————————— QYRSSCSTMDTTVH

Polar / Basic
Polar / Acid
Polar / Uncharged
Nonpolar

OO0 MmN

34
33
52
56

46

98



Figure 3.2. Mammalian Srx and two Drosophila Srx isoforms contain predicted
mitochondrial targeting sequences at the N-terminus.

A. In mammals, basic AA (Arginine) residues at position 4 and 11 facilitate the creation of
amphipathic a-helices, TOM20 binding, and mitochondrial localisation (Kil et al., 2015).
This sequence is not conserved in dSrx isoforms. However, dSrx-PA and dSrx-PD are
predicted to contain alternative TOM20 recognition motifs in the N-terminus region, as
predicted using the MitoFates online tool (Fukasawa et al., 2015). This motif is composed
of oxBdd AA residues, where ¢ is hydrophobic (highlighted in yellow), B is basic
(highlighted in red) and x is any residue (highlighted in grey). Predicted MPP cleavage sites
are highlighted in pink. A TOM20 recognition motif is not predicted for dSrx-PB. B. Helical
wheel plots of the 18 AA residues at the hSrx N-terminus demonstrates that polar residues
are localised on one side of the helix, with hydrophobic residues on the other side. These
have the potential to form amphipathic a-helices consistent with structures that bind
TOMZ20. The first 18 AA residues of mSrx (C), rSrx (D), dSrx-PA, and dSrx-PD (E) also
exhibit this pattern. dSrx-PB does not exhibit such a motif in the first 18 AA residues, with

hydrophobic and hydrophilic uniformly expressed across the helix (F).

3.2.3. Generation of Drosophila Srx null mutant stocks

Drosophila Srx (CG6762) null mutants were produced via P-Element transposition, as
identified by a PCR screen using carefully designed primers (Figure 3.3.A). A crossing scheme
was employed to co-express a functional, non-excisable transposon and a non-functional,
excisable transposable P-Element in the germline cells of flies. This generated either precise
excision events, in which the Srx gene was undisturbed, or imprecise excision events that
excised adjacent DNA regions to create deletion mutations. Such events could be screened
for using PCR (Figure 3.3.B).
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500 bp
P-ELEMENT

M Catalytic Cys residue
- Prdx-binding residues

X:17,856,100..17,859,700

DNA bp

400

Figure 3.3. Single fly PCR screen for potential Srx mutants.

A. PCR using carefully designed primer pairs detected imprecise excision events and Srx
mutant generation. With the exception of the primers and P{EP} insertion, the diagram is to
scale. Genomic regions mapping to the amino acid residues critical for Srx function are
indicated. B. Exemplary gel image demonstrating the first stage of the PCR screen using
primers A and B. Control flies (w-) generated fragments of 574 bp, whereas P{EP}Srx®""%
(P{EP}) acted as a negative control as the PCR extension time only permitted products of up
to 1 kb (the P{EP} insertion was approximately 8 kb). Precise excision events, in which the
product size recapitulates that of w-, are indicated (-), as are imprecise excision events where
there is no product (*). These excisions could be further characterised by primer pairs

targeting the flanking regions, such as M and L.

Two Srx mutant stocks were identified in this PCR screen (Figure 3.4). The first, Srx*’?, had
genomic DNA encoding the first two exons excised (Figure 3.4.A). This was apparent from a
lack of PCR product using primers O and P, as well as a smaller PCR product when primers
S and J were used. The second, Srx“*?, had genomic DNA encoding the third exon excised
(Figure 3.4.B). This was evident from a lack of PCR product using primers M and L, as well

as smaller PCR product when primers A and L were used. Sanger sequencing revealed the
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precise nature of these excisions (Figure 3.4.C). Srx*? mutants had 1221 bp of genomic DNA
excised, which was determined by the creation of PCR product using primers T and J, then
sequencing with Primer S. Srx** mutants had 718 bp of DNA excised, shown by the creation

of PCR product with A and W, then sequencing using primer V.

A.

C.
500 bp
P-ELEMENT
TS o A M Catalytic Cys residue
=t -t = ) - - , Prdx-binding residues

X:17,856,100..17,859,700

Figure 3.4. Imprecise P-Element excision generated Srx mutant fly strains.

A. Srx*" could be identified using primer combinations targeting genomic regions upstream
of the P{EP}Srx%""* site, such as primers O and P. B. Srx*'? could be identified using primer
combinations targeting regions downstream of this site, such as M and L. PCR screens
highlighted the regions of DNA excised following a P-Element transposition event. C. Sanger
sequencing revealed the exact regions of DNA that had been cleaved in the mutant stocks
(dotted lines). This diagram is to scale, excluding the P-Element insertion and primer lengths.
Both Srx“"? and Srx“*® excisions cause a loss of DNA encoding amino acid residues that are
critical for Srx function. The Srx*®* mutants lack the DNA encoding the catalytic cysteine
residue of Srx, whereas the Srx*’? stock lacks the DNA encoding amino acid residues that

confer Prdx association and the deprotonation of the catalytic cysteine residue.
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3.2.4. Generation of a UAS-Srx.FLAG transgene

To express Srx in a tissue-specific manner, a UAS-Srx.FLAG transgene was generated via
molecular cloning techniques and Drosophila embryo injection. RNA was extracted from w-
male flies and RT-PCR was performed to produce complementary DNA (cDNA). This was
used as a template to generate PCR product encoding Drosophila dSrx-PA with EcoRI and
Xhol restriction enzyme sites attached. This fragment was then digested and ligated into a
PUAST vector for injection into Drosophila embryos. This produced stocks stably expressing
the UAS-Srx.FLAG transgene.

This stock permitted over-expression of Srx using the Gal4-UAS binary expression system.
Yeast-derived Gal4 transcription factors are expressed using tissue specific promoters,
which can be combined with transgenes containing Gal4-binding UAS promoter sequences
conjugated to a gene of interest (Brand and Perrimon, 1993). This allowed for overexpression
of Srx in specific cell types, as well as the rescue of null-mutant phenotypes in a tissue-
specific manner. The functionality of the UAS-Srx.FLAG construct was validated via western

blot analysis (see Figure 3.5).

3.2.5. Generation of a Drosophila Srx antibody

To monitor expression levels of Srx, polyclonal antibodies were generated via the
immunisation of guinea pigs using the full-length Drosophila Srx protein (Srx-PA) with an N-
terminal HIS-MBP tag. Final bleed serum from one animal proved effective at detecting Srx
via western blotting using Drosophila head lysates (Figure 3.5). Although non-specific bands
are visible between 20 and 35 kDa, Srx is readily detectable at 16 kDa in w- (control) lysates,
but not in lysates derived from Srx*’? and Srx*® mutants. Lysates made from flies over-
expressing Srx in neurons, via use of the nSyb-Gal4 and UAS-Srx.FLAG transgenes, exhibit
increased levels of Srx. Together, these findings validate the affinity of this polyclonal

antibody for Srx.
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3.2.6. Drosophila Srx mutants are sensitive to dietary H>0O-

As Srx functions as an antioxidant protein in yeast and mammals, | hypothesised that
Drosophila Srx mutant males would exhibit a diminished ability to resolve ROS,
compromising defence against OS. To test this hypothesis, | compared the survival of wild
type (WT) and Srx mutant flies fed with sucrose solution supplemented with 5% w/v H:0..
H.O; is routinely used to induce OS and reduce longevity (Tuxworth et al., 2011). Srx*"? and
Srx*® mutants exhibited a small, but significant reduction in survival rates compared to WT
flies (Figure 3.6.A). The median time of death was after 111 hours for WT flies, whereas both

Srx mutations reduced this by 13.5% to 96 hours.
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Figure 3.6. Srx mutations and Srx overexpression reduce Drosophila survival on H.O.-
supplemented food.

A. Drosophila Srx mutants exhibit reduced longevity on sucrose solution containing 5%
w/v H.O. (log-rank analysis, p<0.001**, multiple pairwise comparisons to WT with BH
adjustment: Srx*"? p<0.01**, Srx*® p<0.001***). B. Ubiquitous expression of Srx in the Srx
mutant background, using the Act5c-Gal4 and UAS-Srx.FLAG transgenes, does not rescue
diminished survival on food containing H.O, (log-rank analysis, p<0.001***, multiple
pairwise comparisons to WT with BH adjustment: Srx*"%Act5c-Gal4/+; p<0.001***,
Srx®3;Act5c-Gal4/UAS-Srx.FLAG;, p<0.001***). C. Ubiquitous over-expression of Srx
diminishes longevity on food containing H.O. (log-rank analysis, p<0.001**). For all

experiments, at least 160 flies were analysed (in cohorts of 20).

To validate that loss of Srx conferred sensitivity to H.O,, | attempted to rescue the H.O.
sensitivity phenotype by ubiquitously re-expressing Srx in the background of the Srx** mutant
stock using the Actbc-Gal4 and UAS-Srx.FLAG transgenes. This failed to rescue the
phenotype (Figure 3.6.B). To ensure similar genetic backgrounds, all experimental flies
possessed the Act5c-Gal4 transgene. Both the Srx*° mutants with and without the UAS-
Srx.FLAG transgene exhibited a median time of death after 72 hours. WT flies had a median

time of death after 87 hours.

The failure to rescue the H.O, sensitivity phenotype using the UAS-Srx.FLAG transgene
raised the possibility that the global over-expression of Srx may itself confer sensitivity to OS.
In support of this notion, | found that ubiquitous over-expression of Srx using the Act5c-Gal4
and UAS-Srx.FLAG transgenes decreased survival of flies exposed to H.O.. Flies over-
expressing Srx had a median death time after 96 hours, whereas the median death time was
after 120 hours for WT flies. Collectively, this data suggests that both the decreased and
increased expression of Srx conferred sensitivity to H.O, in Drosophila. An optimal level of
Srx expression may be required for defence against OS. Low expression may result in
increased Prdx hyperoxidation and peroxide levels. High Srx expression may conversely
decrease Prdx hyperoxidation, allowing it to interact with Trx to oxidise it and prevent it from
interacting with alternative substrates (discussed in Chapter 3.3.3). High or low levels may
instead alter the chaperone function of Prdx. Differences in longevity could also be attributed

to variations in the genetic background of flies.
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3.2.7. Drosophila Srx mutants do not exhibit elevated levels of ROS

or redox-sensitive Nrf2 signalling

The decreased survival of Drosophila Srx mutants on food containing H.O. suggests that they
possess a diminished ability to resolve ROS and prevent OS. This could lead to constitutively
elevated levels of ROS and activation of redox-sensitive signalling pathways. To address
whether Drosophila Srx mutants exhibited elevated H,O. levels in tissue homogenates, the
Amplex Red assay was performed. In this technique, Horseradish Peroxidase (HRP) enzyme
is incubated with Amplex Red reagent in the presence of Drosophila tissue homogenates.
Tissue-derived H.O; acts as a co-factor for HRP to convert the Amplex Red substrate to the
red dye resorufin, which can be measured via fluorimetry to indirectly quantify H.O.
concentration (Chavez et al., 2007; Mohanty et al., 1997). Recordings can be normalised to
protein levels using the Bicinchoninic Acid (BCA) assay to account for differences in the

degree of tissue homogenisation (Smith et al., 1985).

The Amplex Red assay did not reveal significant differences in Drosophila tissue H.O. levels
following the loss of Srx (Figure 3.7.A). However, a trend was observed whereby Srx mutants
exhibited lower H,O; levels. This could reflect a homeostatic adaption in the flies, whereby
there is upregulation of other antioxidant enzymes that scavenge peroxides, such as
glutathione peroxidase. WT flies exhibited a mean fluorescence of 0.130 AU/mg of protein
(+0.005 AU/mg), whereas Srx“’? and Srx*° flies had mean scores of 0.111 AU/mg (+0.006
AU/mg) and 0.114 AU/mg (x0.001 AU/mg) of protein, respectively.

To assess whether Srx can regulate redox-sensitive signalling pathways, | next examined the
effect of Drosophila Srx mutations on Nrf2 signalling. The transcriptional regulator Nrf2
accumulates in the nucleus under conditions of OS and binds to antioxidant response
element (ARE) sequences within promoters to upregulate the expression of specific target
genes (see Chapter 1.2.3.3). Glutathione S-transferase D1 (gstD7) is one such Nrf2 target
gene. A transgenic reporter gene that contains the GFP coding sequence under the control
of the promoter sequence for gstD1 allows researchers to observe the activation of Nrf2
signalling via the quantification of green fluorescence (Sykiotis and Bohmann, 2008). |
therefore bred flies to carry the gstD7-GFP transgene heterozygously in the WT or Srx mutant
backgrounds and measured green fluorescence in tissue homogenates in a fluorescence
plate reader. Flies were either reared under standard conditions or placed onto food made

with 10 mM DEM sucrose-yeast solution for 72 hours to induce OS. Administering
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DEM allowed an assessment of transgene expression in response to sustained OS and

allowed me to see if OS differentially elicited Nrf2 signalling in the WT and Srx mutant flies.
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Figure 3.7. Loss of Drosophila Srx does not increase ROS levels or activation of redox-
sensitive Nrf2 signalling.

A. Loss of Srx does not increase H,O. levels, as measured via the Amplex Red assay in
Drosophila Srx mutant tissue lysates (Kruskal-wallis, df=3, x°=4.36, p=0.113, ns). B. Loss
of Srx does not affect Nrf2 signalling in Drosophila, as shown through expression of the
gstD1-GFP transgene and tissue homogenate analysis. A two-way ANOVA revealed
significantly increased fluorescence in the lysates generated from flies fed DEM-
supplemented food (p<0.001***). No significant differences existed between the genotypes
(p=0.993, ns) and there was no significant interaction between the genotype and food
(p=0.165, ns). For both experiments, absorbance and fluorescence values were normalised
to the protein concentration in each tissue homogenate, as measured by the BCA assay,
to account for differences in the extent of sample homogenisation or tissue mass. For all

of the graphs, bars represent mean + SEM and n=3 for each group.

Feeding flies DEM-containing food increased green fluorescence in the homogenates, with
the mean score increasing by 45.1% from 384.447 AU/ug (x10.590 AU/ug) to 558.009 AU/ug
(£9.811 AU/ug) of protein (Figure 3.7.B). However, there were no significant differences

between the genotypes, or the interaction term. Under standard conditions, WT flies
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exhibited a mean score of 374.749 AU/ug of protein (+6.032 AU/ug), Srx“’? mutants exhibited
a mean score of 406.165 AU/ug of protein (+19.724 AU/ug), and Srx*® mutants exhibited a
score of 372.428 AU/ug of protein (£23.774 AU/ug). After rearing with a DEM-supplemented
diet, WT flies exhibited a mean score of 568.114 AU/ug of protein (+15.238 AU/ug), Srx*'?
mutants exhibited a mean score of 538.197 AU/ug of protein (+24.452 AU/ug), and Srx*®
mutants exhibited a score of 567.717 AU/ug of protein (+5.518 AU/pQ).

Collectively, these results indicate that Srx is not critical for redox homeostasis under
standard conditions as levels of H.O. are not significantly affected. In response to imposed
stress, there are no differences in the activation of redox-sensitive Nrf2 signalling, suggesting

that the redox state of cells is largely unperturbed in Srx mutants.

3.2.8. Drosophila Srx mutations attenuate AP-1 signalling

The lack of any changes in Nrf2 signalling in Drosophila Srx mutants prompted an
investigation into whether other OS-induced signalling pathways were affected by loss of
Srx. Redox-sensitive JNK/AP-1 signalling is a crucial pathway for the upregulation of
antioxidant gene expression, including transcriptional upregulation of Srx itself (Papadia et
al., 2008; Ugbode et al., 2020) and regulates synapse growth at the Drosophila NMJ (Martin-
Blanco et al., 1998; Milton et al., 2011). Therefore, | tested whether Srx mutations affected
AP-1 signalling using a transgene expressing DsRed.T4 fluorescent protein under the control
of a palindromic tetradecanoylphorbol acetate response element (TRE) sequence, which AP-
1 dimers bind to upregulate target genes (Chatterjee and Bohmann, 2012). This transgene
was expressed heterozygously in the WT or Srx mutant background, and lysates were
generated from multiple flies prior to fluorimetry experiments being conducted. Fluorescence
readings were normalised to protein content, as measured by the BCA assay. Flies were
reared under standard conditions or placed on food composed of sucrose-yeast solution
with 10 mM DEM for 72 hours to induce OS.

Under standard conditions, WT flies had an average normalised reading of 605.6 AU/ug of
protein (+16.9 AU/ug). For Srx*’? mutants, the normalised reading was 17.8% lower at 497.8
AU/ug of protein (3.6 AU/ug), and the Srx*® reading was 30.5% lower at 420.8 AU/ug of
protein (+28.8 AU/ug). DEM treatment increased the average WT normalised reading by
11.2% to 673.5 AU/ug of protein (x11.6 AU/ug). Similarly, the Srx*'? and Srx** mutant
normalised readings increased by 5.4% and 26.5%, respectively. Despite the treatment, the

Srx*"2 and Srx** mutant normalised readings were 22.1% and 20.9% lower than that of WT
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flies, respectively. These results demonstrate that AP-1 signalling is enhanced by OS and
that Srx mutations attenuate this increase in AP-1 signalling under both standard conditions
and conditions of OS. Srx mutants exhibit more modest increases in AP-1 signalling following
DEM feeding and are comparable to those observed under standard conditions. These

results are depicted in Figure 3.8.
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Figure 3.8. Srx mutations attenuate AP-1 signalling in Drosophila and repress OS-
induced increases in AP-1 signalling.

Expression of a TRE-DsRed. T4 transgene in the WT and Srx mutant backgrounds allowed
for the extent of AP-1 signalling to be quantified in Drosophila homogenates. Drosophila
were either reared under standard conditions or reared on food made with sucrose-yeast
solution containing 10 mM DEM to induce OS. DEM feeding enhanced DsRed.T4
production (Two-way ANOVA, F=22.8, df=1, p<0.001***, with Tukey’s HSD test for multiple
comparisons, p<0.001***), whereas both Srx*"? and Srx*® mutations attenuated DSRed.T4
production (Two-way ANOVA, F=47.3, df=2, p<0.001***, with Tukey’s HSD test for multiple
comparisons, p<0.001###). No interaction effect was observed (Two-way ANOVA, F=2.89,
df=2, p=0.09, ns). Fluorescence values were normalised to the protein concentration in
each tissue homogenate, as measured by the BCA assay, to account for differences in the
extent of sample homogenisation or tissue mass. Bars represent mean + SEM and n=3 for

each group.
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3.3. Discussion

3.3.1. Drosophila Srx is structurally related to mammalian Srx

To identify homologous Srx loci in the Drosophila genome, BLAST analysis of the Drosophila
transcriptome revealed three cDNA sequences with a high degree of similarity to hSrx. One
of these, dSrx-PA, was identified from cDNA libraries generated using adult heads, which are
rich in neurons. It also contains an N-terminal sequence predicted to bind to TOM20 to

facilitate mitochondrial import.

In mammals, Srx is important for regulating the redox state of Prdx enzymes, which confers
defence against OS. This process is facilitated by a catalytic cysteine residue and charged
AA residues that bind to Prdx enzymes and ATP phosphate groups. All of these are
conserved in the dSrx isoforms, meaning it is likely to perform a similar function and recycle
Prdx. In support of this notion, McGinnis et al. (2021) found that Srx hypomorphs exhibited
increased amounts of hyperoxidised Prdx enzymes, as determined by western blots using

antibodies targeting hyperoxidised Prdx isoforms.

Another important feature of mammalian Srx is that it localises to mitochondria where it can
reduce Prdx3 and exert an anti-apoptotic effect (Noh et al., 2009). This localisation is
facilitated by TOM20 binding to an N-terminal sequence. Yeast Srx lacks such a motif and
likely does not translocate into mitochondria (Kil et al., 2015). The valid Srx isoform in
Drosophila is likely to encode a similar mitochondrial-targeting sequence. Analysis of the N-
terminal sequences of these isoforms reveals dSrx-PA and dSrx-PD to contain predicted
TOM20 recognition motifs. Collectively, this evidence suggests that dSrx-PA is the closest

orthologue of mammalian Srx in Drosophila.

A limitation of my in silico work is that it has not experimentally determined whether the
proposed TOM20 recognition motif is crucial for mitochondrial import. Future work should
produce Srx transgenes with mutations to the proposed TOM20 N-terminal targeting motif.
Mutating the basic Histidine residue in this motif would compromise the amphipathicity of
the helix that is proposed to be important for TOM20 binding. Immunofluorescence
techniques could be employed to see if Srx co-localisation with mitochondria is observed
following these mutations. This work attempted to address this matter by generating an
antibody against Drosophila Srx using a guinea pig immunisation programme (see Figure 3.5).

Unfortunately, the antibody derived from the final bleeds of both animals was ineffective at
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labelling Srx in immunohistochemical assays. WT and Srx mutant third instar larvae were
dissected and incubated with the antibodies at a range of concentrations, followed by
incubation with the relevant secondary antibodies (data not shown). Similarly, | was unable
to detect Srx using anti-FLAG antibodies following expression of the UAS-Srx.FLAG
transgene in the neurons of third instar larvae (data not shown). This tag may be cleaved by

post-translational modifications to Srx.

3.3.2. Drosophila Srx mutations confer mild sensitivity to dietary

H202 but do not affect levels of ROS in tissue or Nrf2 signalling

| found that Drosophila Srx mutants exhibit slightly increased sensitivity to dietary H.O,. They
have a small but significant reduction in survival when fed H,O.-containing sucrose solution.
Ubiquitous over-expression of Srx similarly reduced lifespan in this paradigm. Although |
hypothesised that increased sensitivity could be caused by constitutively higher levels of
ROS, | did not observe higher H.O, levels in Drosophila Srx mutant tissue. Similarly, the
redox-sensitive Nrf2 signalling pathway was unperturbed in Srx mutants, whose response to
DEM was indistinguishable from that of WT flies.

The increased H»O; sensitivity of Srx mutants in my work is in contrast with the findings of
McGinnis et al. (2021), who found that Drosophila Srx mutants exhibited slightly enhanced
survival when fed H.O,-supplemented sucrose solution. McGinnis et al. (2021) used the P-
Element insertion stock from which the Srx*’? and Srx*®* mutants were generated, and
showed that the P-Element insertion reduced Srx mRNA levels via RT-PCR. McGinnis et al.
(2021) also observed that Drosophila Srx mutations did not shorten lifespan under standard
conditions in which no drug was administered to induce OS. The differences between the
results of the present study and those of McGinnis et al. (2021) may be reconciled by the fact
that different concentrations of H.O, were administered. a high concentration of 1.632 M (5%
w/v) H.O2 was administered to flies in this research, whereas McGinnis et al. (2021) used a
more modest concentration of 0.5 M. The contribution of Srx to the OS response may be
redundant or minor given the glutathione system and other antioxidant defence mechanisms.
Extreme conditions of OS may be required for a loss of Srx to have cellular consequences.
The duration of OS exposure and the source of OS may determine the extent to which Srx is
recruited as part of the antioxidant response. Another possibility is that drugs such as H.O,
may predominantly affect the digestive organs, where Srx does not play a major role in

defence against OS. To address whether other tissues are adversely affected by Srx
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mutations, tissue specific expression of NOX enzymes could be performed in the background
of WT and Srx mutant flies, followed by the appropriate assays to look for diminished function

and increased OS.

The subtle sensitivity of Drosophila Srx mutants to H,O. contrasts the sensitivity of specific
Drosophila Prdx mutants. Downregulation of Drosophila Prdx2, Prdx3, and Prdx4 using RNAI
techniques causes reductions in longevity and sensitivity to OS (Kayashima and Yamakawa-
Kobayashi, 2012; McGinnis et al., 2021; Radyuk et al.,, 2010, 2001). Conversely,
downregulation of Prdx1 does not induce such phenotypes (McGinnis et al., 2021). Srx may
preferentially reduce Prdx1 as hyperoxidized, inactivated Prdx2-4 enzymes are likely to
produce more severe phenotypes. Alternatively, it may be that the transcription and
translation of Prdx isoforms in general is sufficient to regenerate reduced Prdx enzymes and
maintain antioxidant defences. In this instance, Srx may play more of a regulatory role to

affect the chaperone function of these enzymes, rather than a protective role against ROS.

The reduced longevity of Srx mutants fed H.O.-containing sucrose solution could be
attributable to the altered redox status of substrates other than Prdx, given that Akter et al.,
(2018) identified several novel putative substrates. This notion is supported by the reduced
longevity of flies that ubiquitously overexpress Srx, which should theoretically promote the
reduced state of Prdx enzymes to assist in their antioxidant role. Srx substrates such as DJ-
1 are known to confer resistance to OS. Drosophila possess two orthologous genes for
mammalian DJ-1: DJ-1a and DJ-18. DJ-1B is ubiquitously expressed in flies, and DJ-1f3
knockout mutations display sensitivity to Paraquat (Meulener et al., 2005). Srx could regulate

the redox state and function of DJ-1 to influence sensitivity to OS.

The evidence presented in this chapter seems to suggest that Srx is dispensable for
regulating the overall redox state of cells in Drosophila. H.O levels and redox-sensitive Nrf2
signalling are unaffected by Srx mutations. The literature around this subject provides mixed
support for these ideas. In agreement with my findings, Srx mutant mice do not exhibit any
obvious abnormalities under standard laboratory conditions (Planson et al., 2011). However,
multiple mammalian in vitro studies have shown Srx to play an important role in defending
against OS in both neural and non-neural tissue (see Chapter 1.2.6.5). It may be that Srx has

different roles in mammalian and invertebrate cells or different cell types.
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Future experiments should determine whether Srx mutations affect NADPH concentrations
in cells or tissue homogenates. Higher ROS levels will result in more antioxidant enzymes
requiring reduction, for which NADPH is the principal electron donor. This will promote the
formation of intracellular NADP+. Commercially available kits, such as the NADP/NADPH Glo
Assay (Promega, G9081), could be used to observe whether NADPH levels are perturbed in
Srx mutant homogenates. In this paradigm, the amount of NADPH is indirectly measured
through incubating lysates with prolucifererin reductase enzymes and the associated
substrate. The reductase enzymes reduce the substrate to luciferin in the presence of lysate-
sourced NADPH. Luciferin can then be quantified using luciferase enzymes, with the light

production proportional to the amount of NADPH in the lysate.

Future research should also observe whether alternative OS-inducing pharmacological
agents, such as DEM and Paraquat, generate similar phenotypes as H.O.. Experiments
should also be repeated with extensive backcrossing of Srx mutant and UAS-Srx.FLAG
transgenic flies to determine whether differing genetic backgrounds are responsible for the

differences in longevity.

3.3.3. Drosophila Srx mutations attenuate AP-1 signalling

| found that Srx mutations decreased DsRed.T4 fluorescence in homogenates derived from
flies expressing a TRE-DsRed.T4 transgene, indicating that AP-1 signalling was attenuated.
AP-1 signalling is redox-sensitive and receives modulatory input from a variety of converging
signalling pathways. JNK, a MAPK, phosphorylates and activates AP-1 components such as
jun and fos to promote synapse growth at the Drosophila NMJ (Milton et al., 2011; Sanyal et
al., 2003, 2002; Ugbode et al., 2020). | did not observe elevated ROS levels or activation
of Nrf2 signalling in Srx mutant flies, so the diminished AP-1 signalling likely does not relate
to increased ROS in cells as a whole. Instead, hyperoxidation of yet to be identified Srx

substrates could account for decreased AP-1 activity.

The Srx mutations may decrease AP-1 signalling through modulating the oxidation state of
Prdx, Trx, and AP-1, which has been observed in Schizosaccharomyces pombe (Fission
yeast). Fission yeast possess a singular cytosolic typical 2-Cys Prdx enzyme named Tpx1, a
Trx orthologue named Trx1, and a Srx orthologue named Srx1. Day et al. (2012) observed
that H.O»-induced oxidation of Trx1 was suppressed by Tpx1 mutations, suggesting that
Tpx1 directly oxidises Trx1. Oxidised Trx1 is unable to reduce alternative substrates like

Mxr1, a mitochondrial peptide methionine sulfoxide reductase (Msra) orthologue. Mxr1
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reduces methionine sulfoxide in mitochondria to enhance cell survival under conditions of
OS. In this manner, Tpx1 hyperoxidation is crucial for redirecting Trx1 to substrates critical
for protection against extreme OS. Yeast Trx1 was found to regulate the oxidation state and
nuclear localisation of a bZIP protein analogous to AP-1 constituents, named Pap1 (pombe
AP-1). Intramolecular disulphide bonds in Pap1 obstruct nuclear export signals to prevent
Exportin-1 binding, which promotes nuclear aggregation (Castillo et al., 2002). It is not clear
whether Trx1 reduces Pap1 directly in yeast, as co-immunoprecipitation experiments and in

vitro biochemical assays have not been conducted to definitively prove a catalytic interaction.

Day et al. (2012) also characterised the contribution of Srx1 to controlling Trx1 activity.
Constitutive overexpression of Srx1 diminishes hyperoxidised Tpx1 to promote dimer
formation and diminish the survival of yeast exposed to H.O,. The formation of such Tpx1
dimers facilitates Trx1 oxidation and Pap1 oxidation. Drosophila Srx mutations may decrease
AP-1 signalling via a similar mechanism, promoting hyperoxidised Prdx enzymes, as reported
by McGinnis et al. (2021), that cannot oxidise Trx. Trx would then be redirected towards other
substrates to promote AP-1 reduction and attenuate AP-1 signalling (see Figure 3.9). It is
unclear whether OS induces disulphide bonds in AP-1 components to inhibit nuclear export
and enhance nuclear localisation in Drosophila or mammals, which has been demonstrated

in fission yeast.

Overall, the model proposed by Day et al. (2012) reinforces the importance of ROS as a
signalling molecule in controlling the transcription of AP-1 targets. Moderate ROS enhances
AP-1 signalling and the transcription of targets like Srx (Papadia et al., 2008). Conversely,
severely high ROS levels, which exceed the reductive capacity of the Srx-Prdx axis,

hyperoxidise Prdx, diminish Prdx-Trx interactions, and then attenuate AP-1 signalling.

As such, the Srx-Prdx-Trx axis may function to complete a negative feedback loop, limiting
the duration of AP-1 signalling and enhancing cell survival by the reduction of critical Trx
substrates. Given that many antioxidant proteins are AP-1 targets, this system may exist to
avoid quenching ROS levels to such an extent that their function as signalling molecules is
repressed. ROS homeostasis is maintained by such a system. Srx functions in this system
as a ‘gate-keeper,” whereby it’s reductive capacity determines the threshold for the
repression of the AP-1 signalling and the reduction of critical substrates for cell survival.
Future research should determine if this system is relevant to specific cell types that exhibit

different metabolic profiles and antioxidant protein expression.

114



Moderate ROS High ROS

oo

Adaptive response

Hyper-oxidised Hyper-oxidised
Prx Prx
Srx Srx
Alternative . - Alternative . -
oxidised Reduced Trx Par't’lf)l(hgiz:(;?;sed oxidised Reduced Trx Par"t;zl(lggi:::(;i;sed
substrates substrates
Alternavtive B Alternative 4
reduced Oxidised Trx Reduced Prx reduced Oxidised Trx Reduced Prx
substrates substrates
* Protection against moderate ROS levels * Protection against critically-high ROS levels
* Increased AP-1 signalling ¢ Diminished AP-1 signalling

Figure 3.9. Proposed model of AP-1 signalling regulation by the Srx-Prdx-Trx axis.

Under moderate ROS levels, Prdx enzymes undergo partial oxidation as part of an adaptive
response, forming dimers that are readily reduced by Trx. Under conditions of OS,
hyperoxidation of Prdx reduces the proportion of Prdx dimers. Thus, Trx engages with
alternative substrates to reduce them, many of which are critical for cell survival under extreme
OS, such as Msra. This also appears to diminish AP-1 signalling, but it has not been conclusively
resolved whether this is a consequence of Trx directly reducing AP-1 components. In this model,
Srx exerts control over Prdx oxidation to modulate Trx activity, the defence state to OS in cells,
and AP-1 signalling. Loss of Srx may increase the proportion of hyperoxidised Prdx enzymes,
even under conditions with moderate ROS levels, to promote Trx redirection to alternative

substrates and diminish AP-1 signalling. Figure is adapted from (Day et al., 2012).
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The theory that Srx and Prdx function to redirect Trx activity to protect against OS, formulated
by Day et al. (2012), differs from the ‘floodgate hypothesis’ proposed by Wood et al. (2003).
Wood et al. (2003) postulated that hyperoxidation of Prdx allows H,O. accumulation for
modulation of signalling pathways, or to regulate the chaperone activity of Prdx enzymes. It
is possible that Srx regulates both H,O. signalling and directs the activity of Trx to modulate
AP-1 signalling. The latter point could be tested experimentally by generating experimental
flies that combine Srx mutations with mutations that induce OS and enhance JNK/AP-1
signalling to cause overgrowths at the Drosophila NMJ. Such mutations include those to the
genes spinster, sod1, and sod2 (Milton et al., 2011). If Srx mutations rescue the increased
neuron growths, this indicates that Srx attenuates AP-1 signalling. The oxidation state of c-
Jun and c-Fos components could then be investigated by incubating protein lysates derived
from the aforementioned experimental flies with 4-acetamido-4’-maleimidylstilbene-2,2’-
disulfonic acid (AMS). AMS conjugates to free thiols in protein lysates to increase the
molecular weight of proteins by approximately 500 Da (Denoncin et al., 2013). Differences in
the migration of the AP-1 components in western blots would demonstrate changes to
protein oxidation state and could help to validate the model proposed Day et al. (2012),

whereby the Srx-Prdx-Trx axis regulates AP-1 component oxidation states and signalling.

A weakness of this study is that it did not explore whether over-expression of Srx increases
activation of AP-1 signalling in Drosophila. Overexpressing Srx should promote the reduced
state of Prdx enzymes to indirectly promote the oxidation of Trx, and AP-1 signalling. In this
scenario, AP-1 signalling would be enhanced. Day et al. (2012) found that Srx overexpression
in yeast inhibited the H.O.-induced hyperoxidation of Tpx1 and had a detrimental effect on
the survival of yeast cells treated with H.O,. However, Srx over-expression did not affect the
viability of Tpx1 mutant cells. Similarly, my research found that overexpression of Srx
diminished the survival of Drosophila fed sucrose solution containing H.O,. The expression
of Drosophila AP-1 targets, such as the JNK phosphatase puckered, could be observed using
gPCR or western blots to determine if there is increased AP-1 signalling following genetic
manipulation of Srx levels. Validating these findings in a mammalian system would also

elucidate whether this mechanism is conserved in mammalian organisms.

Future work should address whether the control of AP-1 signalling by Srx occurs in specific
tissues and cell types, particularly in neurons. This may be achieved using the TRE-DsRed. T4
transgene in the background of WT and Srx mutant flies. Brains could be dissected out of
larval or adult flies and immunohistochemistry techniques could be used to observe the

relative fluorescence levels. Signals may need to be potentiated using primary antibodies that
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target the DSRed.T4 fluorescent protein. Similarly, such techniques could also be used with
WT and Srx mutant flies carrying the gstD7-GFP transgene in the background to see if Srx

controls Nrf2 signalling within certain tissues.

To conclude, the data presented here suggest that Srx mutations diminish AP-1 signalling in
Drosophila. 1t is possible that Srx positively regulates AP-1 signalling through maintaining
partially oxidised Prdx enzymes, which can oxidise Trx. The oxidation of Trx then prevents it
from reducing alternative substrates that affect AP-1 signalling. Future research should
determine whether Trx directly reduces AP-1 components in Drosophila and mammalian

systems to fully characterise the contribution of Srx to regulating defence against OS.
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4. Neurological and morphological

phenotypes in Drosophila Srx mutants

The experimental findings of the previous chapter suggest that Drosophila Srx null mutants
are sensitive to dietary H.O. but do not exhibit differences in cellular H,O. levels or OS-
induced Nrf2 signalling. Srx mutants did, however, show attenuated activation of AP-1
signalling. Given the importance of AP-1 signalling in the nervous system, in this chapter |
investigated the neurological phenotypes of Srx mutants by examining both behavioural and

electrophysiological outputs of neuronal function.

4.1. Introduction

ROS and redox-sensitive signalling pathways regulate several aspects of neuron function,
including synaptic plasticity. Application of small concentrations of H.O; to rat hippocampal
slices enhances long-term potentiation (LTP), which is thought to underpin learning and
memory (Kamsler and Segal, 2003). JNK/AP-1 signalling regulates neurotransmission in
Drosophila. The expression of a dominant-negative fos transgene, a component of AP-1
dimers, in neurons prevents OS-induced diminishments in neurotransmission at the
Drosophila larval NMJ (Milton et al., 2011).

Srx null mutant mice do not exhibit any overt abnormalities under standard laboratory
conditions (Planson et al., 2011). However, these mice have not been comprehensively
screened for neurological defects and as such the neurophysiological roles for Srx remain
unclear. Work described in this chapter sought to exploit the multitude of well-characterised
electrophysiological and behavioural paradigms established to screen for neurological
dysfunction in Drosophila melanogaster, to address whether Srx is important to the function

of neurons or neural networks.

Drosophila locomotion is frequently used to screen for functional abnormalities following
genetic manipulation techniques. Flies exhibit an innate escape response upon mechanical
agitation, whereby they climb upwards. This is frequently used to observe age-related
locomotive dysfunction, which is associated with Parkinson’s Disease and ALS Drosophila

models (Madabattula et al., 2015). Similarly, the crawling speed of larvae is used to observe
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motor dysfunction too, although this is less useful for observing age-related changes
(Kohsaka, 2023).

The visual system of Drosophila can be readily probed for changes in neuron function using
electrophysiological recordings. Electroretinograms (ERGs) have previously been used to
screen for changes in neuron excitability and synaptic transmission. Recording electrodes
are placed against the compound eye of flies and the response to light stimuli is recorded.
Response traces exhibit characteristic sustained depolarisation, corresponding to the
activation of first-order photoreceptors, and on- and off-transients that correspond to the
activation and de-activation of second-order lamina neurons, respectively (Vilinsky and
Johnson, 2012). Whilst this technique is informative and able to detect major changes to

neurotransmission, the technique can be prone to a large signal-to-noise ratio and artefacts.

Steady-state visually evoked potentials (SSVEPs) offer an alternative, more sophisticated
approach to probing the electrophysiological properties of the Drosophila nervous system. In
this technique, Drosophila are presented with a harmonic light stimulus composed of multiple
wavelengths. Response traces are recorded and undergo a fast fourier transform (FFT) to
break them down into their individual components. Via genetic silencing of specific neuron
types, it has been established that the relative amplitude of the FFT peaks corresponds to
the activity of specific neuron populations in the visual system. 1F1 peaks correspond to
photoreceptor activity, whereas 2F1 peaks correspond to the response of second order
lamina neurons (Afsari et al., 2014). Many hundreds of stimulus events are averaged together
and out-of-band noise is eliminated from the analysis, rendering the technique more accurate
than ERGs.

In this chapter | also investigate whether Srx has an important role in controlling the circadian
rhythms of neurons in Drosophila, which can be observed through the locomotion activity of
flies. Circadian rhythms are biological events that align with a period length of approximately
24 hours, which are driven by molecular ‘clocks’ or ‘pacemakers.” These rhythms allow
organisms to predict changes in their environment and adjust their activity accordingly. For
instance, increasing activity at specific periods of the day may help to avoid predators
(Tataroglu and Emery, 2014). A defined group of neurons control circadian locomotor
behaviour in Drosophila that can be entrained to light stimuli detected by photoreceptors in
the compound eye (Helfrich-Férster et al., 2001). Circadian locomotor activity of flies can be
monitored using Drosophila activity monitors (DAMs, TriKinetics) that house flies in narrow

tubes and record activity via the interception of infrared beams.

119



At the molecular and cellular level circadian rhythms are driven by transcription-translation
feedback loops (TTFLs) that operate in all Drosophila cells (see Chapter 1.4.7). In addition,
oscillations in metabolism, driven by the pentose phosphate pathway (PPP) also maintain
oscillations in circadian rhythms independently of TTFLs. The PPP generates NADPH, the
principal electron donor for reduction of antioxidant enzymes, that drives oscillations in
oxidation state of Prdx enzymes (Edgar et al., 2012; Rey et al., 2016). As Srx regulates the
oxidation state of Prdx enzymes, this may have implications for circadian rhythms, which this
research sought to address. The role of Srx in maintaining cellular circadian oscillations has
already been the subject of research. Kil et al. (2015) found that Srx and Prdx3 undergo
antiphasic oscillations in the mitochondria of adrenal cortex cells, which is important for
regulating the release of glucocorticoid hormone levels in the blood of mammals to prepare
them to deal with and recover from stress (see Chapter 1.2.6.5). It is unknown whether Prdx3
and Srx perform a similar role in neurons and what consequences this would have for
behavioural rhythms. | used the new Srx mutants that | generated to evaluate the role of Srx

on Drosophila locomotion activity over circadian time.

Redox-sensitive signalling pathways regulate neuronal development and neuronal structural
plasticity. Oswald et al. (2018) identified PI3K signalling downstream of the redox-sensor DJ-
1B. PTEN, which antagonises PI3K signalling, is redox-sensitive and regulated by Prdxs
(Nguyen Huu et al., 2021). One readout of the PIBK pathway activity is apparent at the
Drosophila wing, the size of which is promoted by PISK/AKT signalling (see Chapter 1.2.3.2).
Overexpression of the PI3K catalytic subunit Dp110 increases wing size (Gao et al., 2000).
Conversely, overexpression of PTEN, which antagonises PI3K signalling, or a dominant-
negative Dp110 isoform, decreases wing size (Gao et al., 2000). These changes were also
reflected in the size of the bristles that surround the wing perimeter. Mutations in Dakt7, the
Drosophila AKT orthologue, suppress the increased bristle growth observed in PTEN mutants
(Gao et al., 2000). PIBK/AKT/mTOR signalling has also been shown to increase growth and
dendritic arborisation in rat hippocampal neuron cultures through increased protein synthesis
(Jaworski et al., 2005). Therefore, altered wing morphology may reflect changes in signalling

pathways that also affect neuron development.

The aforementioned paradigms were applied in this study to screen Drosophila Srx mutants
for neurological and morphological abnormalities. This would provide a better understanding
as to the significance of Srx for neuron function and elucidate its potential involvement in

signalling pathways.
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4.2. Results

4.2.1. Srx mutants have altered negative geotaxis response

Drosophila exhibit an innate escape response induced by mechanical stimulation, whereby
they climb upwards. The negative geotaxis response can be used to observe differences in
locomotion ability and coordination, which is largely controlled by dopaminergic and
glutamatergic neural networks (Sun et al., 2018). Here, | assessed whether loss of Srx altered

this response, which may suggest abnormal neuron function.

Loss of Srx enhanced the negative geotaxis response of Drosophila (Figure 4.1.A) with a
much higher proportion of flies reaching the threshold distance (10 cm) within the stipulated
time (5 seconds). Control flies had an average climb success rate of 50.3% (+4.74%). Srx*"?
and Srx** mutants exhibited higher success rates of 78.6% (+2.5%) and 75.7% (+2.71%),
respectively. This suggested Srx was important for locomotor function, which warranted
further experiments to dissect the cell types responsible for the enhanced climbing

phenotype.

Expressing various Gal4 transgenes with UAS-Srx.FLAG in the Srx mutant background
allowed for attempts to rescue this phenotype in a cell-specific manner (Figure 4.1.B).
Similarly to the initial experiment, Srx mutants displayed enhanced climbing performance.
67.1% (+5.5%) of Srx*"?flies and 63.8% (+5.0%) of Srx** flies reached the 10 cm mark within
5 seconds. These scores were nearly double that of the 31.2% (+3.3%) average achieved by
cohorts of WT flies.

These phenotypes were rescued by the pan-neuronal expression of Srx using the nSyb-Gal4
and UAS-Srx.FLAG transgenes in mutant backgrounds. The average Srx*' and Srx*° scores
decreased by 30.4% and 24.0%, respectively. Therefore, the altered negative geotaxis
response relates to changes in nervous system function. Similar reductions were also seen
with use of the OK6-Gal4 transgene for expression in motor neurons. Average Srx“’? mutant

success scores decreased by 32.1%, whereas average Srx“® scores decreased by 22.6%.

Expression of the rescue construct in the mutant backgrounds without a functional Gal4, via
co-expression of ‘empty vector’ (EV), resulted in higher success scores relative to WT flies.
This validated that there was no ‘leakiness’ of the UAS-Srx.FLAG construct (Scialo et al.,

2016). Although the EV insertion site is on the third chromosome, rather than the second
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chromosome like the UAS-Srx.FLAG transgene, this still reinforces the findings made using

the mutant stocks as it shows a functional Gal4 is needed to facilitate the rescue.
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Figure 4.1. Aberrant motor neuron function enhances negative geotaxis response in
Srx mutants.

A. Srx mutants exhibit enhanced negative geotaxis responses (One-way ANOVA, df=2,
F=20.2, p<0.001**, with post-hoc Tukey’s HSD test comparison to WT, p<0.001***). B. Srx
mutants still exhibit increased climbing ability when the UAS-Srx.FLAG transgene is
expressed in the background in the absence of a Gal4 driver, validating the phenotype and
proving there is no UAS ‘leakiness.’ Pan-neuronal rescue using the nSyb-Gal4 and UAS-
Srx.FLAG transgenes rescues the enhanced performance in the climbing assay, as does
use of OK6-Gal4. Use of TH-Gal4 and MHC-Gal4 for dopaminergic and muscular
expression, respectively, did not rescue the phenotype. Collectively, this data shows the
enhanced climbing phenotype is caused by changes in motor neuron function (One-way
ANOVA df=13, F=18.91, p<0.001**, with posthoc Tukey’s HSD test for multiple
comparisons, p<0.05%, p<0.01**, p<0.001**). Sample sizes are presented, and bars

represent mean + SEM.

Two Gal4 drivers also failed to rescue this phenotype. Namely TH-Gal4, for dopaminergic
expression of the rescue construct, and MHC-Gal4, for muscular expression. Therefore, the
altered negative geotaxis response was not caused by aberrant dopaminergic neuron or
muscle function. Over-expressing Srx in the neurons of flies, using nSyb-Gal4, did not
significantly change climbing performance, with these flies displaying an average
performance of 42.7% (+4.2%)).

4.2.2. Larval crawling speed is not affected by Srx mutations

The crawling speed of third instar larvae was recorded to determine whether the enhanced
locomotion of Srx mutants, which was observed in the negative geotaxis assay, was also
observed at the larval stage. Larvae crawling tracks were recorded for 60 seconds and the
speed was calculated accordingly (see Figure 4.2). There were no differences in the
genotypes; control larvae exhibited a mean crawling speed of 0.412 mm/s (+0.035 mm/s).
Srx*™? and Srx** mutants exhibited average crawling speeds of 0.544 (+0.044 mm/s) and
0.460 mm/s (+0.055 mm/s), respectively.
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Figure 4.2. Third instar larvae crawling speed is unaffected by Srx mutations.
Srx mutants did not exhibit significantly different crawling speeds to WT larvae (one-way
AVOVA, df=2, F=2.26, p=0.12, ns). B. Exemplar traces of larvae recorded for 60 seconds.

Sample sizes are presented, and bars represent mean + SEM.

4.2.3. Srx mutants have perturbed visual system function

The behaviour of the Srx mutant flies suggested altered neurological function in Drosophila.
Therefore, neurotransmission was assessed in the visual system of flies. Steady-state visually
evoked potentials (SSVEPs) were performed to assess the function of distinct neuron
populations in the Drosophila visual system. In this assay FFT analysis at the input frequency
(1F1) and twice the input frequency (2F 1) identifies the response of photoreceptors and lamina

neurons, respectively (Figure 4.3.A).
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Figure 4.3. Loss of Srx perturbs the Drosophila visual system response to light stimuli.
A. Recording and analysing Drosophila visual responses with SSVEPs. Harmonic light
stimuli are presented to immobilised Drosophila. FFT breaks down response traces into
individual components that reflect the activity of specific neuron populations in the visual
system of flies. B. Photoreceptor responses, which correspond to 1F1 peak amplitudes,
are unaffected by loss of Srx (one-way ANOVA, df=2, F=0.5, p=0.498, ns). C. Lamina
neuron responses are diminished in Srx mutants, as shown by reduced 2F1 amplitudes
(one-way ANOVA: df=2, F=19, p<0.001***, with post-hoc Dunnett’s test comparison to WT,
p<0.001***). For all of the graphs, sample sizes are presented, and bars represent mean +
SEM. D. Comparing the relationship between 1F1 and 2F1 amplitudes did not reveal
significantly positive correlations (WT: r=0.197, Srx*'?: r=0.580, Srx**: r=0.358), as
determined by Pearson’s correlation coefficient. Therefore, Fisher’s R to Z transformation

is not an appropriate form of analysis for this data set.
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Comparison of the photoreceptor (1F1) responses revealed that there were no significant
differences between WT flies and Srx mutants (Figure 4.3.B). Srx“’? and Srx** mutants had
average amplitudes that were 101.7% (+£1.6%) and 103.6% (+2.9%) of the average WT
response, respectively. Conversely, lamina neuron response was significantly reduced in the
mutants (Figure 4.3.C). Srx*"? and Srx** mutants had mean 2F1 amplitudes that were 83.2%
(x2.6%) and 83% (+2.0%) of the mean response recorded for WT flies.

Photoreceptors in the Drosophila eye synapse onto the second order lamina neurons.
Therefore, increased activation of the photoreceptors should correlate with increased lamina
neuron activation. Plotting the relationship between the 1F1 and 2F1 amplitudes, which
correspond to the activity of these neuron populations, did not reveal significant correlations
that were comparable via Fisher’s R to Z transformation (Figure 4.3.D). Taken together, this
experiment suggests that loss of Srx disrupts neurotransmission between first order
photoreceptors and second order lamina neurons. Alternatively, the activity of lamina neurons

could be selectively perturbed following loss of Srx in Drosophila.

4.2.4. Srx does not regulate Drosophila circadian rhythms

To see if Srx plays a role in regulating circadian rhythms, the circadian locomotor activity of
Drosophila was analysed using a locomotor activity monitoring system (TriKinetics). Flies
were entrained for 4 days in 12h:12h light:dark (LD) cycles followed by 7 days in constant
darkness (DD). The average circadian period, determined from DD data, for both the WT and
Srx*® mutant flies was 23.7 hours (WT: +0.05 hours, Srx**: +0.13 hours) (Figure 4.4.A). This
does not demonstrate a significant difference in the ability to maintain circadian rhythmicity
after the removal of a zeitgeber. The strength of the circadian rhythms was also not
significantly different in Srx** mutants (Figure 4.4.B). The average power for WT flies was 1.33
AU (+0.10), but for Srx** mutants this was 11.3% lower at 1.18 AU (+0.04).

The average daily crosses in the apparatus was not significantly affected by Srx mutations
during the LD stage of the experimental paradigm (Figure 4.4.C). The average number of
crossings for WT flies was 1238.7 (+88.9), whereas Srx** mutants had an average that was
11.8% higher at 1385.0 (+83.6) crossings. The number of crossings during the DD stage of
the experiment was similarly unaffected (Figure 4.4.D). The average number of crossings for
WT flies was 1093.6 (+97.2), whereas Srx** mutants had an average that was 19.5% higher
at 1306.6 (+85.5) crossings.
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Figure 4.4. Srx does not regulate Drosophila circadian rhythms.

A. Srx** Drosophila do not exhibit a significantly different period in DD, following 4 days of
LD conditioning (Wilcoxon rank sum test, W=77, p=0.214, ns). B. The strength of these
circadian periods is also unaffected by Srx** mutations (Wilcoxon rank sum test, W=1186,
p=0.652, ns). C. The mean daily crossings through the apparatus did not differ for the LD
period (t-test, t=-1.202, df=27, p=0.240, ns). D. Similarly, the average number of crossings
also did not differ for the DD period (t-test, t=-1.651, df=27, p=0.110, ns). For all the graphs,
sample sizes are presented, and bars represent mean + SEM. E. Representative
actograms formed from the mean number of crossings for WT and Srx** mutants at the
indicated time points, with crossings grouped into 1-minute bins. The red dashed line

indicates the point at which DD began.

4.2.5. Srx regulates Drosophila wing size

To determine the relevance of Srx in regulating wing size, a morphological trait controlled by
redox-sensitive PTEN signalling, the length of Drosophila Srx mutant wings was compared
to WT flies. The length between the intersection of longitudinal veins L2 and L3, and the apical
end of L3 was measured to record wing size. This research found that Srx mutations
increased the length of fly wings (Figure 4.5.A). WT flies exhibited an average length of 1.50
mm (+0.005 mm). The mean length of Srx*’? mutant Drosophila was 8% bigger at 1.62 mm
(£0.005 mm). Similarly, average wing lengths for Srx** mutant Drosophila was 7.33% bigger
at 1.61 mm (x0.004 mm). Conversely, ectopic expression of Srx, using the Act5C-Gal4 and
UAS-Srx.FLAG transgenes, caused a reduction in the size of Drosophila wings. Srx over-
expression caused the average wing size to decrease by 1.86% from 1.61 mm (x0.008 mm)
to 1.58 mm (x0.005 mm) (Figure 4.5.C).

128



A. B.

1.81 *kk *kk
1 1
1.6 o
z e
g« 1.4 1
<
L
o
c
Q
-
g’ 0.4 1
=
0.2
0.0 . . .
WT S srx®
C. D
1.8 1
1.6 1
1.4
—
£
£
N
o 047
pre—]
(o]
C 0.2
Q
-l
o 0.0
c Act5C-Gald/
E 2 Q\y - . UAS-Srx.FLAG
'\)Y‘g 6’6‘*‘
* \s
&
&
&

Figure 4.5. Srx regulates Drosophila wing size.

A. Srx mutations increase wing length (Kruskal Wallis, x* = 35, df =2, p<0.001***, with post-
hoc Dunn’s test comparison to WT, p<0.001***). B. Exemplary images of WT and Srx
mutant fly wings. C. Ectopic overexpression of Srx, using the Act5c-Gal4 and UAS-
Srx.FLAG transgenes, decreases the size of Drosophila wings (Welch two sample t-test,
t=4, df=32, p<0.001***). D. Exemplary images of control and Srx-overexpression transgenic

flies. For all of the graphs, sample sizes are presented, and bars represent mean + SEM.

129




4.3. Discussion

In this chapter | assessed the relevance of Srx to neuron function, using behavioural and
electrophysiological assays to screen for neurological abnormalities in Drosophila Srx
mutants. The Srx mutants exhibited an enhanced negative geotaxis response, perturbed
neuron activity in the visual system, but unaltered circadian rhythms. Additionally, Srx was
found to negatively regulate wing size, implicating this antioxidant enzyme in signalling

pathways that affect neural development.

4.3.1. Drosophila Srx mutants have an altered negative geotaxis

response

Here, | have shown that Srx mutations enhanced the negative geotaxis response of flies,
which was rescued by re-expressing Srx in motor neurons. This suggests that Srx regulates
the function of motor neurons. As Drosophila motor neurons are glutamatergic, this finding
has implications for the function of the mammalian nervous system, as glutamate is the
primary excitatory neurotransmitter in the human brain. Interestingly, there is little evidence
to suggest that Srx is associated with neuropsychiatric or neurodegenerative diseases. Srx
variants are not reported to be associated with any conditions on the NIH Genbank database
(NIH, 2025). Future experiments should also determine whether the tissue-specific
expression of Gal4 alone affects the climbing performance of flies, to conclusively dispel the

notion that they affect this behaviour.

The increased climbing success of Srx mutants suggests hyperactivity of the Drosophila
nervous system. Changes to neuron excitability and ion channel dynamics are commonly
associated with seizure-like activity in the flies. Flies with mutations that affect neuron
excitability may exhibit ‘bang-sensitivity,” whereby they undergo temporary paralysis after
mechanical agitation and overstimulation of sensory neurons (Ganetzky and Wu, 1982).
Similarly, flies with increased neuron excitability can exhibit temporary paralysis following
heat-shock at approximately 40°C (Kasbekar et al., 1987). No such phenotype was observed
in Drosophila Srx mutants (data not shown). To conclusively rule out involvement of Srx in
neuron excitability through changes in resting membrane potential, future experiments could
use whole cell patch-clamping to see if membrane dynamics are altered in these mutants.
Patch-clamping has been successfully performed for large ventrolateral clock neurons in the

Drosophila brain by Buhl et al. (2016).
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An interesting observation of this research was that the enhanced negative geotaxis
responses of Srx mutant flies did not correlate with enhanced crawling speeds in Srx mutant
third instar larvae. These contrasting phenotypes may be explained by changes to Srx
expression in neurons during larval developmental. Srx may be expressed at low levels in
neurons of the larval nervous system, whereas it may be expressed to a larger degree in
neurons of adult flies. In this scenario, Srx mutations may only affect physiology at adult stage
and not the larval stage. However, RNA-seq experiments seem to suggest that Srx is
maximally expressed during the third instar larval stage at the organismal level (Brown et al.,
2014). Future work should address whether there is differential expression of Srx in neurons
throughout the lifecycle of Drosophila. This can be readily achieved using larval and adult
Drosophila brain lysates for Western blots, using the antibody generated as part of this study

(see Figure 3.5).

Previous research has characterised the role of ROS and redox-sensitive signalling pathways
on the locomotion of third instar larvae. Oswald et al. (2018) found that activity-induced ROS
caused overgrowths of the glutamatergic neurons at the larval NMJ, which facilitated
homeostatic adaptations to the functional output of the locomotor network, as measured by
crawling speed. Activity-induced ROS was generated in these assays via changes to the
environmental temperature, the expression of temperature-gated ion channels, or the
administration of pharmacological agents to induce OS, like DEM. DJ-18%® mutations
prevented OS-induced overgrowths at the larval NMJ, which accordingly blocked the
homeostatic adaptations of crawling speed to changes in activity. DJ-1B is consequently
proposed to act as a critical sensor of activity-induced ROS to integrate homeostatic changes
via PIBK/PTEN signalling.

The mammalian orthologue of DJ-18, DJ-1, is proposed to be a substrate of Srx. The
experiments reported in this chapter did not observe changes to larval locomotion following
Srx mutations under standard conditions. If Srx does reduce DJ-1 to modulate its function,
future research should investigate the role of Srx mutations on the ability of crawling speed
to adapt to changes in locomotor network activation and ROS production. The easiest
manner to test this would be to incubate Srx mutants at cooler and warmer temperatures to
see if crawling is maintained at a constant speed. Additionally, genetic interactions between
Srx and DJ-1f3 can be investigated in epistasis experiments that combine mutations to both
genes. If loss of Srx rescues the resistance to OS-induced changes in NMJ growth and
crawling speed associated with DJ-738* mutations, this suggests that both proteins act

within the same signalling pathways.
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4.3.2. Drosophila Srx mutants have aberrant visual system

responses

Having discovered that changes in Srx mutant locomotion originate in motor neurons, | went
on to characterise how loss of this Srx affected neuron function using electrophysiological
assays. To do so, | used the well-characterised Drosophila visual system, which is commonly
used to assess neuron excitability and neurotransmission. By performing SSVEPs, | found
that visual system function was perturbed in Srx mutants. Although photoreceptor function

was conserved, the lamina neuron responses of Srx mutants were diminished.

This suggests that loss of Srx may impede neurotransmission between the photoreceptors
and second-order neurons in the lamina, supplementing the behavioural data that indicated
Srx regulates neuron performance. Impaired neurotransmission at motor neurons typically
negatively regulates Drosophila locomotion (Kratschmer et al., 2021). However, the
experiments described in this chapter indicate that loss of Srx leads to impaired lamina
neuron function that correlates with increased locomotor response. These seemingly
contrasting results may be reconciled by suggesting that Srx has different effects on different
neuron types or networks. Drosophila photoreceptors are histaminergic and synapse onto
lamina neurons (Stuart, 1999; Zhu, 2013), which also receive modulatory dopaminergic inputs
(Hindle et al., 2013). Conversely, Drosophila motor neurons are predominantly glutamatergic
(Broadie and Bate, 1995). Additionally, Drosophila compound eyes are continuously exposed
to light in their environment, which accounts for 50% of the time under experimental
conditions. This substantial period of exposure depolarises photoreceptors and may increase
metabolism and ROS production in photoreceptors that is not resolved in Srx mutants,
leading to dysfunction and diminished lamina neuron responses. Motor neurons may not be
exposed to such chronic over-activation and diminished neurotransmission may not occur in
the motor neuron network. However, photoreceptor excitotoxicity is likely to also perturb the
function of the photoreceptors themselves, which was not observed in Srx mutants. The
matter could be resolved by repeating the SSVEP experiments for flies reared in complete
darkness to avoid chronic photoreceptor activation, rather than rearing them under 12-hour
light/dark cycles. If the decreased Srx mutant lamina responses persist under dark
conditions, this would indicate that lamina neuron function is perturbed in a fashion that is

independent of neuron activity or synaptic transmission.
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OS-induced, activity-dependent diminishments in neurotransmission have also been
observed at the Drosophila NMJ. Milton et al. (2011) observed that spinster mutants, which
demonstrate OS in neurons derived from lysosomal storage dysfunction, exhibit decreased
excitatory junction potentials (EJPs) after consecutive stimulations. The expression of a
dominant-negative fos transgene within neurons rescued this phenotype, indicating that
increased OS-induced JNK/AP-1 signalling drives a decrease in neurotransmission (Milton et
al., 2011). Crucially, expression of dominant-negative fos transgenes in neurons alone did not
affect neurotransmission in the absence of spinster mutations. It is unlikely that Srx mutations
diminish neurotransmission between photoreceptors and lamina neurons in a similar manner,
via increased AP-1 signalling. My results from Chapter 3.3.3 indicate that loss of Srx

attenuates AP-1 signalling.

A weakness of my dataset is that strong, positive correlations were not observed between
1F1 and 2F1 amplitudes for the different experimental groups. Given that lamina neuron
activation derives from photoreceptor activation, one might expect to observe such
correlations. These unexpected results could be attributed to the white-eyed flies used in this
study, which lack the screening pigments that separate individual ommatidia. Eye
pigmentation in Drosophila is conferred by the white gene that encodes a subunit of
membrane-bound ATP-binding cassette transporters needed for the uptake of pigment
precursors into cells, namely guanine and tryptophan (Mackenzie et al., 1999). Eye pigments
function to ensure that only the ommatidia axial to light sources are activated (Stark and
Wasserman, 1972). White eyes may promote peripheral photoreceptor activation and
exacerbate small differences in the orientation of the flies relative to the light source, or the
position of electrodes. In turn, this could affect the correlation between photoreceptor and
lamina neuron amplitudes. The possible effects of eye pigmentation on SSVEPs could be
addressed in future experiments by expressing a mini-white (w*™™) transgene in the

background of the WT or Srx mutant flies, to confer expression of the eye screening pigment.

Overall, my electrophysiological experiments show that Srx is important for neuron function
in the Drosophila visual system. Future experiments should aim to elucidate the specific

mechanism underlying this change.
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4.3.3. Drosophila Srx mutants do not have altered circadian rhythms

The experiments described in this chapter found that circadian period lengths were not
significantly affected by Srx mutations, nor were the strengths of these periods, which
suggests that Srx does not regulate circadian rhythms in the nervous system of flies.
Conversely, Srx is known to regulate cellular circadian rhythms in cultured mammalian cells.
Antiphasic oscillations between Srx and hyperoxidised Prdx3 in the mitochondria of adrenal
cortex cells control the circadian rhythms of steroidogenesis (Kil et al., 2015). It is likely that
Srx and Prdx oxidation state is not relevant to circadian function in Drosophila neurons, which
is supported by the work of McGinnis et al. (2021) who observed low levels of Prdx
hyperoxidation in the heads of WT flies, as measured via western blots with antibodies
complementary to hyperoxidised Prdx enzymes. However, McGinnis et al. (2021) readily
observed hyperoxidation of Prdx enzymes in Drosophila bodies, which exhibit a circadian
oscillation that is enhanced by Srx mutations. Therefore, Srx may regulate circadian rhythms

in non-neuronal tissue.

A major caveat of the work of McGinnis et al. (2021) is that it did not resolve whether
hyperoxidised Prdx oscillations in Drosophila bodies were reflective of changes to the
oxidation state of Prdx3 enzymes specifically, as Drosophila Prdx1-3 all have the same
molecular weight and occupy the same region of western blots. Future research should prove
that the mitochondrial Prdx3 exhibits oscillations in oxidation state through the generation of
transgenes expressing Prdx3 with a conjugated protein tag that increases its molecular
weight to make it distinguishable from Prdx1 and 2 in western blots. If this technique was
applied and demonstrated oscillations in Prdx3 oxidation state within Drosophila bodies, this
may suggest that antiphasic oscillations of Srx and hyperoxidised Prdx3 in mitochondria are

conserved across species and relevant to the function of non-neuronal cells.

The potential physiological relevance of oscillations in mitochondrial Srx and hyperoxidised
Prdx might be further explored by maintaining Srx as a cytosolic protein in Drosophila.
Mutating the nucleotides encoding the putative mitochondrial-targeting TOM20 recognition
motif at the Drosophila Srx N-terminus (see Chapter 3.2.2), would prevent mitochondrial
localisation. Molecular cloning techniques could generate pUAST constructs for injection into
Drosophila embryos, which generate stocks expressing UAS-Srx transgenes with missense
mutations at the TOM20 recognition motif. The aforementioned transgenes can be expressed

in Srx mutant flies and compared to Srx mutants expressing a non-mutated UAS-Srx
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transgene to elucidate any physiological processes controlled by Prdx3 oxidation state in

mitochondria.

4.3.4. Drosophila Srx regulates wing size

The work described in this chapter found that Srx negatively regulates wing size in
Drosophila. Srx mutations increased the size of wings compared to WT flies, whereas
ubiquitous over-expression of Srx reduced wing size. This phenotype could be attributed to
Srx regulating PIBK/AKT signalling, which promotes cell growth and the overall size of
Drosophila wings. PTEN antagonises PIBK/AKT signalling. PTEN mutations, which promote
PISK/AKT signalling, increase bristle size on Drosophila wings, which is rescued by the co-

expression of dominant-negative AKT transgenes (Gao et al., 2000).

Loss of Srx may alter the redox state in cells to negatively regulate wing size via inhibition of
PISK/AKT signalling. PIBK/AKT signalling is sensitive to redox changes, as intramolecular
disulphide bonds can form in PTEN to inhibit its antagonistic effect (Lee et al., 2002). ROS
also appears to promote the inhibition of PTEN via DJ-1f oxidation in Drosophila, which

regulates homeostatic adaptions to OS in neurons (Oswald et al., 2018).

These findings may have implications for the role of Srx on neuron growth and structure.
PISK/AKT/mTOR signalling promotes neuron growth and neurite branching. Inhibiting the
PISK/AKT/mTOR pathway using pharmacological inhibitors targeting PI3K, AKT, and mTOR,
decreases the complexity of neurite outgrowths in rat hippocampal neuron cultures.
Conversely, expression of constitutively active forms of PI3K and AKT, and knockdown of
PTEN via RNAi, promote dendrite branching (Jaworski et al., 2005). As Srx affects
morphological features in the fly that are controlled by PIBK/AKT signalling, it suggests that

Srx may regulate this pathway and therefore similarly affect the growth of neurons.

There are additional downstream components of PIBK/AKT signalling, such as transcription
factors of the FOXO family, which could alternatively be implicated in controlling cell and wing
size. AKT-mediated phosphorylation of FOXO transcription factors generates recognition
motifs for phospho-binding 14-3-3 proteins, which can promote the nuclear export of FOXO
proteins to maintain them in the cytosol and prevent binding to the promoter sequences of
target genes (Manning and Toker, 2017). If loss of Srx were to promote PISK/AKT/FOXO
signalling, this is likely to inhibit FOXO-mediated transcription. Ubiquitous over-expression of
Drosophila FoxO suppresses cell and wing size, giving credence to the notion that Srx may

regulate this pathway (Kramer et al., 2003).
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My findings could be strengthened by attempting to rescue the increased wing size in Srx
mutants via epistasis experiments, whereby Srx mutations are co-expressed with transgenes
or mutations that modify specific components of the PIBK/AKT signalling pathway. This
would definitely prove whether Srx modulates PI3K/AKT signalling to control cell size, wing
size and potentially neuron growth. One way to address this would be to combine Srx and
PI3K or Akt mutations or dominant-negative transgenes. If wing size is returned to the levels
observed in WT flies, it would indicate that Srx negatively regulates PI3K/Akt activity.
Pharmacological agents could also be used to explore whether downstream mTOR activation
drives the larger wing phenotype. Srx mutants could be fed food containing the mTOR
inhibitor Rapamycin during development to attempt to rescue the increased wing
size. Furthermore, if Srx does regulate wing growth, experiments should be performed to
deduce whether this is related to a faster rate of overall development. The time taken for Srx

mutant flies to eclose from their pupal cases should be compared to WT strains.

Overall, the behavioural, electrophysiological, and morphological phenotypes of Srx mutant
flies described in this chapter provide a platform for further work to understand the cellular

role of Srx.
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5. Srx modulates neuron morphology

The previous chapter documented organismal and tissue level phenotypes of Srx mutant
flies. At the cellular level changes in ROS homeostasis manifest as changes in
neuronal morphology and this is particularly well-established at the Drosophila NMJ. In this
chapter | investigated the effects of Srx loss on the morphology of Drosophila neurons and
rodent hippocampal neurons. | assessed presynaptic structures at the Drosophila larval NMJ
and overall branching phenotypes of cultured Drosophila embryonic neurons. Furthermore,
| examined the effects of shRNA-mediated Srx knockdown on dendritic morphology of

cultured rodent hippocampal neurons, as well at mitochondrial counts and morphology.

RNAI techniques were preferred in this research to knockout models using CRISPR-Cas9
gene editing, due to RNAI techniques having a less complex, but highly effective workflow.
Vectors, which encoded shRNA molecules, were transiently expressed in neurons using
cationic lipid-mediated transfection. siRNA duplexes can also be transfected in this manner,
which are directly incorporated into RNA-induced silencing complexes (Tseng et al., 2009).
However, vectors were preferred because they can also encode markers, such as fluorescent
proteins like GFP, that enable transfected cells to be easily identified and imaged. Cationic
lipid-mediated transfection was preferred to viral vectors containing RNAIi cassettes, as the
former exhibits low transfection efficiency in primary cells (Thermo Fisher, 2025). This is
beneficial for imaging experiments using neurons. High transfection efficiencies can make it
difficult to trace individual neurites, as the neurites from neighbouring cells can extensively

overlap.

5.1. Introduction

ROS and redox-sensitive signalling pathways regulate neuron growth, as previously
discussed in Chapter 1. In developing rat hippocampal neurons, ROS-generating NOX
enzymes at the growth cones modulate axon lengths via Ca** release from intracellular stores
(Wilson et al., 2016, 2015). At the Drosophila NMJ, neuron growth is regulated by redox-
sensitive JNK/AP-1 signalling, with sources of OS differentially activating JNK/AP-1 signalling

components. For instance, jun is dispensable for the increased growth conferred by spinster
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mutations, whereas both fos and jun are required for growth conferred by sod2 mutations
(Milton et al., 2011).

If Srx modulates neuron morphology, this may underlie the behavioural and
electrophysiological phenotypes observed in Drosophila Srx mutants (see Chapter 4).
My work described in previous chapters has already demonstrated that Srx mutations
attenuate AP-1 signalling (see Chapter 3.2.8). Milton et al. (2011) observed that the
expression of dominant-negative fos and jun isoforms diminished neuron growth at the
Drosophila larval NMJ, as measured by normalised bouton counts. Therefore, Srx mutations
that attenuate AP-1 signalling may diminish neuron growth. However, | have shown that Srx
mutations also increased Drosophila wing sizes, which may reflect increased PI3K signalling
(see Chapter 4.2.5). PI3K signalling is known to increase the number of boutons with
synapses at the Drosophila NMJ (Martin-Pefia et al., 2006). PI3K/Akt/mTOR signalling also
positively regulates dendrite growth and branching in rat hippocampal neurons in vitro
(Jaworski et al., 2005) and in vivo (Tariq et al., 2022). Therefore, Srx mutations may enhance

neuron growth if this pathway is affected.

In this chapter, | investigated whether loss of Srx alters neuron morphology. | used Drosophila
third instar larvae to assess the effect of Srx mutations on neuron growth at the larval NMJ.
Likewise, the effect of Srx mutations on the growth of Drosophila embryonic neurons was
investigated in vitro. Furthermore, to investigate for a conserved role of Srx, | used a
mammalian system of rat primary neuron cultures. To this end, short hairpin RNA-encoding
constructs were generated to suppress Srx expression following cell transfection techniques.
Lastly, the morphology of mitochondria in rat primary neurons was observed following Srx
knockdown, to determine whether mitochondrial dynamics were altered following loss of this

antioxidant enzyme.

5.2. Results

5.2.1. Srx mutations enhance neuron growth at the Drosophila NMJ

To determine if loss of Srx affected neuron development in vivo, third instar larvae were
dissected, fixed, underwent immunohistological staining, and were imaged using confocal
microscopy. Bouton counts were normalised to muscle surface area (MSA), which were

compared between Srx mutants and WT larvae. Srx mutants exhibited greater numbers of
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boutons (Figure 5.1.A). WT larvae exhibited an average count of 51.6 (+2.2), whereas Srx*"*
mutants had an average normalised count that was 52.3% greater at 78.6 (+3.3). Similarly,
Srx*® mutants had an average normalised count of 67.2 (+3.5), which was 30.2% greater than

the WT average.

The increased normalised bouton counts observed at Srx mutant NMJs did not consistently
correlate with changes to the surface area of muscles 6/7 at the Drosophila NMJ. Srx*3
mutations significantly increased the surface area of muscles compared to WT larvae. Srx*®
mutant larvae exhibited an average muscle surface area of 76855.03 um? (+1116.63 pm?),
which was 6.8% greater than the WT average of 71969.43 pm? (+1252.08 pm?). Srx'?

mutants did not exhibit muscle surface areas that were significantly different from WT larvae.
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Figure 5.1. Srx mutations increase Drosophila neuron growth in vivo.

A. Srx mutations increased neuronal bouton counts at the Drosophila third instar larvae
NMJ (one-way ANOVA: df=2, F= 22.94, p<0.001**, with post-hoc Dunnett’s test
comparison to WT, p<0.001**). B. Exemplary images of WT and Srx mutant larvae NMJs
C. Srx mutations do not consistently alter the surface area of muscle 6/7 in Drosophila third
instar larvae. Srx*® mutations increased the surface area of these muscles, whereas Srx*'?
mutations did not (Kruskal-Wallis, x°=6.40, df=2, p=0.04* with post-hoc Dunn’s test
comparison to WT, p<0.05%). D. Exemplary images of muscle 6/7 from WT and Srx mutant

larvae. For all of the graphs, sample sizes are presented, and bars represent mean + SEM.

5.2.2. Srx mutant NMJ overgrowths are not rescued by Srx

transgene expression or n-acetyl cysteine treatment

To validate that Srx mutations are causing the increased NMJ growth observed at the NMJ
of Srx mutant larvae, UAS-Srx.FLAG and nSyb-Gal4 transgenes were expressed in the
background of Srx** mutations to attempt to rescue the overgrowth phenotype. These rescue
attempts did not bring normalised bouton counts down to the levels observed in WT larvae
(Figure 5.2.A). WT larvae, with an nSyb-Gal4 transgene in the background, exhibited average
normalised bouton counts of 56.6 (+3.4). Srx“*° mutations, with an nSyb-Gal4 transgene in the
background, increased these counts by 39.9% to 79.2 boutons (+5.3). Co-expression of the
nSyb-Gal4 and UAS-Srx.FLAG transgenes in the Srx** mutant background failed to rescue
the increased bouton counts, which remained 44.3% higher than WT larvae at 81.7 boutons
(£3.9).
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Figure 5.2. Expression of nSyb-Gal4 and UAS-Srx.FLAG transgenes in the Srx mutant
background do not rescue NMJ overgrowths.

A. NMJ overgrowths are not rescued by the selective expression of Srx in neurons using
the Gal4/UAS system (one-way ANOVA: df=2, F= 11.11, p<0.001**, with post-hoc
Dunnett’s test comparison to WT, p<0.001***). Sample sizes are presented. Bars represent

mean + SEM. Representative images for this experiment are shown in B.

There could be technical reasons for the lack of rescue of the NMJ overgrowth by Srx
overexpression, such as the inclusion of the C-terminal FLAG tag in the transgene, which
may alter Srx structure and function. | therefore next explored whether the administration of
n-acetyl cysteine (NAC) in the food of Srx mutant larvae rescued the NMJ overgrowths. If Srx

mutations lead to the hyperoxidation of substrates, which causes increased neuron growth
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at the NMJ, these changes should be ameliorated by the application of antioxidant
supplements in the larval food. NAC is thought to exert antioxidant activity via ROS-
scavenging, directly reducing thiols, and serving as a cysteine precursor for the rate-limiting
synthesis step in glutathione production (Aldini et al., 2018). Therefore, larvae were reared on
food containing 0 mM, 5 mM, or 10 mM NAC to see if this rescued the NMJ overgrowth

observed in Srx®* mutants.

The administration of NAC failed to rescue the NMJ overgrowths observed in Srx** mutant
third instar larvae (Figure 5.3.A-B). When reared on food without NAC, Srx“? mutants exhibited
average bouton counts that were 32.0% greater than those of WT larvae. Similarly, Srx**
mutants exhibited average bouton counts that were 48.2% greater than those of WT larvae
when reared on food made with sucrose-yeast solution containing 10 mM NAC. However,
when reared on food made with 5 mM NAC sucrose-yeast solution, Srx** mutants no longer
demonstrated an overgrowth. This reflected an increase in the average bouton counts
between WT larvae reared on food with 0 and 5 mM NAC. Administration of food made with
sucrose-yeast solution containing 5 mM NAC significantly increased the average number of
boutons in WT larvae by 19.3%. However, significant increases were not observed using NAC
concentrations of 10 mM, which were within 1% of the average for WT larvae raised on food
without NAC. This suggests that this antioxidant drug is unable to rescue the overgrowth
conferred by Srx mutations. Overgrowths may be rescued using alternative molecular

antioxidants such as the soluble vitamin E variant Trolox.
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Figure 5.3. Srx mutant larval NMJ overgrowths are not rescued by the administration

of NAC in food.

A. Srx*® mutations increased normalised bouton counts (Scheirer-Ray-Hare test, H=19.5,

df=1, p<0.001***). NAC administration in the food did not significantly alter bouton counts

overall (Scheirer-Ray-Hare test, H=2.10, df=2, p=0.351). A significant interaction term was

observed, however (Scheirer-Ray-Hare test, H=6.15, df=2, p=0.0462%). Post-hoc pairwise

Wilcoxon rank sum tests with BH correction elucidated the groups that were significantly

different from one another (p<0.001***, p<0.01**, p<0.05%). Sample sizes are presented.

Bars represent mean + SEM. B. Representative images of neurons from WT and Srx mutant
larvae reared on 0-10 mM NAC food.
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5.2.3. Srx mutations enhance Drosophila embryonic neuron growth

in vitro

The discovery that Srx mutations increased neuron growth at Drosophila third instar larvae
NMdJs raises the question whether such neuronal overgrowth is generalisable to all neurons.
| therefore examined the morphology of Drosophila embryonic neurons cultured in vitro.
Furthermore, | wanted to determine whether loss of Srx induced neuron growth because of
a loss of its interactions with Prdx enzymes. Therefore, Srx mutant embryonic neurons were
compared to neurons derived from both WT embryos and embryos with a mutation to the

cytosolic typical 2-Cys Prdx enzyme, JafracT.

Drosophila embryos were homogenised and neurons were cultured in vitro to ascertain
whether increased growth would be observed in this paradigm as well. Neurons were cultured
upon conA-coated coverslips, fixed at 1 DIV, and visualised using a Cy3-conjugated antibody
targeting HRP epitopes. Neuron morphology was quantified by measuring the combined

length of neurite outgrowths.

| found that neurons from Srx mutant embryos had increased combined neurite lengths
compared to neurons from WT embryos (Figure 5.4). The average neurite lengths for neurons
derived from Srx mutant embryos was 139.4 pm (+18.5 um), a figure that was 62.7% higher
than the WT mean of 85.7 ym (+9.3 pm). Conversely, mutations to Jafrac1 failed to induce a

statistically significant increase in neurite lengths.
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Figure 5.4. Srx mutations increase neurite outgrowth lengths of Drosophila embryonic
neurons.

A. Cultured embryonic neurons from Drosophila were fixed at 1 DIV and stained using a Cy3-
conjugated, pan-neuronal antibody (targeting HRP epitopes). Increased neurite lengths were
observed following Srx mutations, but not following mutations to the gene encoding a
cytosolic typical 2-Cys Prdx enzyme, Jafrac1 (Kruskal-Wallis, x°=6.92 , df= 2, p=0.031*, with
post-hoc Dunn’s test comparison to WT, p<0.05%). Sample sizes are presented. Bars

represent mean + SEM. Representative images for this experiment are shown in B-D.
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5.2.4. Generation of Srx shRNA constructs

To validate the findings made using Drosophila, | next manipulated expression of Srx in
mammalian cell cultures to investigate whether loss of Srx increases neuron growth in a
mammalian model system too. Doing so would allow me to make assertions as to whether
the function of Srx, in regulating neuron growth, was conserved across species. To induce
knockdown of human and rat Srx, shRNA-encoding plasmids were designed. Oligos
encoding shRNA molecules were annealed and ligated into a pSuper.neo+GFP plasmid
backbone to be expressed under the control of a H1 promoter sequence. For each species,

three constructs were made, with each targeting a distinct 21 nucleotide sequence.

| first validated that the shRNA constructs were effective in inducing Srx knockdown,
HEK293t cells were co-transfected with the shRNA constructs and plasmids encoding either
the human or rat Srx isoforms with a C-terminal Myc-tag. HEK293t cells have a high
transfection efficiency, enabling a large proportion of cells to be transiently transfected with
both plasmids. Protein lysates were generated for analysis via western blotting (Figure 5.5.A).
Diminished chemiluminescence, following use of antibodies targeting the Myc tag, indicated

suppression of Srx translation and effective RNA..

For the shRNA constructs targeting human Srx, one of the three plasmids generated in this
research was effective in suppressing Srx translation, named ‘H1.” As the only effective
construct, this was used for subsequent experiments. For the shRNA constructs targeting rat
Srx, all three plasmids generated in this study were effective in suppressing Srx translation,
termed ‘R1,” ‘R2,” and ‘R3.” Unless otherwise stated, R2 was used to knockdown Srx in

subsequent experiments.

To explore whether loss of Srx knockdown in mammalian cells produced similar phenotypes
to Srx mutations in Drosophila, the Amplex Red assay was performed using HEK293t cells
transfected with the H1 plasmid. This failed to show differences in absorbance values,
proportional to H.O, concentrations (Figure 5.5.B). Protein lysates derived from HEK293t
cells that underwent the transfection protocol used for the Amplex Red assay exhibited
decreased Srx expression in HEK293t cells (Appendix Figure 1). This demonstrates that the
transfection strategy used, in which approximately 80% of cells are transfected, is still high

enough to reduce global Srx levels in the culture.
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Figure 5.5. Generation of shRNA constructs for Srx knockdown in mammalian cell
cultures.

A. Annealed primers were ligated into the pSuper.neo+GFP backbone to generate
plasmids that expressed shRNA molecules under the control of a H1 promoter sequence.
Knockdown of human and rat Srx mRNA targets was validated by co-transfecting HEK293t
cells with constructs encoding the shRNA molecules and Myc-tagged human Srx (hSrx) or
rat Srx (rSrx). Protein lysates were generated and western blots were performed. Effective
knockdown diminished chemiluminescence observed using antibodies targeting Myc tags.
B. Similarly to Drosophila Srx mutants, use of the effective shRNA construct targeting
human Srx failed to alter H,O, production in HEK293t cells (two-sample t-test, df=4, t=-
0.417, p=0.698, ns). Bars represent mean + SEM and n=3 for each group.

5.2.5. Srx knockdown enhances rat primary neuron growth

Having found that Srx mutations enhanced neuron growth in Drosophila, | next sought to
assess whether this phenotype was conserved in a mammalian model. Rat primary
hippocampal neurons cultures were used as these neurons are glutamatergic. Neurons
were transfected with shRNA constructs targeting Srx at 3-5 DIV, followed by fixation 3 days
later. Confocal microscopy was used to image neurons, which were traced and analysed for

various morphological parameters indicating growth.
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| found that knockdown of Srx enhanced rat primary neuron growth (see Figure 5.6.A for
exemplary images). Sholl analysis was conducted, with concentric radii drawn around the
soma at 5 pm intervals. Neurite intersections at each radius were counted to assess the
growth and branching of neurites derived from the soma. Multiple pairwise comparisons of
the cumulative intersections at 50, 100, 150, 200, and 250 pm revealed that Srx knockdown
induced increased numbers of intersections at the aforementioned radii (Figure 5.6.B). At 250
pm from the soma, the average number of cumulative intersections following Srx knockdown
was 254.8 (+18.36), which was 80.6% greater than the 141.1 (+11.61) average for cells
transfected with a control shRNA plasmids. Srx knockdown also caused there to be a greater
number of maximum intersections at any given radius (Figure 5.6.C). The average maximum
number of intersections for neurons transfected with the control shRNA construct was 7.83

(£0.46), whereas this was 13.1 (+0.70) for neurons transfected with the Srx shRNA construct.

The number of primary neurites also increased following Srx knockdown (Figure 5.6.D).
Neurons transfected with control plasmids had an average number of 4.60 primary neurites
(£0.23), whereas neurons transfected with Srx shRNA-encoding constructs had an average
that was 36.5% higher at 6.28 primary neurites (+0.38). Following Srx knockdown, a larger
proportion of neurons also had combined neurite lengths that were at least 1000 pm in length
(Figure 5.6.E). Only 37.5% of neurons transfected with control shRNA plasmids produced
neurites that reached 1000 pm in sum length, whereas 72.3% of neurons transfected with

Srx shRNA constructs produced neurites with sum lengths of 1000 pm.
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Figure 5.6. Loss of Srx increases the growth of rat primary hippocampal neurons in
vitro.

A. Representative images of hippocampal neurons transfected with plasmids encoding
non-targeting shRNA molecules and shRNA molecules targeting Srx. B. Sholl analysis
demonstrates increased dendrite growth and branching following Srx knockdown (multiple
two-sample Kolmogorov-Smirnov tests with BH correction, p<0.0002***). Points represent
mean + SEM. Sample sizes are identical to those in C and D. C. The maximum number of
intersections at each of the radii used in the sholl analysis is increased following Srx
knockdown (two sample Kolmogorov-Smirnov test, D=0.559, p<0.001***). D. The number
of primary neurites is increased following Srx knockdown (two-sample Kolmogorov-
Smirnov test, D=0.342, p=0.002**). For C-D the sample sizes are presented, and bars
represent mean + SEM. E. A larger proportion of neurons have combined neurite lengths
of at least 1000 ym, indicating increased dendritic growth (Pearson’s ¥’ test, x*=11.635,

df=1, p<0.001***). The sample sizes are presented.

5.2.6. Loss of Srx does not affect mitochondrial morphology or

dynamics

The work presented in this thesis indicates that loss of Srx exerts small but significant effects
on redox signalling and redox-related biological processes, such as neuron growth. As mild
OS induces mitophagy (Frank et al., 2012), this research hypothesised that mitochondrial
dynamics would similarly be affected by loss of Srx. Therefore, this study aimed to investigate
whether loss of Srx affected mitochondrial dynamics using rat primary hippocampal neurons
that were co-transfected with shRNA constructs to induce Srx RNAi and mito-DsRed
plasmids to label mitochondria. Confocal microscopy techniques were used to image the
mitochondria within a neurite that was within 150 pm of the neuron soma. Typically,
mitochondria were imaged within a stretch of neurite that was approximately 100 pm in
length. Images were blinded, thresholded, and analysed as 2D images in Fiji using the
‘Mitochondrial Analyzer’ plugin (Chaudhry et al., 2020) to investigate whether loss of Srx
impacted mitochondrial morphology or dynamics. Where appropriate, the average value for
each morphological parameter was calculated and these values were used for statistical

analysis.
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Figure 5.7. Srx knockdown in rat primary hippocampal neurons does not affect
mitochondrial morphology or dynamics.

A. The number of mitochondria per 10 um of neurite is unaffected by Srx RNAi (two-sample
t-test, df=22, t=0.796, p=0.435, ns). B. The mean perimeter of mitochondria is unaffected
by Srx RNAI (two-sample t-test, df=22, t=-0.467, p=0.645, ns). C. The mean aspect ratio of
mitochondria is unaffected by Srx RNAI (two-sample t-test, df=22, t=-1.661, p=0.111, ns).
D. The mean form factor of mitochondria is unaffected by Srx RNAi (Wilcoxon test, W=-50,
p=0.228, ns). E. The mean number of branches per mitochondria is unaffected by Srx RNAI
(two-sample Kolmogorov-Smirnov test, D=0.385, p=0.214, ns). F. The mean branch length
of mitochondria is unaffected by Srx RNAi (Wilcoxon test, W=41, p=0.082, ns). G. The mean
number of branch junction per mitochondria is unaffected by Srx RNAi (Kolmogorov-
Smirnov test, D=0.385, p=0.214, ns). H. The mean mitochondrial branch endpoints is
unaffected by Srx RNAi (two-sample t-test, df=22, t=1.003, p=0.327, ns). I. The mean
mitochondrial branch diameter is unaffected by Srx RNAi (two-sample t-test, df=22,
t=1.122, p=0.274, ns). For all of the aforementioned graphs, sample sizes are presented,
and bars represent mean * SEM. J. Exemplary images of mito DsRed-positive

mitochondria from neurons transfected with the shRNA control and Srx shRNA plasmids.

The number of mitochondria, expressed as mitochondria per 10 uym of neurite, were
unaffected by Srx RNAI (Figure 5.7.A). Neurons transfected with a control shRNA plasmid
had an average of 4.26 mitochondria per 10 ym of neurite (+0.44 per 10 ym), which did not
significantly differ from the 3.79 (+0.37 per 10 pm) average observed in neurons transfected
with Srx shRNA plasmids. The mean perimeter of mitochondria was also unaffected by Srx
RNAI (Figure 5.7.B). Neurons transfected with shRNA plasmids exhibited mitochondria with
average perimeter that were only 5.1% greater than the 2.75 pm (+0.22 ym) average observed
for neurons transfected with shRNA control plasmids. The shape of mitochondria was
similarly unaffected by Srx knockdown. The mean aspect ratio and the mean form factor of
mitochondria were not significantly different in neurons transfected with Srx shRNA plasmids
(Figure 5.7.C-D). Similarly, all morphological parameters pertaining to mitochondrial

branching were not significantly altered by Srx knockdown (Figure 5.7.E-I).
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Given that Srx RNAI failed to induce changes to the quantity of mitochondria in the neurites
of rat primary neurons, this suggests that mitophagy is not significantly affected. The
morphology of mitochondria was similarly unaffected by Srx knockdown, suggesting that
mitochondrial fragmentation and mitophagy were not induced. This evidence collectively
suggests that loss of Srx does not induce alter mitophagy, which is known to be induced by
mild and strong OS (Frank et al., 2012; Scherz-Shouval et al., 2007).

5.2.7. Srx exhibits broad distribution throughout neurons

| also wanted to determine whether Srx exhibited a high degree of colocalisation with
mitochondria, which may suggest that this is primarily a mitochondrial protein (Figure
5.8). Rat primary hippocampal neurons were transfected with hSrx-Myc-DDK and mito-
DsRed plasmids and analysed using confocal imaging. Srx exhibited a broad distribution
throughout the neurons and did not exclusively colocalise with mitochondria. This suggests

that the catalytic activity of Srx is broadly relevant to multiple organelles.

Mito DsRed

Figure 5.8. Srx is broadly distributed throughout neurons.
Rat primary hippocampal neurons were transfected with hSrx-Myc-DDK and mito-DsRed
constructs. Confocal imaging revealed that Srx did not exclusively colocalise with

mitochondria and exhibited a broad distribution throughout the neurons.
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5.3. Discussion

5.3.1. Loss of Srx enhances Drosophila and rat neuron growth

The results of the experiments presented in this chapter show that loss of Srx leads to
neuronal overgrowth. Srx mutations induced overgrown neurons at the Drosophila larval
NMJ, as measured by increased numbers of boutons. Srx mutations also promoted neuron
growth in Drosophila embryonic neuron cultures, as measured by cumulative neurite lengths.
This finding was found to be conserved in mammalian systems where Srx knockdown in rat
primary neuron cultures increased neuron growth as measured by numerous parameters,
which include Sholl analysis and analysis of neurite lengths. Collectively, these data suggest
that Srx mutations may disrupt redox homeostasis to alter the activation of specific signalling

pathways that promote neurite outgrowths and synaptogenesis.

Neuron growth at the Drosophila NMJ is positively regulated by JNK/AP-1 signalling, which
is activated in response to OS (Milton et al., 2011; Papadia et al., 2008; Ugbode et al., 2020).
It is unlikely that Srx mutations induce increased growth via activation of this pathway, as |
found that AP-1 signalling was attenuated in Srx mutants (Chapter 3.2.8). Therefore,
activation of an alternative redox-sensitive pathway may drive the increased growth observed
in Srx mutants. PIBK/Akt/mTOR signalling has been shown to increase the numbers of
boutons with synapses at the Drosophila NMJ (Martin-Pefia et al., 2006). The PISK/Akt/mTOR
pathway is susceptible to redox modifications. Intramolecular disulphide bonds in PTEN,
which is an upstream negative regulator of PI3K, inhibits the antagonistic effect PTEN exerts
over downstream signalling (Lee et al., 2002). Given that | observed increased wing size in
Drosophila Srx mutants, which is a morphological feature of PTEN mutants (Chapter 3.2.7),
this suggests that Srx mutations may modulate this signalling pathway to increase neuron

growth.

Unlike Srx mutations, Jafrac1 mutations did not increase neurite lengths in Drosophila
embryonic neurons. Jafrac1 is a cytosolic 2-Cys Prdx enzyme that is important for defence
against OS. Jafrac1 overexpression in Drosophila confers increased resistance to OS (Lee et
al., 2009), whereas knockdown of Jafrac1 transcripts shortens Drosophila lifespans
(McGinnis et al., 2021). As Jafrac1 mutations did not increase the neurite lengths of
embryonic neurons, this suggests that the increased neuron growth conferred by Srx

mutations may not derive from an inability to recycle cytosolic Prdx enzymes. Instead, this
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may stem from an inability to resolve mitochondrial Prdx enzymes, or alternative non-Prdx

substrates identified by Akter et al. (2018).

An unexpected finding of the work described here was that expression of the rescue
construct in the neurons of Srx mutants failed to rescue the overgrown synapses at larval
NMJs. A possible reason for the ineffectiveness of the rescue construct in this particular
paradigm may be that it is designed to have a FLAG tag conjugated to the C-terminus of the
Srx protein. This may interfere with the interaction of Srx with substrates or affect cellular
localisation. Future experiments should generate a rescue construct that expresses Srx

without a conjugated FLAG tag to resolve this matter.

The administration of NAC in the food of the larvae was also unable to rescue the increased
numbers of synaptic boutons observed in Srx mutants. This antioxidant is thought to confer
protection against OS by acting as a ROS scavenger, reducing disulphide bonds directly,
and providing cysteine for increased glutathione synthesis (Aldini et al., 2018). This drug was
selected in these experiments for its high solubility in aqueous substances, without the need
for solvents in food that may compromise larval health, such as ethanol, which induces
oxidative stress (Logan-Garbisch et al., 2014). Concentrations of 5 mM NAC in the food
increased bouton numbers in WT larvae, rather than altering bouton numbers in Srx*®
mutants. NAC concentrations of 10 mM did not elicit increased growth in WT larvae. These
contrasting results may derive from altered glutathione dynamics. Different concentrations of
NAC may promote the differential glutathionylation of cysteine residues of key proteins that

facilitate neuron growth.

A strength of this work is that it has used both Drosophila and mammalian models to
demonstrate that Srx regulates neuron growth. This work may be improved by exploring
whether over-expression of Srx negatively regulates neuron growth. While my work has not
provided conclusive evidence to suggest that the PI3K/Akt/mTOR signalling pathway is
upregulated following loss of Srx it has identified future avenues for investigation.
Upregulation of the PI3SK/Akt/mTOR pathway increases phosphorylation of Akt, which is
readily observable using western blots and antibodies raised against the phosphorylated
protein. Future work should investigate for increased phosphorylation of Akt in Drosophila
Srx mutant lysates or lysates derived from HEK293t cells transfected with shRNA constructs
that induce Srx knockdown. However, Akt is also capable of phosphorylating downstream
components besides mTOR, such as FOXO (Manning and Toker, 2017). Therefore, to provide
definitive proof that loss of Srx activates PI3BK/Akt/mTOR signalling, individual components

of this signalling pathway should be genetically or pharmacologically silenced to see if this
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rescues the increased growth. One way to explore this would be to use Rapamycin, which
acts as an acute inhibitor of mTOR complex | (MTORC1) by binding to the non-catalytic
domain of the protein to inhibit a subset of functions assumed by mTORC1. Similarly,
overexpression of PTEN in the Srx mutant background, to antagonise PI3K/Akt/mTOR

signalling, could be attempted to see if this rescues overgrowths.

5.3.2. Loss of Srx does not alter mitochondrial counts or morphology

in rat hippocampal neurons

Here | found that loss of Srx did not affect the relative quantity of mitochondria in rat
hippocampal neuron neurites. Lower mitochondrial counts in cells are indicative of
mitophagy, a specific form of macroautophagy in which mitochondria are degraded by
lysosomes (Lee et al., 2012). Similarly, the morphology of mitochondria was unaffected by
Srx knockdown, which is also thought to reflect the rate of mitophagy and mitochondrial
turnover in cells. Increased mitochondrial fragmentation is indicative of mitochondrial fission,
whereas long filamentous mitochondria that are indicative of mitochondrial hyperfusion
(Picard et al., 2013).

It is widely accepted that OS stimulates mitophagy. Frank et al. (2012) observed that low
ROS levels induce mitophagy in a mitochondrial fission-dependent manner that is
independent of non-selective autophagy, whereby increased autophagosome formation is
not observed and cell viability is unaffected. These changes are assumed to be regulated by
redox-sensitive signalling pathways, as modest increases in ROS levels were induced (Frank
et al,, 2012). My work did not find Srx knockdown to affect baseline mitochondrial
counts. However, future experiments should address whether loss of Srx affects mitophagy
in cells treated with carbonyl cyanide m-chlorophenylhydrazone (CCCP), which is an
uncoupler of mitochondrial oxidative phosphorylation that reduces mitochondrial membrane
depolarisation to promote mitophagy. This mitophagy is dependent on PTEN-induced kinase
1 (PINK1) and the E3 ubiquitin ligase Parkin. CCCP damages mitochondria to inhibit PINK1
mitochondrial import, leading to its accumulation on depolarised mitochondrial outer
membranes where it phosphorylates ubiquitin and Parkin, with the latter ubiquitinating
substrates in the outer mitochondrial membrane that facilitate autophagosome recruitment
(Matsuda et al., 2010; Narendra et al., 2008, 2010; Pickrell and Youle, 2015). The use of CCCP
has been used to establish that PINK1 and Parkin mutations, which are associated with early-

onset Parkinson’s disease, disrupt Parkin recruitment to mitochondria and mitophagy
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(Matsuda et al., 2010; Narendra et al., 2010). Inducing mitophagy in primary neuron cultures
using CCCP might provide a clearer picture as to whether the additional loss of Srx enhances
or inhibits this process and may also highlight Srx as a potential therapeutic target for

Parkinson’s disease intervention.

The findings of this work could be further strengthened by assessing whether the co-
localisation of mitochondria with lysosomes is promoted following Srx knockdown. If loss of
Srx does not promote colocalisation of mitochondria with lysosomes, this would strengthen
the argument that mitophagy is not induced. The broader effect of Srx loss on
macroautophagy could be further investigated using SDS-PAGE to see if this increases the
proportion of microtubule associated protein light chain 3 (LC3) that is conjugated to
phospholipid phosphatidylethanolamine (LC3-Il). Lipidation of LC3 in this manner facilitates
autophagosome localisation, correlates with autophagosome formation, and can be used as
a measure of macroautophagy induction because of the increased molecular weight that is
observable through SDS-PAGE (Kuma et al., 2007).

In hepatocellular carcinoma (HCC) cell lines the genetic knockdown and pharmacological
inhibition of Srx increases ROS accumulation, activation of Transcriptional Factor EB (TFEB)
signalling, and autophagy induction as observed through increased LC3-Il levels using SDS-
PAGE (Rao et al., 2024). Similarly, overexpression of Srx in HCC cells decreased LC3-Il levels
(Rao et al., 2024). The function of Srx as a regulator of autophagy may be conserved in
neurons, which future experiments should aim to elucidate. Rat hippocampal neurons could
be treated with the pharmacological Srx inhibitor J14 (MedChem Express, HY-135008), then
protein lysates derived from these cells be analysed using SDS-PAGE to see if LC3-Il levels
are altered. SDS-PAGE can also be used to investigate the amount of lipidated Atg8a in
protein lysates derived from Drosophila heads is altered in Srx mutants. Atg8a is the
Drosophila LC3 orthologue and similarly undergoes phosphatidylethanolamine conjugation

that correlates with autophagy (Demir and Kacew, 2023).

To conclude, this work has shown that loss of Srx positively regulates neuron growth in
Drosophila third instar larvae. These changes are not readily reversed by the expression of
rescue constructs or the administration of NAC in larval food. However, similar increased
growth is observed in Drosophila embryonic neuron cultures and rat primary hippocampal
neuron cultures. Changes to neuron growth suggest that Srx regulates redox-sensitive
signalling pathways during development to affect neuron growth. Such signalling pathways
may be distinct from those that are proposed to regulate mitophagy, as my experiments did

not observe any differences in mitochondrial morphology or mitochondrial counts that
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suggest increased or decreased mitochondrial turnover. Future experiments should aim to
further elucidate the mechanisms underpinning the neuron growth phenotype induced by
loss of Srx. The functional consequences of neuron overgrowth could also be studied to

understand whether the growth altered neuronal excitability and synaptic transmission.
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6. Discussion and future research

6.1. Key findings from this research

Sulfiredoxin-1 was discovered over 30 years ago as an oxidoreductase that reduces
hyperoxidised peroxiredoxins to aid in neutralising H.O, and thus maintain redox
homeostasis. Yet, the relevance of Srx to the function of neurons, cells with high metabolic
activity and high sensitivity to OS, remains unclear. In this thesis | addressed this gap through
a comprehensive series of experiments.| first generated Drosophila Srx mutants to
investigate the contribution of Srx to the maintenance of redox homeostasis. | found that Srx
mutations had a small, but significant effect on the ability of Drosophila to survive when fed
H.O.-supplemented sucrose solution, however levels of H.O; in tissue homogenates were

unaffected under physiological conditions.

Redox-sensitive signalling pathways seemed to be differentially affected by loss of Srx in
Drosophila, as evidenced by reporter transgenes expressed in the Srx mutant background.
Whilst loss of Srx had no effect on the expression of GFP under the control of gstD7 promoter
sequences, it did significantly diminish the expression of DsRed.T4 under the control TRE
promoter sequences that AP-1 binds to. This suggests AP-1 signalling is decreased following
loss of Srx, possibly due to Prdx hyperoxidation redirecting Trx to alternative substrates (see

discussion in Chapter 3.3.3).

| next determined whether the altered signalling had any consequences for Drosophila
behavioural and physiological traits that reflected perturbed neuron function in vivo. A
plethora of physiological differences were discovered. Firstly, Srx mutants exhibited
enhanced negative geotaxis responses, which were rescued via the expression of a UAS-
Srx.FLAG transgene in the motor neurons of flies. This demonstrates that motor neuron
function is perturbed following loss of Srx. Secondly, SSVEPs suggest diminished
neurotransmission in the visual system of Srx mutants, as evidenced by decreased 2F1
amplitudes in spite of 1F1 amplitudes that did not differ significantly from WT flies. This may
reflect activity-induced declines in neuron activity, which future work should resolve by
repeating these experiments using flies reared in dark conditions to minimise activation of
photoreceptors. Circadian rhythms were unaffected by loss of Srx, suggesting that it does

not regulate this process in neurons. This contrasts findings made in mammalian adrenal
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cortex cells, whereby there is rhythmic steroidogenesis through antiphasic oscillations

between Srx and hyperoxidised Prdx3 in mitochondria (Kil et al., 2015).

Finally, | investigated whether loss of Srx affects neuron morphology in both Drosophila and
rat primary neuron cultures, which may underlie physiological phenotypes of Srx mutant flies.
In Drosophila, neurons exhibited increased growth in vivo and in vitro, which suggests
changes to the plasticity of neural networks that underlie physiological phenotypes.
| validated the discoveries made in Drosophila using in vitro mammalian cell cultures.
HEK293t cells transfected with shRNA molecules targeting Srx did not exhibit differences in
H.O. production. Rat primary hippocampal neurons similarly exhibited overgrowths that
mirrored the changes observed in Drosophila Srx mutants. The similarity in phenotypes
observed across rat and Drosophila neurons suggests that the function of Srx is conserved

across organisms.

6.2. Role of Srx in regulating redox homeostasis

These findings, in which Srx has no significant effect on ROS production and modest effects
on tolerance to OS, suggest that Srx does not primarily function to provide defence against
ROS. This may reflect genetic redundancy in the Drosophila and mammalian genome,
whereby this function is primarily served by alternative antioxidant enzymes, such as those
that comprise the glutathione system. Notably, the administration of DEM in fly food, to inhibit
the glutathione system, reliably increased Nrf2 and AP-1 signalling in Drosophila tissue
following use of the gstD7-GFP and TRE-DsRed.T4 transgenes, respectively. Srx may
provide a modulatory function to control the redox state of proteins within specific cellular

processes, locations, and timepoints such as neurodevelopment.

There is contrasting evidence in the literature to support my finding that Srx confers modest
protection against OS. McGinnis et al. (2021) found that Srx mutations slightly increased
Drosophila survival when fed H.O.-supplemented sucrose solution. Studies in fission yeast
have observed that Srx overexpression confers decreased survival under conditions of OS
(Day et al., 2012). This is hypothesised to be caused by increased oxidation of Trx by 2-Cys
Prdx enzymes, preventing Trx from reducing alternative substrates that are critical for cell
survival (see Chapter 3.3.3). Other studies suggest that Srx protects against ROS and
promotes cell survival. Knockdown of Srx using short interfering RNAs (siRNAs) increases
lipid peroxidation in ischaemic rat brain cortices (Wu et al., 2017), whereas over-expressing
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Srx in ischaemic rat spinal cord cultures decreases lipid peroxidation levels and cell
apoptosis (Lan et al., 2021). In non-neuronal mammalian cells, similar findings have been
made. Human lung carcinoma cells exposed to glucose oxidase, a H.O»-generating enzyme,
apoptose at a greater rate following loss of Srx (Baek et al., 2012). The contrasting findings,
regarding the role of Srx in protecting against OS, may reflect the heterogeneous properties
of cells and organisms used in the aforementioned studies and reflect the fact that Srx serves

a modulatory role within processes that are differentially carried out in certain cell types.

Future work should resolve the modulatory roles of Srx by conducting unbiased screens that
identify proteins with differentially oxidised cysteine residues following loss of Srx. Performing
such proteomics screens using multiple organisms and tissues will help to elucidate the role
of Srx amongst cells with different functions. The aforementioned experiments could be
conducted using protein lysates treated with biotinylated lodoacetamide (BIAM), a
compound that conjugates to nascent free thiols. Proteins labelled with BIAM can be
analysed using mass spectrometry to identify those that undergo differential cysteine residue
oxidation following loss of Srx (reviewed in Lowe et al., 2019). | investigated the feasibility of
this experiment using rat primary hippocampal neurons. Neurons were left untreated or
treated with 100 um DEM or H.O. for 24 hours. Protein lysates derived from these cells were
treated with BIAM and analysed using SDS-PAGE and Streptavidin-HRP conjugated
antibodies (Figure 6.1). Treatment with DEM or H.O. decreased the chemiluminescence,

indicating that there were fewer unoxidised cysteine residues in these protein lysates.
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6.3. Srx as a modifier of neuron development

This work found that loss of Srx enhanced neuron growth in Drosophila. Increased numbers
of synaptic boutons were observed at Srx mutant third instar larval NMJs. The expression of
a UAS-Srx.FLAG transgene in the neurons of Srx mutant larvae failed to rescue NMJ
overgrowths, which may be attributed to the C-terminal FLAG tag altering the structure and
function of Srx. The FLAG tag may impede Srx interactions with specific substrates or prevent
it localising to certain organelles. Future work should repeat these experiments using a UAS-
Srx transgene without a conjugated FLAG tag. It is interesting to note that UAS-Srx.FLAG
transgene expression in the neurons of Srx mutant flies successfully rescued the enhanced
negative geotaxis response, suggesting that the loss of Srx interacting with distinct

substrates facilitated these phenotypes.

Administration of NAC in the food that larvae were reared in also failed to rescue the
increased NMJ growth. This may be because NAC, which is postulated to provide cysteine
for the rate-determining step of glutathione synthesis, may alter glutathione dynamics and
produce phenotypes of its own. Future work should aim to use alternative antioxidants, like
the soluble tocopherol Trolox (PoljSak and Raspor, 2008), to see if this rescues the increased

neuron growth at the NMJ.

Despite failed attempts to rescue the NMJ overgrowths observed in Srx mutants, the
enhanced neuron growth following loss of Srx was validated by performing embryonic neuron
cultures. Neurons derived from Srx mutant embryos exhibited increased cumulative neurite
lengths. Similarly, rat primary hippocampal neurons that underwent Srx knockdown also
exhibited enhanced growth as demonstrated by sholl analysis, increased numbers of primary

neurites, and increased cumulative neurite lengths.

Future research should aim to elucidate the mechanisms underpinning increased neuron
growth following loss of Srx, which may be informed by the BIAM-labelling/mass-
spectrometry experiments discussed in Chapter 6.2. Such proteomics screens will identify
proteins that have differentially oxidised cysteine residues in response to loss of Srx, which
may have well characterised roles in regulating neuron growth. This offers an unbiased, data-

driven approach to unravelling the relationship between Srx and neuron growth.
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As an alternative to an unbiased screen, a candidate-led experimental approach could be
employed to probe the mechanisms underpinning neuron growth following loss of Srx. This
study found Drosophila wing size, which is a phenotype regulated by PI3K/Akt signalling, to
be increased by Srx mutations (Gao et al., 2000). PI3BK/Akt/mTOR signalling also positively
regulates neuron growth at the Drosophila NMJ (Martin-Pefia et al., 2006) and in rat primary
neuron cultures (Jaworski et al., 2005). Therefore, PI3K/Akt signalling may also facilitate the
neuron growth enhanced by loss of Srx. Srx knockdown may produce biomarkers of
upregulated PI3K/Akt signalling such as increased phosphorylation of Akt, which is readily
detected by phospo-Akt specific antibodies (Sun et al., 1999). If the relevant biomarkers
suggest that loss of Srx upregulates PI3K/Akt signalling, upstream components of this
pathway can be modified to see if this rescues the enhanced neuron growth. Overexpression
of PTEN, which antagonises PI3K/Akt signalling, is one strategy that could be employed to

try to rescue the neuron overgrowths observed following Srx knockdown.

6.4. Other future directions to explore

This study found that redox-sensitive signalling pathways may be differentially induced by
Srx mutations (see Chapter 3), with AP-1 signalling seemingly downregulated. The
physiological differences observed in Chapter 4 similarly indicated that redox-sensitive
signalling pathways may be perturbed following loss of Srx Drosophila. This work sought to
resolve whether Srx knockdown affected mitochondrial counts or mitochondrial morphology

neurons, as redox signalling has important implications for mitophagy.

Loss of Srx in rat primary hippocampal neurons did not affect mitochondrial counts or
mitochondrial morphology, which indicates that mitophagy was not induced. Mitophagy is
known to be induced by strong and mild OS, with the latter doing so in a manner that is
independent of non-selective autophagy and dependent on mitochondrial fission (Frank et
al., 2012). Future experiments should address whether loss of Srx affects mitophagy in cells
treated with carbonyl cyanide m-chlorophenylhydrazone (CCCP), an uncoupler of
mitochondrial oxidative phosphorylation that reduces mitochondrial membrane
depolarisation to promote mitophagy. Manipulating Srx activity in combination with CCCP
treatment will provide a clearer answer as to how Srx regulates mitophagy (discussed

extensively in Chapter 5.3.2).
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The relevance of Srx to non-selective macroautophagy and apoptosis as a whole remains to
be fully characterised. He et al. (2021) observed that the pharmacological Srx inhibitor J14
enhanced apoptosis in mouse pancreatic acini cells co-treated with cerulein to induce acute
pancreatitis (AP). Increased expression of cleaved caspase 3 was used as an indicator of
apoptosis induction. Caspase 3 is an ‘executioner caspase’ that is cleaved from pro-caspase
3 to initiate apoptosis (D’Amelio et al., 2010). He et al. (2021) also found that pharmacological
inhibition of PRKR-like endoplasmic reticulum kinase (PERK), a kinase that phosphorylates
eukaryotic initiation factor 2 a (elF2a) to stimulate the integrated stress response, rescued
the Srx inhibition-mediated increase in cleaved caspase 3 expression. Conversely,
pharmacologically enhancing PERK signalling, using a elF2a phosphatase inhibitor,
potentiated Srx inhibition-mediated increases in cleaved caspase 3 expression. He et al.
(2021) also observed that enhancing ER-stress correlated with increased expression of active
Cathepsin B and vice versa. Cathepsin B is a cysteine protease released from lysosomes in
response to OS that can stimulate caspase-dependent apoptosis (Wang et al.,
2023). Collectively these findings suggest Srx protects against AP by maintaining ROS

homeostasis in the ER to prevent Cathepsin B activation and caspase-mediated apoptosis.

The work of He et al. (2021) failed to acknowledge that Cathepsin B is predicted to be a
substrate of Srx, as identified by Akter et al. (2018). Increased oxidation of Cathepsin B
cysteine residues, in the absence of Srx, may modulate apoptosis under specific conditions.
Future work should validate whether changes to Cathepsin B activation, expression,
localisation, or function are altered following genetic knockdown of Srx in neurons.
Interestingly, Cathepsin B inhibition blocks neurite outgrowth in mouse primary cortical
neurons in vitro due to perturbations of lysosomal trafficking (Jiang et al., 2020). Genetic
interactions between Srx and Cathepsin B should be explored to see if modulating Cathepsin
B can rescue neuron overgrowths induced by Srx knockdown. Furthermore, lysosomal
trafficking and dynamics should be observed in neurons following Srx overexpression or
knockdown to see if this recapitulates the changes seen following Cathepsin B inhibition in

mouse neurons.

The effect of Srx reducing substrates besides Prdx enzymes is also yet to be fully
characterised. Akter et al. (2018) identified 59 additional Srx substrates, including Cathepsin
B and DJ-1. Future experiments should combine Drosophila Srx mutations with mutations to
genes encoding these substrates to see if this potentiates or rescues the physiological
phenotypes elucidated in Chapter 4. Any genetic interactions identified can be further

characterised with cellular biochemical studies.
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| undertook some experiments to explore whether putative Srx substrates were affected by
changes to Srx expression in Drosophila. Western blots demonstrated that expression of DJ-
1B (the neuronal Drosophila DJ-1 orthologue) was unperturbed in fly heads following changes
to Srx expression (Appendix Figure 2). Protein lysates were derived from flies that had been
reared on food containing sucrose-yeast solution with and without 5% H,O, for 48 hours to
induce OS, to see if this elucidated differences. However, no difference in DJ-1p levels were
observed under either condition. Cellular localisation and function of DJ-1p may be affected
by changes to Srx expression instead. Future experiments should apply this technique to

other putative Srx substrates, like Cathepsin B, to further unveil the function of Srx.

6.5. Final conclusions

Overall, this work suggests that Srx principally serves a modulatory role in Drosophila and
mammals to regulate the redox state of specific proteins and cellular processes, rather than
conferring widespread defence against OS. Srx mutations have pronounced effects on
Drosophila behaviour and physiology. Similarly, loss of Srx enhances neuron growth in
Drosophila and in rat primary hippocampal neuron cultures. Future work should strive to
elucidate the mechanisms underlying these changes to properly understand how this

antioxidant protein regulates neuron morphology and function.
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Appendix
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Appendix Figure 1. The transfection techniques used for the Amplex Red assay
successfully decreased Srx expression in HEK293t cells.

The transfection techniques used for HEK293t cells produce heterogenous cultures in
which most, but not all cells are transfected. Western blots were used to validate that the

techniques used for the Amplex Red assay would diminish overall expression.
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Appendix Figure 2. DJ-1B expression levels are unaffected by Srx mutations, or Srx
overexpression in Drosophila heads.

Flies were reared on the food made from sucrose-yeast solution with and without 5% H-O,
to induce OS via feeding. Protein lysates derived from fly heads show that neither condition
evoked changes to DJ-1B expression following changes to the expression of Srx. This
indicates that, if DJ-1p is in fact a substrate of Srx, Srx does not regulate DJ-1 expression

levels.
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Abbreviations

AA - Amino acid

Act5c - Actin 5C

ACTH - Adrenocorticotropic hormone

AD - Alzheimer’s Disease

ADP - Adenosine diphosphate

ALS - Amyotrophic lateral sclerosis
AMPA - a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AMS - 4-acetamido-4’-maleimidylstilbene-2,2"-disulfonic acid
ANLS - Astrocyte-neuron lactate shuttle
ANOVA - Analysis of variance

AP-1 - Activator protein 1

ATF - Activating transcription factors

ATP - Adenosine triphosphate

BCA - Bicinchoninic Acid

BIAM - Biotinylated lodoacetamide
BLAST - Basic local alignment search tool
bp - base pair(s)

Brp - Bruchpilot

BSA - Bovine serum albumin

bZIP - Basic-leucine zipper

CCCP - Carbonyl cyanide m-chlorophenylhydrazone
cDNA - complementary DNA

CDS - Coding sequence

CHO - Chinese hamster ovary (cells)

CNS - Central Nervous System

conA - concanavalin A

CoQ - Coenzyme Q

CRE - cAMP response element

CRY - Cryptochrome

CS - Corticosterone

DAM - Drosophila activity monitor

DD - Dark:Dark
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DEM - Diethyl maleate

DEPC - Diethyl pyrocarbonate

DIV - days in vitro

DM - Dissociation media

DMEM - Dulbecco’s modified eagle medium
DNA - Deoxyribonucleic acid

dNTP - Deoxynucleotide triphosphates
Dfz2 - Drosophila frizzled 2

DRP1 - Dynamin-related protein 1
EDTA - Ethylenediaminetetraacetic acid (EDTA)
elF2a - eukaryotic initiation factor 2 a
EJP - Excitatory junction potential

ER - Endoplasmic Reticulum

ERG - Electroretinogram

EST - Expressed sequence tag

ETC - Electron transport chain

EV - Empty vector

FADH2 - Flavin adenine dinucleotide
FFT - Fast fourier transform

FHD - Full high definition

FKBP - FK506-binding protein

FMN - Flavin mononucleotide

FOXO - Forkhead box O

FWRD - Forward (primer)

Gbb - Glass bottom boat

GFP - Green fluorescent protein

GIuR - Glutamate receptor

GM - Growth media

GPCR - G protein-coupled receptor
Gpx - Glutathione peroxidase

GSK-3p - Glycogen synthase kinase-3f3
GST - Glutathione s-transferase

GTP - Guanosine-5’-triphosphate
HBSS - Hank’s balanced salt solution

HCC - Hepatocellular carcinoma (cells)
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HEK293t - Human embryonic kidney 293t (cells)
Hela - Henrietta Lacks (cells)

HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HIS - Polyhistidine tag

HMW - High molecular weight

HRP - Horseradish peroxidase

HSP - Heat shock protein

hSrx - Human Sulfiredoxin-1

IP3 - Inositol-1,4,5-triphosphate (IP3)

JNK - c-Jun N-terminal kinase

KD - Kilo Daltons

KEAP1 - Kelch-like ECH-associated protein 1

KY - Kynurenate-Magnesium Solution

LAMP2A - Lysosome-associated membrane protein 2A
LB - Luria-Bertani (media)

LC3 - Light Chain 3

LD - Light:dark

LDH - Lactate dehydrogenase

LED - Light-emitting diode

LOF - Loss-of-function

LTP - Long-term potentiation

MAO - Monoamine oxidase

MAPK - Mitogen-activated protein kinase

MAPKK - Mitogen-activated protein kinase kinase
MAPKKK - Mitogen-activated protein kinase kinase kinase
MBP - Maltose-Binding Protein

MDA - Malondialdehyde

MEF - Mouse embryonic fibroblast (cells)

MHC - Myosin heavy chain

MOPS - 3-Morpholinopropane sulfonic acid (buffer)
MSA - Muscle surface area

mSrx - Mouse Sulfiredoxin-1

mTOR - Mammalian target of rapamycin

mTORC - mTOR complex

NAC - n acetyl cysteine
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NAD+ - Nicotinamide adenine dinucleotide (oxidised)
NADH - Nicotinamide adenine dinucleotide (reduced)
NADPH - Nicotinamide adenine dinucleotide phosphate
NMJ - Neuromuscular Junction

NOX - NADPH oxidase

Nrf2 - Nuclear factor erythroid 2-related factor 2

NT - Neurotransmitter

nt - nucleotide(s)

OS - Oxidative stress

PAGE -Polyacrylamide gel electrophoresis

PBS - Phosphate buffer solution

PBT - PBS with 0.05% Triton X-100

PCR - Polymerase chain reaction

PD - Parkinson’s disease

PE - P-Element

PER - Period

PERK - PRKR-like endoplasmic reticulum kinase
PET - Positron emission tomography

PFA - Paraformaldehyde

PI3K - Phosphoinositide 3-kinase

PINK1 - PTEN-induced kinase 1

PIP2 - Phosphatidylinositol-4,5-biphosphate

PIP3 - phosphatidylinositol-3,4,5-triphosphate (PIP3)
PLC - Phospholipase C

PMSF - Phenylmethylsulfonyl fluoride

PPP - Pentose phosphate pathway

Prdx - Peroxiredoxin

PTEN - Phosphatase and tensin homolog

gPCR - quantitative PCR

RCF - Relative centrifugal force

RET - Reverse electron transport

RF - Reading frame

Rh - Rhosopsin

RIPA - Radioimmunoprecipitation assay (buffer)

RISC - RNA-induced silencing complex
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RNA - Ribonucleic acid

RNAi - RNA interference

RNS - Reactive Nitrogen species

ROS - Reactive oxygen species

RPM - Revolutions per minute

rSrx - Rat Sulfiredoxin-1

RT-PCR - reverse transcription PCR

RTK - Receptor tyrosine kinase

RVRS - Reverse (primer)

SDS - Sodium dodecyl sulphate

sgg - shaggy

shRNA - short hairpin RNA

siRNA - short interfering RNA

SNc - Substantia nigra pars compacta

SOD - Superoxide dismutase

Srx - Sulfiredoxin-1

SSVEP - Steady state visually-evoked potential
Syn - Synaptotagmin

TAE - Tris-acetate-EDTA buffer

TBS - Tris-buffered saline (buffer)

TBS-T - TBS with 0.1% Tween-20

TH - Tyrosine hydroxylase

TIM - Timeless

TIM - Translocase Of Inner Mitochondrial Membrane
TNPO - Transportin

TOM20 - Translocase Of Outer Mitochondrial Membrane 20
TPA - 12-O-tetradecanoylphorbol 13-acetate
TRE - TPA response element

TRP - Transient receptor potential

Trx - Thioredoxin

TrxR - Thioredoxin Reductase

TTFL - Transcription-translation feedback loop
U20S - U2 osteosarcoma (cells)

UAS - Upstream activation sequence

UV - Ultraviolet (light)
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VMAT2 - Vesicular monoamine transporter 2
wg - wingless
WT - Wild type
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