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The de novo glutathione (GSH) synthesis pathway is highly conserved throughout all aerobic eukaryotic organisms.
Intracellular de novo GSH synthesis involves two ATP-dependent enzyme-catalysed reactions; the rate-limiting and
first reaction is mediated by glutamate cysteine ligase (GCL), which condenses glutamate and cysteine, to form
gamma-glutamylcysteine (y-GC). The second reaction involves the addition of glycine to y-GC by glutathione
synthetase (GS) to form GSH.

During ageing, a progressive decline in cysteine availability or the expression and activity of the GCL enzyme has been
implicated to contribute to a corresponding decline in cellular GSH levels. In mammals, the GCL enzyme is a
heterodimeric holoenzyme composed of the catalytic (GCLC) and modifier (GCLM) subunits. Though GCLC contains
all the substrate binding sites required for y-GC production, its interaction with GCLM modulates its catalytic efficiency.
The relative abundance of each subunit determines holoenzyme formation, with the GCLM subunit almost always
being limiting. Tissues that are more vulnerable to oxidative stress, such as the brain, have been demonstrated in
various rodent studies to have relatively lower levels of the GCLM subunit.

The nematode, Caenorhabditis elegans, presents a useful alternative ageing model to investigate the changes in
glutathione homeostasis due to its relatively short lifespan, and its expression of both the GCLC subunit (gcs-1 gene)
and the recently identified GCLM orthologue (E01A2.1 gene). In this study, C. elegans were used to show that ageing
leads to a pro-oxidising shift of the GSH/GSSG ratio with declines in GSH and y-GC levels beginning from early
adulthood. The regulatory role of the GCLM orthologue was also shown to maintain GSH levels in a manner similar to
that of mammals, demonstrating C. elegans as an appropriate model to investigate the regulatory function of the GCLM
subunit.

Increasing the availability of the thiol precursor substrates, cysteine and y-GC, were investigated to determine if the
decline in GSH synthesis is a result of limited cysteine availability or the decline in the enzymatic production of y-GC.
Experiments comparing the efficacy of the cysteine prodrug, N-acetylcysteine (NAC), with exogenous y-GC treatment
were conducted to establish a bioavailability profile of both GSH precursors and to elucidate any phenotypic differences
associated with improving longevity in GSH-compromised worms.
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Abstract

The intracellular de novo glutathione (GSH) synthesis pathway is highly conserved
throughout all aerobic eukaryotic organisms and involves two ATP-dependent enzyme-
catalysed reactions. The rate-limiting and first reaction is mediated by glutamate cysteine
ligase (GCL), which condenses glutamate and cysteine, to form y-glutamylcysteine
(y-GC). Glutathione synthetase (GS) then catalyses the addition of glycine to form GSH.
During mammalian ageing, a progressive decline in cysteine availability or the expression
and activity of the GCL enzyme has been implicated to contribute to a corresponding
decline in cellular GSH levels. GCL is a heterodimer composed of the catalytic (GCLC)
and modifier (GCLM) subunits. Though GCLC contains all the substrate binding sites,

its interaction with GCLM modulates the GCL holoenzyme’s substrate affinity.

The short lifespan of Caenorhabditis elegans and its expression of GCLC (gcs-1) and
GCLM (E01A2.1) orthologues makes it a suitable model to investigate age-associated
changes in glutathione homeostasis. Using a novel LC-MS/MS thiol analysis method, a
progressive pro-oxidising shift of the GSH/GSSG ratio with declines in both GSH and
v-GC levels was observed beginning from early adulthood, with no significant change in
cysteine levels over the first 10 days of adulthood. This metabolomic approach provided
evidence to support the hypothesis that the majority of the net loss of GSH levels in ageing

worms is due to lowered GCL activity.

Using reverse genetics (RNAI), silencing of the gclm gene in worms was shown to
correspond with a decline in GSH and an increase in cysteine levels. To understand the
temporal requirements of the gclm gene for ageing, RNAi was conditionally induced in

wild-type worms either immediately after hatching (through larval development) or



beginning at the start of adulthood. Silencing of gclm during larval development,
increased the incidence of vulval rupture and thrashing movement during ageing.
Considering the vulval rupture phenotype, the increase in thrashing rates of gclm
knockdown worms were perhaps indicative of a compensatory stress-response.
Pharyngeal pumping rates were lowered in gclm knockdown worms irrespective of the

timing of RNAI induction.

Liposome-encapsulated y-GC was fed to wild-type worms and gcs-1 mutants to explore
its therapeutic potential against chronic GSH depletion. Lifespan was significantly
increased in the wild-types as was the brood size of the gcs-1 mutants suggesting y-GC is
orally bioavailable and can bypass the rate-limiting GCL enzyme to directly act as a

substrate for GS.
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Introduction Chapter 1

1 Chapter One
1.1 Ageing

Ageing is the most significant risk factor for a wide range of diseases including cancer,
neurodegeneration and cardiovascular diseases. Interventions directed towards treating
the underlying ageing process as a preventive measure, rather than targeting the onset of
individual chronic diseases, will require a shift in the current paradigm of how ageing is
viewed in terms of disease (1). With global population growth expected to reach close to
10 billion by 2050 (2), coupled with the projected rise in the proportion of people over
the age of 65, the higher demand for health services will lead to increased socio-economic
strain. Efforts to delay morbidity and condense the fraction of life spent in poor health
(3), also known as increasing healthspan, is a practical approach to address these issues
of future generations. Interventions that increase the current healthspan trajectories will
significantly lower the economic burden, healthcare challenges and societal impacts to

meet the demands of an ever-increasing ageing population.

Biological ageing is the process by which a gradual decline of physiological integrity
causes impaired function and increased vulnerability of the organism to morbidity and
mortality (4). The hallmarks of ageing represent intrinsic biological processes conserved
across diverse species, with several being exclusive to mammalian ageing (4). These
include: genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
dysregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication (4). Understanding the
interconnectedness between these individual factors and their relative contributions to

physiological decline is one of the main objectives within the field of ageing research.
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1.1.1 Ageing theories, oxidative stress and antioxidant systems

There is a diverse range of physiological changes associated with ageing. Several
hypotheses attempt to clarify this complex biological process to facilitate our
understanding of these changes that occur (5, 6). One of the more widely held theories,
the free radical theory of ageing, first proposed in 1956 by Denham Harman, suggests
that the causal mechanism of ageing is due to free radicals, formed endogenously from
respiratory metabolism, having damaging interactions with cellular macromolecules (7).
These free radicals include reactive oxygen species (ROS), which are partially reduced
metabolites of molecular oxygen, that are mainly generated as by-products of oxidative
phosphorylation (8). ROS were initially considered to be strictly toxic molecules and
detrimental to cellular processes. Antioxidant defences are organised by a complex and
integrated network of enzymes and small molecules that serve to protect against the
damaging effects of ROS and other free radicals. Oxidative stress is defined as an
imbalance involving excess production of ROS and/or limited availability of antioxidant
systems to protect against potential cellular damage (9). Numerous studies have
demonstrated that oxidative damage correlates with an increase in age (10). Oxygen-
centred radicals, including superoxide (‘O2) and the hydroxyl radical (-OH), involve one-
electron transfer, whereas oxygen-centred non-radicals, such as hydrogen peroxide
(H203), are involved in two-electron transfer (11). The process of oxidative stress is
thought to predominantly involve non-radical (>99%) reactions rather than the commonly
perceived free radical reactions (<1%) (12, 13). In general, Harman's original free radical
theory has since been adapted to include the role of all forms of ROS, reactive nitrogen

species (RNS), and other free radicals that may contribute to oxidative stress (14).
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Interestingly in more recent discoveries, ROS have been shown to play dual functions
within aerobic cells, serving as either beneficial signalling molecules in normal cellular
processes, or as detrimental oxidising agents that can damage cellular macromolecules,
such as proteins, lipids or nucleic acids (15-17). While there is frequently a correlation
between oxidative damage and lifespan, studies across species appear to contradict the
free radical theory by reporting cases in which oxidative damage and lifespan are
uncoupled (18, 19). Interestingly, increasing exposure to oxidants can also increase
lifespan (20). These findings provide further evidence for the key roles of various ROS

in the signalling process.

The most intuitive approach to delay the progression of ageing and mitigate the
accumulation of oxidative damage by replenishing cellular antioxidant defences has been
inconsistent in various organisms (21). For example, it has been suggested that the
recommended dietary intake of Vitamin C is perhaps too low to protect from oxidative
stress based on human clinical data (22). Others have shown that excess administration
of endogenous antioxidants, including Vitamin C and E, may lead to pro-oxidative effects
under certain conditions (23, 24). Conversely, the hormesis hypothesis describes the
phenomenon by which a mild stress, such as an increase in ROS production, can induce
a protective response against subsequent stresses where the protection afforded exceeds
the initial damage caused by the insult (25). The relationship between antioxidant
defences and ROS and their effect on ageing is indeed complex. Accordingly, research
investigating the ageing process needs to consider the dual roles of ROS and free radicals
as oxidative stressors/signalling molecules and their contributions to the fluctuations in

cellular redox potential (26-28).
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1.1.2 Influence of the redox environment with ageing

The redox theory of ageing postulated by Jones in 2015, integrates several key concepts
related to the free radical theory that explains the physiological process resulting from
disruption of the redox network, in addition to the cellular damage resulting from an
imbalance of pro-oxidants and antioxidants (29). The redox environment is the overall
spatiotemporal balance of oxidation-reduction systems within the integrated
compartments of the cell, tissues and the organism as a whole (30). Redox systems are
regulated under dynamic, non-equilibrium conditions, which become progressively

oxidised in the ageing process (31, 32).

The redox theory of ageing describes the role of electron transfer to provide energy
currencies to support metabolism and coordinate the overall organisation of living
organisms, including cell structure and function (29, 33, 34). The cellular redox state is
determined by the activity of relative ratios of cellular and extracellular redox couples.
The two major systems, the pyridine nucleotide (NADH/NAD*, NADPH/NADP™) and
thiol systems differ considerably in organisation but both co-ordinate the cellular redox
environment (30). The thiol system includes the low molecular-weight thiol/disulfide
couples such as glutathione (GSH/GSSG) and cysteine/cystine, and the oxidised/reduced
states of redox enzymes that have cysteine residues at their active-sites such as
thioredoxins, glutaredoxins (32), and peroxiredoxins (35, 36). All these play major roles
in the maintenance of the cellular redox environment. The electron carriers NADH and
NADPH support metabolic requirements and maintain the redox status of the cell. The
NADH/NAD" redox couple assists in ATP synthesis, while the NADPH/NADP* system
supports the maintenance of the thiol system which includes recycling of GSH from

GSSG (37). The oxidation-reduction state of a given redox couple, can be calculated by
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the Nernst equation. The redox state of the NADH/NAD™ and NADPH/NADP?* couples
operate at equilibrium, whereas the GSH/GSSG couple operates at low flux rather than
near-equilibrium. When calculating the redox status, only an estimation of the ratio of the
oxidised and reduced forms of the NAD and NADP couples are necessary, while absolute
concentrations of GSH and GSSG are both required for calculations using the Nernst

equation (31).

Glutathione (GSH) is a ubiquitous intracellular thiol tripeptide (y-L-glutamyl-L-
cysteinyl-glycine), synthesised in the cytosol of all eukaryotic cells (38). GSH is often
referred to as the major antioxidant of the cell, though the functions of GSH extend
beyond its antioxidant properties to many other essential cellular processes, including
detoxification of xenobiotic compounds, modulation of cell proliferation, transport and
storage of cysteine and maintenance of redox status (38-40). GSH plays a central role in
the thiol-based redox network (Figure 1-1). Current evidence suggests that the cellular
redox environment is governed by the enzymatically-controlled reactions that facilitate
the turnover of GSH rather than by the thermodynamic control of the GSH/GSSG
couple (41). This challenge of the accepted view that the GSH/GSSG couple acts as the
major redox buffer in the cytosol is supported by in vivo studies that utilise the application
of genetically encoded redox sensors in Caenorhabditis elegans to understand the spatial
patterning of cellular redox potentials (42). The authors concluded that the GSH/GSSG
couple amplifies small changes in its oxidation state to large changes in redox potential
by the oxidation of cysteine residues embedded in proteins, rather than having a direct

buffering effect on the cellular redox potential.
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Figure 1-1. Thiol-based redox network in eukaryotes

Glutathione (GSH) is synthesised in the cytosol via the de novo pathway (green box). The
GSH salvage pathway (light blue boxes) occurs intracellularly via the reduction of GSSG
by glutathione reductase (GR), and extracellularly through y-glutamyl transpeptidase
(y-GT) mediated degradation of exogenous GSH. The y-GT activity generates
cysteinylglycine (CysGly) and a gamma-glutamyl amino acid (y-Glu-AA). CysGly is
hydrolysed by dipeptidases (DP) and the Cys is taken up by peptide transporters (Pept)
to become available for de novo GSH synthesis. The transsulfuration pathway provides
an alternate source of cysteine via methionine. GSH is utilised by several major GSH-
dependent enzymes; glutathione peroxidases (GPx) to reduce hydroperoxides;
glutathione S-transferases (GST) to solubilise xenobiotics by the formation of GSH
conjugates (GS-x). These GSH-conjugates, and GSSG, can then be exported from the cell
via multidrug resistance proteins (MRP). Glutaredoxins (Grx) are primarily responsible
for the de-glutathionylation of cysteine residues (PS-SG) present on proteins. The
NADPH-dependent thioredoxin system (Trx/TrxR) functions by reducing peroxiredoxins
(Prx) which are usually bound together as oxidised dimeric forms owing to their
peroxidase activity.
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1.2 Thiol-based redox signalling

Thiol-based redox signalling occurs as part of normal cellular processes in response to
elevated free radical and ROS production, which can affect many essential cellular
processes including; phosphorylation pathways, gene transcription, cytoskeletal
organisation and ion channel activity (43-45). Protein thiols undergo post-translational
oxidative modifications including, S-glutathionlyation, S-nitrosylation and metal binding
at specific cysteine residues that can affect redox signalling (41, 46, 47). The abundance
of cysteine residues in proteins increases with organism complexity, ranging from
~0.50% in archaea to ~2.25% in mammals (48), and is postulated to reflect the evolution

of cysteine’s signalling and control functions (49, 50).

The distinction between redox signalling-thiols and redox-sensing thiols has recently
been discussed by Jones (51). Redox-signalling thiols are involved in specific signalling
processes in which a redox element initiates an activation or inhibition signal and
comprise a relatively small number of total cysteine residues (within the cysteine
proteome) compared to redox-sensing thiols (52). Redox-sensing thiols on the other hand,
mediate global protein thiol-dependent control by altering the rates or conditions in which
a signalling pathway can function without fundamentally altering the signalling
mechanism (Figure 1-2) (33, 51, 52). Current methods are limited for a systems biology
approach to understand redox-sensing thiols and thus they remain poorly defined. This
technical difficulty is largely due to the reactivity of thiols differing by several orders of

magnitude (52).

Disruption of the cell’s ability to effectively facilitate the redox environment due to
aberrations in the optimal function of both redox-signalling and redox-sensing thiols may

possibly have a causative role in the ageing process that explains, at least in part, the
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nuances of the redox theory of ageing (13, 29, 32, 53). There remains much to be
elucidated about the functional roles of the respective residues of the cysteine proteome

in redox signalling and how these are affected during ageing.

The human cysteine proteome contains an estimated 214,000 unique residues, comprising
approximately 2% of the total proteome (12). The majority of cysteine residues support
redox-signalling, largely by non-radical two-electron transfer, that coordinate and
integrate functional networks in the redox circuitry system (12). A recent review has also
discussed the possible role that free radicals have in signal transmission of thiol-based
signalling (43). In the thiol network, hydrogen peroxide (H20) has a notable role as a
second messenger in transmitting the signal regardless of which oxidant initiates the
signal (43, 54). The extent of the involvement of H.O> as a second messenger is not yet

fully understood, especially in the context of ageing.
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Figure 1-2. Redox sensing and redox signalling thiols

Redox signalling thiols are thought to comprise a small subset in cell signalling, while a
larger number of redox sensing thiols coordinate cell functions in response to redox
changes. The concept of redox-sensing is that modification of these sensing thiols
provides means to alter protein activity which can govern the global signal activities
without fundamentally altering the signalling mechanism per se. The distinction that can
be made between the two is that redox-signalling thiols are directly involved in a
signalling pathway, and redox-sensing thiols function in regulation and coordination of
cell signalling but are not obligatory to the mechanism.
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1.2.1 Reversible and irreversible oxidative modifications

The reversible oxidation of protein thiols can act as ‘redox switches’ that control a range
of functions of the protein, including regulation of protein activity, stabilisation of protein
structure, formation of protein activation complexes, and control of protein
distribution (51, 55). The reactivity of the thiol group of cysteine residues plays a role in
determining the catalytic and structural roles of a protein. The interdependence of the
structural and chemical characteristics of the cysteine residue such as, the oxidation state
of the sulfur atom, the bond lengths and angles of the cysteine residue, the structural
location of the residue within a protein, and its properties as an acid/base or as a
nucleophile/electrophile all influence the reactivity of the thiol (49). The redox states of
the sulfur atom in cysteine residues can exist as a thiol, a thiyl radical, a disulfide, or as a

sulfenic-, sulfinic-, or sulfonic acid (Figure 1-3).

Protein thiols that form intra- or intermolecular disulfide bonds can be classified as
catalytic or structural disulfides based on their half-life. Short-lived disulfides are usually
involved in catalytic redox cycles and once formed can be rapidly broken. Structural
disulfides, formed under partially oxidising conditions in the endoplasmic reticulum,
typically stabilise a protein in a defined tertiary or quaternary structure until the protein
is degraded. Allosteric disulfide bonds are a different type of disulfide bond that can
control protein function by the formation or breaking of a disulfide bond at an allosteric
site of the protein, resulting in a conformational and/or functional change at another

distinct site of the protein (56).
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Figure 1-3. Summary of protein thiol modifications

Protein thiols can undergo a variety of oxidative modifications, including reversible and
irreversible redox states that have roles in the thiol-mediated signalling network. It is
proposed that oxidative modifications do not occur at random, but are selective and
dependant on factors such as, the oxidant that is in excess in the system, the antioxidant
system compromised, and the structural proximity of the thiols. Protein
S-glutathionylation is proposed to help sustain the thiol-mediated signalling pathway in
ageing to protect against damaging irreversible modifications. Prolonged exposure to
oxidants can result in irreversible modifications such as S-sulfinic acid or S-sulfonic acid,
which are formed by an excess of the second messenger, H2Ox.
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1.3 Glutathionylation: A possible role in the ageing process?

Many intracellular redox responses involved in signalling and protein function are
regulated by protein S-glutathionylation, which forms disulfide bonds between GSH and
the cysteine residues of proteins. In an early review by Klatt and Lamas (57), the potential
roles for S-glutathionation in stress signalling pathways and in the adaptive cellular
response to oxidative and nitrosative stress were initially discussed. Since then, the
mechanistic role of protein S-glutathionylation has gained prominence with many
proteins now known to be modulated by this post-translational modification (58, 59).
Protein S-glutathionylation can either activate or inhibit the activity of a range of proteins,
including enzymes, mitochondrial and cytoskeletal proteins, signalling molecules,
transcription factors, heat shock proteins (HSPs), and ion channels. The resulting
modifications serve as dynamic regulatory events in the control of the cellular redox
environment (60-62). In the case of enzymes, where the target cysteine is located at the
active site, S-glutathionylation can result in inhibition of the enzyme activity (63). Some
proteins can be S-glutathionylated at more than one cysteine residue, allowing for their
activities to be modulated in a site selective manner (61). S-Glutathionylation also
prevents the irreversible oxidation of cysteine residues and thereby conserve the functions
of the redox signalling pathways (64). Other low-molecular weight thiols, such as
cysteine, homocysteine and cysteinylglycine can also form protein-mixed disulfides
which can prevent irreversible oxidation. S-Glutathionylation is recognised as the
predominant intracellular mechanism of reversible cysteine modification due to the
relatively high cellular concentrations of GSH compared to other thiols (61). Proposed

mechanisms by which thiol moieties of proteins can form glutathione mixed-disulfides
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(S-glutathionylation) include, thiol-disulfide exchange, and through other intermediates

such as sulfenic acid, sulfenylamide, thiyl radical, thiosulfinate and S-nitrosylation (65).

1.3.1 Glutaredoxins: catalysts of reversible de-glutathionylation reactions

The reversal of protein S-glutathionylation (de-glutathionylation) involves the removal of
the GSH moiety from the cysteine residue of the protein and is most notably catalysed by
the family of small enzymes known as glutaredoxins (GRx) (61). Protein
S-glutathionylation is recognised as an efficient regulator of redox signal transduction
largely due to the reversibility of the reaction (60). Though it is now recognised that
S-glutathionylation is involved in redox signalling, the dynamics of the enzymatic control
by the redox network that lead to S-glutathionylated proteins remain unclear (58). The
glutaredoxin enzymes have been commonly accepted as the main catalysts of reversible
protein de-glutathionylation, which is analogous to the post-translational modifications
of phosphatases in dephosphorylation reactions (61). The activities of the two key human
glutaredoxin isoforms, Grx1 (predominantly cytosolic) and Grx2 (mitochondrial) are vital
to the reversible signalling response of protein S-glutathionylation in several tissue types
by mediating the de-glutathionylation reaction (66, 67). Additional alternate pathways
leading to protein de-glutathionylation have also been proposed, however these remain

poorly characterised (58).

1.3.2 Implications of S-glutathionylation in ageing and disease

Changes in protein S-glutathionylation influence many cellular regulatory events
intrinsically linked with the ageing process (68). While the impairment of protein
S-glutathionylation has not been extensively studied in the context of age-related GSH
depletion, a recent review has outlined several major neurogenerative diseases that are
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linked with changes in protein S-glutathionylation (69). It is imperative to understand
how altered GSH metabolism leads to changes in thiol-mediated signalling, and to
elucidate the mechanisms by which the age-associated changes in GSH control the degree
and specificity of protein S-glutathionylation targets. This will assist to determine how
central this post-translational modification is in the context of cellular redox signalling.
Currently, there are no studies that have investigated the global changes in cellular protein
S-glutathionylation in human ageing. However, the concentrations of several low-
molecular weight thiols (including cysteine, cysteinylglycine, homocysteine and GSH)
and the concomitant levels of S-thionylated proteins (i.e. the sum of all forms of
S-thionylation) to total protein thiol residues have been measured in the plasma of ageing
humans (70, 71). In two landmark studies testing plasma levels of S-thionylated proteins
of healthy individuals (20-93 years), S-cysteinylated and S-homocysteinylated proteins
were shown to increase significantly in aged individuals compared to no significant
difference in S-glutathionylation modification of proteins between the age groups (70,
71). Cysteine is the most abundant plasma thiol, with concentrations two orders of
magnitude higher than GSH in humans. Accordingly, the authors concluded that cysteine
is the main low-molecular weight thiol involved in protecting plasma proteins by
S-thionylation, whereas intracellular proteins are predominantly S-glutathionylated due
to the high intracellular GSH levels (70). This suggests that intracellular protein
S-glutathionylation possibly increases in a similar manner to that of the extracellular
S-cysteinylation levels, which may lead to discoveries for the fate of the decline in free

thiol GSH levels with ageing.
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1.4 Glutathione

1.4.1 Synthesis

Cellular GSH is maintained by the de novo synthesis and the salvage pathways (72). De
novo synthesis of GSH occurs in the cytosol and involves two consecutive
ATP-dependent reactions (Figure 1-4). The first is catalysed by glutamate cysteine ligase
(GCL) to produce y-glutamylcysteine (y-GC) (73). The second, catalysed by glutathione
synthase (GS), condenses y-GC with glycine to produce GSH. The activity of the GCL
enzyme is regulated by non-allosteric feedback inhibition exerted by GSH (74). Unlike
GCL, no feedback control mechanisms have been observed that affect the specific activity
of the GS enzyme (38). During neutralisation of ROS and free radicals, GSH donates an
electron, with two of the resulting GSH molecules becoming oxidised through the
formation of a disulfide bond to form glutathione disulfide (GSSG). The GSSG may then
be excreted from the cell or recycled back into two molecules of GSH by the activity of
the NADPH-dependent glutathione reductase (GR) enzyme to maintain GSH levels at

>98% of the total cellular glutathione pool (75, 76).

NH2 NHz
HOTE/\\/J\J/OH HO?E)
Glutamic acid Glycine
H
GCL HS
Cysteine -glutamylcysteine Glutathione reduced

Figure 1-4. The de novo GSH synthesis pathway
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For the extracellular salvage pathway, the membrane-bound y-glutamyl transpeptidase
(y-GT), transfers GSH’s y-glutamyl moiety to a free amino acid, commonly cystine,
releasing cysteinylglycine in the process. The cysteinylglycine is then further broken
down by dipeptidases located on the outer surface of the cell membrane to generate
cysteine and glycine which are then taken up by the cell (38). GSH is both the major
antioxidant of the cell and the main regulator of thiol redox status via the GSH/GSSG
redox couple. A consistent underlying index of ageing is a decline in the cellular levels
of GSH and/or a pro-oxidising shift in the GSH/GSSG redox couple. The role of the
GSH/GSSG redox couple ratio in maintaining redox status and its decline with ageing
has been previously reviewed (32). The ratio is the primary determinant of the redox
status of the cell due to the GSH pool being approximately three to four orders of
magnitude higher in abundance than other major redox couples, such as the pyridine

nucleotide and related thiol couples (32, 77).

1.4.2 Age-related loss in GCL regulation

Glutamate cysteine ligase (GCL), also known as y-glutamylcysteine synthetase (GCS), is
a heterodimeric holoenzyme comprising a catalytic (GCLC) and modifier (GCLM)
subunit. Across several divergent species, including human, mouse and Drosophila
melanogaster both subunits are encoded on separate chromosomes (78, 79). The specific
activity of GCL is a major determinant of the rate of GSH synthesis and homeostasis.
Changes in GCL activity can result from regulation at multiple levels affecting both
catalytic and modifier subunits together or each individually (Figure 1-5). Studies
examining the regulation of synthesis of each of the two subunits have identified that they
are independently regulated and display cell-specific differences in both constitutive and

inducible expression, presumably due to the difference in loci of each subunit gene (80).
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Figure 1-5. Cellular regulation of human glutamate cysteine ligase (GCL)

The GCL enzyme is regulated at multiple levels. The Gclc gene is located on chromosome
6p12 and Gclm on chromosome 1p21-p22. Transcription of each subunit can be
individually induced with the mRNA of each subunit able to be post-transcriptionally
controlled by different signalling pathways. Holoenzyme formation is determined largely
by the availability of the limiting GCLM protein subunit. Upon holoenzyme formation,
the production of y-GC (indicated by larger lettering) increases due to the decrease in
Km for glutamate and ATP, while the K for GSH increases. The decrease in the inhibitory
effect of GSH on GCL is represented by dashed-lines of GCL holoenzyme inhibition
compared to full lines for the GCLC subunit alone. The Nrf2 transcription factor remains
localised in the cytosol in the absence of oxidative stress. When the cell is subjected to
oxidative stress, Nrf2 translocates to the nucleus where it can induce both the Gclc and
Gcelm genes by binding to their respective antioxidant response elements (AREs).*

! This figure was published in Ferguson, G & Bridge, W. (2016) Glutamate cysteine ligase and the age-
related decline in cellular glutathione: the therapeutic potential of y-glutamylcysteine. Archives of
Biochemistry and Biophysics. 593, 12-23.
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The GCLC active site facilitates the formation of the peptidic amide between cysteine's
amino group and glutamate's y-carboxyl group (81). Although the GCLC subunit contains
all the substrate and cofactor sites required to catalyse the production of y-GC, its
interaction with GCLM both increases the K; for inhibition by GSH and enhances the
enzyme activity by lowering the Ky for glutamate and ATP, without lowering it for
cysteine (82). The inhibition constant (K;) is defined as the concentration of inhibitor
required to lower the maximum reaction rate (Vmax) to half of the uninhibited rate
observed in the presence of a low substrate concentration. The lower the K;, the lower the
concentration of inhibitor required to decrease the rate of y-GC formation. The lowering
of Kn for glutamate and ATP indicates that the enzyme has a higher binding affinity for
the substrates upon holoenzyme formation. Though it had been initially assumed that the
GCLM subunit did not alter the catalytic properties of the GCLC subunit (83), it has since
become more apparent that the modifier subunit plays a critical regulatory role in the
overall activity of the holoenzyme across phylogenetically divergent species (79, 82, 84-
87). Work that investigated the age-related changes of kinetic activity of GCL in the
housefly (Musca domestica) has supported the hypothesis that de novo GSH homeostasis
declines with age in the organism primarily due to a decline in GCL activity (88).
Longevity studies in D. melanogaster have observed a 50% increase in lifespan in flies
that had the GCLC subunit overexpressed in neuronal cells, with an increase up to 24%

observed when the GCLM was expressed systemically in the organism (89-91).

The majority of in vivo research investigating the age-related decline in GCL activity has
been conducted in rodents. Work published in 2000 reported for the first time, an age-
related decrease of the mRNA and protein levels of GCLC and GCLM in the livers,

kidneys and lungs of aged rats (24 months) compared to young rats (3 months) (92).
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Numerous studies have since reported the age-related decline of GSH to be correlated
with a decline in the expression and activity of the GCLC and/or GCLM subunit levels.
A decline in the activity of the nuclear factor erythroid 2-related factor 2 (Nrf2
transcription factor) has been reported to be involved in the transcriptional mechanisms
that contribute to the decline in GCL expression in the livers of aged rats (93). It was
observed that ageing results in a 50% loss in total and nuclear Nrf2 levels, accompanied
by a reduced binding capacity of Nrf2 to the antioxidant response element (ARE) (93).
The impairment of the Nrf2 transcriptional activation activity currently remains the only
molecular mechanism elucidated that explains, at least in part, the age-related decline of
GCL in mammals. Defining these unknown mechanisms of the age-related decline in
GCL regulation may inform our understanding of the aetiology of many age-related

diseases and assist in formulating appropriate therapeutic strategies.

There appears to be tissue-specific differences with the basal regulation of both GCL
subunits. The GCLC:GCLM ratios in mice have been reported to range from
approximately 2:1 in heart and spleen tissue to 7:1 in neuronal tissue (85). These lower
relative levels of neuronal GCLM may explain the role of the modifier subunit in age-
related diseases and describe the susceptibility of neuronal tissue to oxidative stress in
age-related disorders. The degree of disproportionate regulation for the two subunits can
influence the activity of GCL under various cellular stresses (94). Studies conducted in
the ageing rat brain for example, indicate that changes leading to a decrease in GCLM
expression are a major cause of the decline in GSH levels in the cerebellum, cerebral

cortex, and hippocampus (95).
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1.4.3 The therapeutic potential of y-GC to increase cellular GSH

Due to its potential to bypass the rate-limiting step of the de novo GSH synthesis pathway,
we have proposed that the most immediate precursor to GSH, y-GC, be explored as a
therapeutic strategy to elevate GSH levels with ageing (96). In 1983, Anderson and
Meister were the first to report on the ability of y-GC to augment cellular GSH levels,
demonstrating GSH increases in the kidneys of mice following intraperitoneal y-GC
administration (97). Further studies have shown that treatment of various cell types with
y-GC and its esterified form, gamma-glutamylcysteine ethyl ester (GCEE), can protect
against oxidative damage by increasing the intracellular levels of GSH (98-105).
Evidence suggests that y-GC exhibits antioxidant properties independent of GSH due to
the sulthydryl group of the cysteine residue which is conserved in both y-GC and GSH.
It has been known for several decades that y-GC can also serve as a substrate for several
isoforms of rat liver glutathione S-transferases (GSTs), indicating that the immediate
GSH precursor can potentially have a role in GSH-dependent reactions (106). Initial
evidence indicating that y-GC exhibits antioxidant protection was in yeast models lacking
the gsh2 gene which codes for GSH synthetase (GS), this resulted in y-GC accumulation
and compensatory protection under conditions of oxidative stress (107). Studies in
humans with an inherited GS deficiency, have demonstrated that endogenous y-GC
accumulation affords protection against oxidative stress in fibroblast cells, providing
further evidence of the antioxidant capacity of y-GC (108). More recent studies have
demonstrated the ability of y-GC to maintain redox control, both in vitro and in vivo cell
models, by acting as a glutathione peroxidase-1 (GPx1) cofactor during detoxification of

mitochondrial H202 (109).
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Intracellular y-GC concentrations are exceedingly low in the presence of GS (110).
Therefore, any exogenously administered y-GC taken up actively or passively via putative
dipeptide transporters on the cell membrane should effectively bypass any dysfunction of
the GCL enzyme (111). It could be expected that all y-GC taken up by cells would be
converted to GSH by the uninhibited and constitutively expressed GS, providing that
glycine and ATP do not become limiting. The degree to how much cellular GSH levels
could be increased by y-GC administration would be determined by the rate of y-GC
uptake and the rate of GSH consumption. A recent human clinical study in healthy
individuals has demonstrated that orally administered y-GC can significantly increase

lymphocyte GSH levels suggesting it has systemic bioavailability (112).

Administration with y-GC offers potential advantages over other substrate-based
approaches, such as treatment with cysteine or GSH. Cysteine supplementation feeds
directly into the rate limiting GCL enzyme, which is unfavourable if the activity of the
GCL enzyme declines with age. While the high intracellular concentration of GSH
making passive cellular uptake thermodynamically unfavourable, along with the presence
of the membrane-bound y-GT enzyme, and absence of GSH transporters in the majority
of cell types, makes administration of exogenous GSH an ineffective strategy for

increasing cellular GSH levels above homeostasis (96).
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1.5 Caenorhabditis elegans as a model organism for human ageing

Caenorhabditis elegans has become a prominent model to study various aspects of ageing
and longevity due the advantages of genetic analysis, a well characterised larval lifecycle,
and a relatively short median lifespan of approximately 2-3 weeks (Figure 1-6). After
embryonic development and egg hatching, the life cycle of the worm includes a series of
four larval stages (L1-L4). During these stages, an alternative, intermediary stage (known
as dauer) after L2 can occur resulting in the worm entering a state of arrested
development. Dauer arrest is usually in response to environmental stresses such as
overcrowding or starvation. Following larval development, there are four phenotypically
distinct stages of the adult lifespan (113). Stage | is the period of self-fertile reproduction.
Stage Il is defined as a post-reproductive period and is characterised by fast body
movement. Stage 111 commences with reduced motor activity and proceeds to the end of
the pharyngeal pumping. Stage IV begins at the period of minimal motor activity to the

end of the lifespan (113).

The initial work in C. elegans that led to its adoption as a popular model for ageing began
with studies investigating mutations in genes of the insulin-like growth factor (IGF-1)
signalling pathway. A mutation in the age-1 gene, which encodes for the
phosphatidylinositol-3-OH kinase (PI3K) orthologue in the worm, was observed to
increase the mean lifespan by 40% and the maximal lifespan by 60% (114). Later
investigations revealed that knocking down the daf-2 gene, which encodes for the IGF-1
receptor (upstream of age-1), results in the decline in signalling of the pathway, doubling
the lifespan of the worm compared to the wild-type (115). Many other significant findings
have since been made regarding the influence of signalling pathways and molecular

mechanisms on longevity in C. elegans (116).
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Stage IV adult
(Minimal motor activity; Final stage until death)

Stage lll adult
(Stage |; Reproductive) (Reduced motor activity)
— — -

Aging
(Median lifespan ~17 days)

L3
Larval development

(~3 days)

L2

—

L1

Stage Il adult
(No longer reporductive; Fast body movement)

Figure 1-6. Life cycle and age-related changes of wild-type Caenorhabditis elegans

The majority of C. elegans are hermaphrodites with only a small proportion of male (<0.1%) produced each generation. Under controlled laboratory conditions, the common

food source used throughout most studies is Escherichia coli OP50. To reach the gravid adulthood, the larvae must pass through four distinct larval stages (L1-L4).
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Once DAF-2 becomes activated, it initiates a signalling kinase cascade (Figure 1-7),
resulting in the phosphorylation and consequently cytoplasmic retention of
DAF-16 (117). Downstream of the DAF-2 receptor are a series of highly conserved
proteins, including the AGE-1 and the FOXO family transcription factor DAF-16 (118).
In the daf-2 mutants, the reduced signalling in this pathway leads to the translocation of
DAF-16 to the nucleus where it is constitutively active and able to induce the expression
of a variety of stress-related genes that control heat shock proteins (HSPs), pathogen
resistance, metabolism, transcriptional repression, protein degradation and antioxidant
defence (119, 120). The involvement of DAF-16 in determining the lifespan of the worm
is illustrated in daf-16 mutants which are severely short-lived, show increased sensitivity
towards paraquat-induced oxidative stress, and exhibit higher protein carbonylation levels
(121, 122). Mutations in the C. elegans insulin-signalling pathway have indicated that an
increase in oxidative stress protection may contribute, at least in part, to the lifespan
extension. However, the roles of the DAF-16-regulated genes associated with this
increase remain unclear, as does the mechanisms by which antioxidant systems function
in the insulin-like signalling pathway. Besides being used as a model for investigating
signalling pathways, C. elegans have also been used to investigate other processes that
affect ageing in humans, such as oxidative stress and redox homeostasis (19, 123-129).
Interestingly, the percentage of cysteine in the proteome of C. elegans is 1.97%, which is
near the levels of mammals (2.25%) when compared to the simpler single-celled archaea
(0.50%) (48). This similarity in cysteine abundance between mammals and nematodes
makes C. elegans a promising model to understand thiol-mediated signalling during

ageing.
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Figure 1-7. The canonical insulin/insulin-like signalling pathway in C. elegans

Left panel: Proteins involved in cytoplasmic retention of DAF-16 are shown in red.
Briefly, an extracellular insulin-like agonist binds to and activates the DAF-2 receptor.
The AGE-1 adaptor protein (AAP-1) and the putative insulin receptor substrate homolog
(IST-1)  potentiates  the  insulin-like  signalling.  This  activates  the
phosphatidylinositol-3 OH kinase (AGE-1) that catalyses the conversion of
phosphatidylinositol bisphosphate (PIP2) into phosphatidylinositol trisphosphate (PIP3).
By binding to PIP3, the phosphoinositide-dependent kinase (PDK-1) can phosphorylate
and activate the AKT-1/2, SGK-1 complex. These active kinase complexes lead to the
phosphorylation of the DAF-16 transcription factor restricting it to the cytoplasm (130).
Right panel: Suppression of DAF-2 signalling in daf-2 loss-of-function mutants or in the
presence of an antagonist ligand, results in DAF-16 not becoming phosphorylated. It can
then be translocated to the nucleus where it regulates the transcription of several stress
response genes.
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1.5.1 The de novo and salvage glutathione synthesis pathway genes of C. elegans

The identification of the GSH cycle thiol intermediates in C. elegans indicated that it has
a GSH metabolic network similar to that present in mammals (131), where de novo GSH
synthesis occurs in the cytosol and involves the same two consecutive ATP-dependent
reactions. In whole worm homogenates, the GSH concentrations have been reported to
range between ~10-40 nmol/mg protein (132-134), with the GSH:GSSG ratio of young
adult wild-types being approximately 70:1 (132, 135). In C. elegans, the gcs-1 gene
encodes for the ortholog of the human GCLC (catalytic) subunit. Based on the predicted
amino acid sequence homology, the C. elegans GCS-1 has a 54% identity to the human
GCLC ortholog (26). The expression of gcs-1 is regulated by the SKN-1 transcription
factor in both constitutive and stress-induced conditions in various tissue types of C.
elegans (136, 137). The SKN-1 transcription factor is a functionally conserved
homologue of Nrf2 that controls the up- or down-regulation of approximately 300 genes
under non-stressed conditions (138, 139). The p38 mitogen-activated protein kinase (p38
MAPK) pathway in C. elegans has been shown to upregulate gcs-1 expression in the
intestine via the PMK-1-mediated phosphorylation of and subsequent accumulation of

SKN-1 to the intestinal nuclei in response to oxidative stress (140).

However, intestinal gcs-1 expression in C. elegans has also been demonstrated in RNA
interference (RNAI) studies to be induced by pathways that are exclusive or independent
to either p38 MAPK or SKN-1 (141). Inhibition of SKN-1 occurs through
phosphorylation by the activity of glycogen synthase kinase-3 (GSK-3), which has been
shown to inhibit gcs-1 transcription (142). The WD40 protein, WDR-23, is a direct
repressor of SKN-1 (143). WD40 proteins are ~40 amino acid repeats that preferentially

end with a tryptophan and aspartic acid (WD) motif which facilitate protein-protein
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interactions (144). One study has shown that wdr-23(tm1817) mutants produce over 4-
fold higher levels of GSH compared to age-matched wild-type worms (145). RNAI
knockdown of skn-1 in the wdr-23 mutant worms completely suppressed the increase in
GSH levels observed in the wdr-23 mutants, indicating that the high levels observed in

the wdr-23(tm1817) mutants is SKN-1-dependent (145).

An investigation of the protein-protein interactions of C. elegans using yeast two-hybrid
(Y2H) screens, initially showed that the EOLA2.1 protein interacts directly with the
GCS-1 protein (146). Though these studies reported these findings in the supplementary
information, later studies identified the E01A2.1% gene in C. elegans to encode the
regulatory homologue of the GCLM subunit (139, 147). RNAIi knockdown of the
E01A2.1 gene in wild-type worms has been shown to have no effect on lifespan under
1.5mM paraquat challenge, whereas it decreased the lifespan of the long-lived
daf-2(e1370) mutant (148). Microarray analysis of the genes involved in GSH synthesis,
including the salvage synthesis pathway, did not show any changes in the abundance of
MRNA levels in the long-lived daf-2 strains (daf-2 and daf2;pept-1) when compared to
the wild-type that could explain the high GSH levels. The authors postulated that
regulation of GSH levels in the long-living worms occur mainly at the post-transcriptional

level (148).

Z In the following sections of this thesis, the C. elegans gene “E01A2.1” and its product will now be referred
to as gclm and GCLM, respectively.
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The current information available on the C. elegans gclm gene indicates that its
involvement in stress-response is similar to those mechanisms conserved in mammalian
cells. An RNA. screen of a library of 11,511 full-length cDNA clones had shown that a
total of 37 C. elegans genes, one of which included gclm, induced gcs-1 (catalytic subunit)
expression in the intestine via SKN-1 activation (141). Under conditions of arsenite-
induced stress, the gclm gene has been shown to be upregulated by the SKN-1
transcription factor (139, 149). With the discovery of the E01A2.1 gene encoding for the
C. elegans homologue of the mammalian GCLM subunit, there remains few reports using
the ageing C. elegans as a model to investigate the regulatory role of the GCLM subunit

in the de novo GSH synthesis pathway.

In the second step of the de novo GSH synthesis pathway, glutathione synthetase is
encoded by the gss-1 gene in C. elegans, which shares 39% identity with the human
isoform (26). RNAi knockdown of gss-1 has no effect on the lifespan of wild-type or the
daf-2 mutants under non-stressed conditions (148). Other studies have shown that
knockdown of the gss-1 gene increases the intensity of a gcs-1 fluorescent reporter strain
indicating that a decrease in GSH synthesis upregulates the expression of the rate-limiting
GCS-1 enzyme (150). The gss-1 gene has been shown to be upregulated by SKN-1
following arsenite (139), and benzo-a-pyrene exposure (151), with several predicted
SKN-1 binding sites present in the gss-1 gene promoter region (136). The degree of
conservation of GSH synthesis with mammals, including the transcriptional control by
the Nrf2 ortholog, SKN-1, make C. elegans a viable alternative model to investigate

various aspects of glutathione homeostasis (Figure 1-8).
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Figure 1-8. Homology of GSH synthesis between mammals and C. elegans

Protein-encoding genes of the de novo (gcs-1, EO1A2.1 and gss-1) and recycling pathway
(gsr-1) are conserved in C. elegans. These genes are transcriptionally upregulated by the
SKN-1 (Nrf2 ortholog) under constitutive and stress-induced conditions. In mammals, the
de novo synthesis pathway is comprised of the glutamate cysteine ligase catalytic (GCLC)
and modifier subunits (GCLM), and glutathione synthetase (GS); with glutathione
reductase (GR) involved in recycling intracellular GSSG to GSH. In worms, the
respective orthologs are designated as glutamate cysteine synthetase heavy (GCS-1) and
light (E01A2.1) subunits, glutathione synthetase (GSS-1) and glutathione reductase
(GSR-1). The metabolites of the pathway are conserved for the mammalian and nematode
systems.
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In C. elegans, the gsr-1 gene encodes for the glutathione reductase protein (GSR-1),
which produces two isoforms (GSR-1a and GSR-1b) that are positioned at the same
locus (152). The GSR-1b isoform has been shown to be present in the cytoplasm (152).
The GSR-1a isoform possesses an additional 14 amino acid N-terminal extension which
is predicted to include a mitochondrial targeting sequence (MTS) (152). Using
recombinant protein expression, it was shown that the enzymatic activity of loss-of-
function GSR-1b mutants were unable to reduce GSSG to GSH, whilst the recombinant
wild-type GSR-1b catalysed the reduction of GSSG in a dose-dependent manner (152).
Isoform-specific rescue of the embryonic lethal phenotype of gsr-1(tm3574) mutants,
indicated that lethality is prevented by expressing the GSR-1b cytoplasmic form and not
the GSR-1a mitochondrial form, demonstrating that GSR-1b is essential for embryonic
development (152). GSR-1 has also been shown to be vital in the stress response against
several oxidants including juglone, cumene hydroperoxide, diamide, tert-butyl
hydroperoxide and paraquat (129, 132, 148). Knockdown of the gsr-1 gene in the
wild-type worm using RNAI reduced the lifespan under non-stressed conditions (132).
However these results have not been reproduced with other researchers observing no

difference in lifespan when the gsr-1 gene was knocked down (145).

The initial detection of cysteinylglycine in C. elegans suggested the presence of the y-GT
ectoenzyme (131), and indeed subsequent work has reported at least six y-GT genes
present in the worm (132). A small RNAI screen testing for stress tolerance against
juglone and arsenite in worms showed no significant differences in survival for the RNAI
knockdown of each y-GT isoform (132). In eukaryotes, GSH can be exported from the
cell as glutathione-S-conjugated and disulfide forms, mainly via multidrug resistance

proteins (MRPs) (153). In C. elegans, it is still unclear how GSH or its conjugates are
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transported out of the cell or between tissue types. However, drug resistance against the
broad-spectrum anti-parasitic nematode agent, ivermectin, has shown that MRPs require

GSH synthesis for drug efflux in C. elegans (154).

1.5.2 Glutathione peroxidases

The glutathione peroxidase (GPx) family catalyses the reduction of H.O> and a variety of
organic hydroperoxides to water or to the corresponding alcohol (155). They are
categorised into two subfamilies; the selenium subfamily containing a selenocysteine
(SeCys) in the catalytic triad of amino acids (Trp-Glu-SeCys) and the non-selenium
subfamily containing a cysteine (Trp-Glu-Cys) (156). Sequence analysis of the eight
C. elegans GPx genes (gpx-1 to gpx-8) revealed that none contain a selenocysteine (125).
Selenium-containing GPx generally prefer GSH or other monothiols as a substrate,
whereas the majority of non-mammalian/non-selenium containing GPx enzymes are
reported to use redoxin-type proteins as a reducing substrate (157, 158). It has been
suggested that C. elegans GPx homologues may use a peroxiredoxin-like mechanism with
thioredoxin as their reducing substrate (26). Though the majority of C. elegans GPx
isoforms contain the Trp-Glu-Cys catalytic triad, the predicted amino acid sequence of
GPX-4 lacks the Trp residue, and GPX-8 lacks both the Trp and Cys (125). The authors
concluded that the absence of cysteine at the catalytic site indicates that the GPX-8 protein

is likely not acting as a glutathione peroxidase (125).

Across several studies, the GPx activity in worms has been shown to range between
7-600 U/mg protein (159-161). Copper exposure (CuSOs) in wild-types led to
approximately 10-fold increases the overall GPx enzyme activity in a dose-dependent

manner, with the mRNA expression levels of all GPx isoforms, except gpx-5, also
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significantly increasing in a dose-dependent manner (161). Glutathione peroxidase
activity in worms has been shown to decline when treated with chemical stressors
including paraquat (160) and the neurotoxin 6-hydroxydopamine (6-ODHA) (162). The
expression patterns of gpx-5 follow a pattern of circadian-rhythm, with mRNA levels
reported to be higher at night compared to day time under 12 h light-dark cycles (163). A
single strain generated with deletions for the four phospholipid hydroperoxide GPx
isoforms (gpx-1, gpx-2, gpx-6 and gpx-7) showed no differences in the median lifespan
when compared to the wild-types (125). Each of the four phospholipid hydroperoxides
were reported to be expressed primarily in the intestine (125). In an RNAI screening study
of 162 genes that are exclusively expressed in the intestine of the worm, the gpx-1 gene
was the only RNAI-targeted gene shown to increase expression and activity of PEPT-1
(164). PEPT-1 is a transporter, located on the apical membrane of the enterocyte,
responsible for the uptake of di- and tripeptides in C. elegans (165). This suggests that
lower gpx-1 transcript levels may stimulate uptake of dietary glutathione and its

precursors.

Selenocysteine-containing GPxs have been the subject of many mammalian model
studies, yet the physiological roles of the non-selenium GPxs remain largely unclear. The
absence of selenocysteine at the active site of any of the C. elegans GPx isoforms suggests
that the major mechanistic peroxidase activity of this enzyme family differs to that in

mammals.
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1.5.3 Glutathione-S-transferases (GST)

Glutathione S-transferases (GSTs) are a functionally diverse family of enzymes that
utilise GSH in detoxifying conjugation and reduction reactions (166). Based on their
sequence similarity and substrate specificities, evolutionary divergent forms of GSTs are
subdivided into at least ten subfamilies; alpha, delta, epsilon, kappa, mu, pi, sigma, theta,
zeta, and omega (167). GSTs represent a major class of enzymes that are involved in
phase Il detoxification in C. elegans (168). The C. elegans genome contains 56 validated
and putative GST genes (169), with several proposed to be nematode specific (170, 171).
Though most C. elegans GST isoforms are categorised within the sigma subfamily, other
subfamilies that are present include the pi, kappa, zeta, omega and alpha. Changes in
differential expression patterns of specific GSTs in response to certain compounds
suggest substrate-specific roles of GSTs in xenobiotic detoxification (151, 172-174). The
correlation between GST activity and longevity has been described among divergent
species, including C. elegans and D. melanogaster (175). In the long-lived daf-2 mutants,
the upregulation of several GST genes has been shown to be exclusive to the expression
profile of these worms when compared to dauer worms, which are both controlled by the
insulin/insulin-like growth factor-1 signalling pathway (176). Due to the large number of
isoforms, and the high degree of sequence identity in this superfamily, a proteomics
approach has been utilised to monitor any off-target gene silencing, or potential
compensatory upregulation of other members within the GST superfamily (177). The
RNAI targeting of gst-1, gst-5 and gst-7 resulted in concomitant declines in their
respective protein levels, with differences observed in 1 out of the 11 other proteins
measured, comprising of the sigma and pi subfamilies (177). Proteomic studies have
indicated that C. elegans GST isoforms have a multitude of functions, and are involved

in signalling pathways via direct protein-protein interactions with various Kinases,
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phosphatases, G proteins, transcriptional regulators, and ubiquitination proteins, under

H20,-stressed and non-stressed conditions (171, 178-180).

Sigma and Pi GST subfamilies

The most rigorously investigated GST gene in C. elegans is gst-4, which shares sequence
similarity with the human sigma subfamily. An early study demonstrated that gst-4
expression increases in response to paraquat challenge (181). With the advent of GFP
reporter strains of gst-4 (gst-4::GFP), many studies have investigated the effect that
certain compounds have on the expression of gst-4 (Table 1-1). Most compounds elicit
an increase in the intensity of the gst-4::GFP reporter in a stress-dependent manner. In
contrast, other compounds such as folic acid are reported to increase the expression of
gst-4, resulting in an increase in stress resistance. Transcriptional activation of the gst-4
gene is often used as an indication of SKN-1 activity; with several inducers of gst-4
including H202 and sodium azide being shown to be skn-1 dependent (182). SKN-1 has
also been shown to control the induction of several other GST genes (136, 139, 183).
Induction of gst-4 has also recently been shown to be upregulated independent of SKN-1,
by the EOR-1 transcription factor that mediates the effects of the epidermal growth factor
(EGF) pathway involved in regulating cell growth and differentiation (184). The authors
concluded that the discovery that gst-4 transcriptional regulation is not exclusively
controlled by the SKN-1 transcription factor should serve as a cautionary note for work

that utilises the gst-4::gfp reporter as a measurement of SKN-1 activity (184).

Though WDR-23 protein is a direct repressor of SKN-1 induction, under conditions of
oxidative stress, SKN-1 can bypass the inhibitory effects of WDR-23 to increase

expression of target genes, such as gst-4 and gst-30 (143). WDR-23 is the strongest
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known suppressor of gst-4 and has been reported to possibly function with the
CUL4/DDBL1 ubiquitin ligase to repress SKN-1 activity by proteasomal degradation
(143). Another WD40 family member, WDR-46, located in the nucleolus and involved
in 18S ribosomal ribonucleic acid (rRNA) processing, has also been shown to be a
negative regulator of SKN-1-mediated expression of several GST genes (185). Unlike the

WDR-23 protein, WDR-46, has been suggested to indirectly interact with SKN-1 (185).

Table 1-1. Compounds shown to affect gst-4 expression in C. elegans

Compound gst-4 response References
acrylamide 1 (186, 187)
aspirin 1 (174)
fluoxetine” Repressed (188)
folic acid 1 (189)
3B-hydroxy-urs-12-en-28-oic acid 1 (173)
juglone 0 (190-193)
lithium compounds (LiCl, LoCOz) Suppressed (194)
microplastic particles 1 (195)
mianserin” 0 (188)
mirtazapine 0 (188)
3-nitropropionic acid 0 (196)
paraquat 1 (181)
quinolinic acid 1 (196)
tributyltin 0 (197)

“Co-treatment with fluoxetine repressed the mianserin-induced increase of the gst-4::GFP
reporter, though had negligible effect on reporter activity when treated with fluoxetine
alone.
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The gst-1 gene, which is similar to the pi class of human GST, has been shown to protect
against dopaminergic neuron degeneration in C. elegans, which may have implications
for understanding the progression of Parkinson’s Disease (198). Another pi class gene,
gst-10, catalyses the conjugation of GSH to the lipid peroxidation product,
4-hydroxyneoneal (4-HNE) (199-201). An RNAI screening study of 26 of the 44 then
known C. elegans GST genes showed that knockdown of five (gst-5, gst-6, gst-8, gst-10,
and gst-24) sensitised the nematode to electrophilic stress elicited by exposure to 4-HNE
(199, 200). In worms carrying a mutation for mitochondrial complex I-deficiency (gas-1
mutants), the pharyngeal-specific expression levels of gst-14 were shown to be higher
than wild-type worms (169). RNAi knockdown of the gst-14 gene in the gas-1 mutants
increased lifespan and the incidence of 4-HNE-modified mitochondrial proteins, without
any improvement in the function of complex I (169). This increase in the incidence of
4-HNE-modified mitochondrial proteins was implicated to be involved in the signalling

events that led to the observed increases in lifespan (169).

Kappa GST subfamily

Unlike most vertebrates, which encode only one GST kappa gene, C. elegans encodes for
two; gstk-1 and gstk-2 (202, 203). GSTK-1 is expressed in the intestine, body wall
muscles and epidermis and contains a C-terminal peroxisomal-targeting sequence which
directs its localisation to the peroxisome (202). The GSTK-2 is localised in the
mitochondria with expression patterns shown in the pharynx, muscles and epidermis
(202). RNAI knockdown of both gstk-1 and gstk-2 genes showed no difference in several
measures of worm health compared to controls including, reproduction, development,
locomotion and lifespan (202). Simultaneous double RNAIi knockdown of both genes

resulted in a significant decline in oxygen consumption and monounsaturated fatty acid
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cis-vaccenic acid (18:1®7) content, suggesting that both genes are involved in respiration

and lipid metabolism (202).

Omega GST subfamily

Several isoforms of the GST omega subfamily are encoded in the C. elegans genome,
including gsto-1, gsto-2, gsto-3, gst-44 and C02D5.4 (169). Overexpression and RNAI
studies have shown gsto-1 to be implicated with increased stress resistance and to be
exclusively expressed in the intestine (204). Gsto-1 is upregulated under transient
hypoxic conditions leading to an extension of lifespan mediated by the GATA-type
erythroid-like-2 transcription factor (ELT-2), which is downstream of the mechanistic
Target of Rapamycin (mTOR) signalling pathway; a longevity pathway associated with

dietary restriction (205).

The GST superfamily carry out a diverse range of functions in C. elegans. While there
remains much to be elucidated about the substrate-specificities, expression patterns and
the relative levels of the many GST isoforms in C. elegans, research into the dynamic
roles of this enzyme superfamily in detoxification and signalling will further our
understanding on how the redox environment is mediated by enzymatically-controlled

GSH-dependent redox processes.

1.5.4 Glutaredoxins

Glutaredoxins are small heat-stable proteins, ranging between 9-15 kDa (206), that are
regarded as the main catalysts of reversible protein de-glutathionylation (61). Depending
on the number of cysteine residues in the active site of the enzyme, glutaredoxins are
classified as either monothiol (1-Cys) or dithiol (2-Cys) forms (207). The five annotated

glutaredoxin genes are, glrx-3, glrx-5, glrx-10, glrx-21, glrx-22 (132) with the putative
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glutaredoxins genes F10D7.3, ZC334.7 and F26F4.9 also reported to exist (26). Analysis
of the glutaredoxin sequences indicates that the GLRX-3 and GLRX-5 are monothiol
forms, while the other annotated forms, GLRX-10, GLRX-21 and GLRX-22 and putative

isoforms (F10D7.3, ZC334.7 and F26F4.9) are dithiols (26).

In a C. elegans model of Parkinson’s Disease which expresses two pathogenic mutations
in the human leucine-rich repeat kinase 2 (LRRK?2) gene, loss of the glrx-10 gene has
been shown to lead to an increase in the degeneration of dopaminergic neurons (208-210).
For the loss of glrx-10 function mutants, expression of the active form of the glrx-10
homologue partially afforded protection in dopaminergic neurons. Two separate studies
have shown that loss-of-function of glrx-21 results in selenium-induced reduction of
movement (211), and egg-laying capacity (212). Both studies suggested that GLRX-21 is

required for the partial protection afforded by GSH during selenium-induced impairment.

1.5.5 Thioredoxin systems

The thioredoxin system is comprised of thioredoxins (Trx) and NADPH-dependent
thioredoxin reductases (TrxR) (213). Thioredoxins are small (~12 kDa) ubiquitous
oxidoreductases that contain a highly specific thiol-disulfide active site to co-ordinate the
regulation of the cellular redox environment largely by the supply of reducing equivalents
for peroxiredoxins (214). Oxidised thioredoxins (Trxox) are reduced (TrXred) by
thioredoxin reductases (TrxR), utilising NADPH as a cofactor (32). In C. elegans, the
thioredoxin system is composed of five thioredoxin genes (trx-1 to trx-5) and two
thioredoxin reductase genes, trxr-1 and trxr-2 (215). Expression patterns of the trx-1 gene
have been observed in ASJ neurons (126, 216), ASI neurons and the posterior

intestine (126). TRX-1 has been implicated to potentially have a redox-independent
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mechanistic role in dauer formation via the down-regulation of the insulin-like DAF-28

signalling neuropeptide in ASJ neurons (217).

Discovery of an ASJ motif, a functional cis-regulatory promoter region, has been reported
to regulate the ASJ-specific gene expression of trx-1 by binding SPTF-1, an ortholog to
the Sp family zinc-finger transcription factor (218). Mutant worms that lack the trx-1 gene
are more vulnerable to paraquat-induced oxidative stress (126) and have decreased
lifespans (126, 216). TRX-1 has been shown to regulate lifespan extension in genetic
(eat-2 mutants) and nutrient-based models of dietary restriction possibly via its
upregulation in ASJ neurons (219). Interestingly, trx-1 was later shown to regulate SKN-1
nuclear localisation in a cell non-autonomous manner, with loss of trx-1 from ASJ
neurons promoting the nuclear localisation of intestinal SKN-1 (220). This regulation of

SKN-1 was exclusively controlled by TRX-1 and not by TRX-2 or TRX-3 (220).

The trx-2 and trxr-2 genes comprise the mitochondrial thioredoxin system and are
upregulated upon induction of the mitochondrial unfolded protein response (UPR™) (221,
222). Characterisation of the intestine-specific TRX-3 have shown that the trx-3(tm2820)
mutant has no significant difference in reproductive capacity, longevity, and resistance to
stress (including 37°C heat-treatment, juglone and paraquat exposure) compared to the
wild-type, though they exhibit a slight reduction in size and a shorter timing of their
defecation cycle (223). However, overexpression of TRX-3 protected against pathogen
infection, which suggested that TRX-3 may have a role in the worm’s innate immune
response (223). The thioredoxin reductase (TrxR) gene, trxr-1, was shown to significantly
afford partial protection from degeneration of dopaminergic neurons against the
neurotoxin 6-hydroxydopamine (6-OHDA) (215). Both the trxr-1 and gsr-1 (glutathione

reductase) genes work in conjunction during C. elegans larval development by the
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reduction of disulfide bonds to achieve precise removal of the cuticle from the surface of

epidermal cells (224).

Protein structure studies have determined the C. elegans TRXR-1 (~74 kDa) to be 667
amino acids and the TRXR-2 (~55 kDa) to be 503 amino acids (225). TRXR-1 is located
in the cytosol and is highly expressed in the pharynx, vulva and intestine, whilst TRXR-2
Is expressed in the mitochondria of the pharyngeal and body wall muscles (226). TRXR-1
has been shown to have no effect on the survival of C. elegans in response to acute (2 h)
exposure to 2 mM H»Oz (224). Interestingly, the TRXR-1 thioredoxin reductase is the
only selenoprotein that has been detected in the worm (224, 227). Having only one
selenoprotein, TRXR-1, has made C. elegans a valuable in vivo model to investigate dose-
dependent beneficial and toxicological properties of selenium-based compounds (135,
228-230). Expression of trxr-1 is upregulated in wild-type worms exposed to lethal doses
(560 uM), but not low doses (10 uM), of the organic selenium compound,
4-phenylselanyl-7-chloroquinoline (PSQ) (135). The trxr-1 mutants were much more
sensitive to the toxic effects of PSQ when compared to wild-type worms (135). Deletion
mutant strains for trxr-1(tm3462) and trxr-2(0k2267) and double mutants of the two were
found to have no significant role in modulating the toxicity of the median lethal
concentration (LCsp) of several inorganic selenium compounds when compared to wild-
type worms (230). Studies using the nematode could potentially facilitate our
understanding of the safety profiles of organic and inorganic selenium compounds, and

possibly elucidate differences in therapeutic efficacy.
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1.5.6 Peroxiredoxins

Peroxiredoxins (Prx) are a class of thiol peroxidases that scavenge organic and inorganic
peroxides. They are highly abundant proteins involved in the conversion of the majority
of cellular H2O> to water (231, 232). C. elegans contain three known peroxiredoxins,
prdx-2, prdx-3, and prdx-6 (128). Both prdx-2 and prdx-3 genes are typical 2-Cys
peroxiredoxins, with prdx-6 encoding for a 1-Cys peroxiredoxin. Expression patterns of
prdx-2 have been reported in the 14 (pharyngeal) and 12 (sensory) interneurons (233),
intestine, epithelial cells, muscle (pharyngeal, vulval and body wall), and various neurons
in the head and tail (234). In C. elegans, PRDX-2 constitutes ~0.5% of the total protein

abundance (124).

In prdx-2(gk169) mutants, loss of peroxiredoxin activity leads to an increase in de novo
GSH synthesis compared to wild-types, with an ~2-fold increase in gcs-1 mRNA and
GSH levels (235), possibly indicating a compensatory response by the de novo GSH
synthesis network. Loss-of-function prdx-2(gk169) mutants show a shorter lifespan
compared to wild-types at 15°C (124, 235) and 20°C (235), with no difference observed
at 25°C (124), indicating a dynamic temperature-dependent response for the PRDX-2
enzyme. In support of this, transient changes in housing temperature during development
have been shown to increase lifespan through a PRDX-2-dependent stress response (236).
Moreover, survival rates of prdx-2(gk169) mutants exposed to 10 h heat-shock treatments
at 35°C show a marked decline when compared to wild-types (237). Interestingly, loss of
PRDX-2 increased stress resistance against 5 mM arsenite exposure, while
overexpression of PRDX-2 also showed a slight increase (235). The increased arsenite
resistance was initially attributed to be due to an increase in SKN-1 and DAF-16 activity

(235). A recent study has reported that PRDX-2 is required for insulin secretion (in the
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form of the DAF-28 neuropeptide), leading to higher activity of the DAF-2 insulin
signalling pathway and inhibition of the nuclear localisation of SKN-1 and DAF-16 (238).
This later study provides an explanation for the paradoxical observation seen in the loss-
of-function prdx-2(gk169) mutants that exhibit increases in arsenite stress resistance, yet

temperature-dependent declines in lifespan (238).

Over-oxidation of PRDX-2 has been contested to have a negligible effect on worm
physiology, with the suggestion that C. elegans perhaps relies on degradation and
subsequent clearance of over-oxidised PRDX-2; with de novo synthesis of PRDX-2
potentially playing a role in the physiological response (239). In higher eukaryotes,
sulfiredoxins reduce over-oxidised peroxiredoxins to restore peroxidase activity,
however, these enzymes are not present in C. elegans (239). The cyclic oxidation state of
PRX-2 possibly represents a circadian-rhythm mechanism in the worm (240) which has
also been shown to be conserved in other eukaryotic models (241). In a study
investigating the lifespan-extension properties of metformin, the antihyperglycemic drug
used in the treatment of type Il diabetes, it was shown that hormetic effects leading to
increases in lifespan were mediated by PRDX-2 (242). Exposure of worms to H.O> over
the range of 0.01-1 uM reported a beneficial increase in the sensory response of the ASH
neurons via the PRDX-2-mediated p38/PMK-1 signalling cascade (243). The lesser
studied prdx-3 gene is predicted to be located in the mitochondria (27, 244). Though
RNAI-targeted prdx-3 knockdown worms had no difference in lifespan or protein
oxidation, they exhibited increased mitochondrial uncoupling, with lower ATP levels,
motility, and brood size, indicating that while prdx-3 expression is not required for

lifespan, it may be important for healthspan (244).
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1.5.7 Application of C. elegans to understand age-related changes in GSH

homeostasis

Advances in the field of redox biology has contributed to the understanding of the
complexity of the thiol-based system in mediating signal transduction in the redox
network (126, 245, 246). Undoubtedly, the glutathione redox couple plays a major role
in this network. The reaction mechanisms of glutathione-dependent enzymes and other
thiol-based enzymes involved in the redox network have a fundamental role in the
function of GSH as a redox regulator (41, 76). Phylogenetic analysis of the protein-
encoding genes related to the major redox systems have shown that C. elegans redox
systems possess a considerable amount of similarity with human isoforms (26). The
impact of age-related changes on thiol-based redox-regulating genes has been discussed
in a recent review (128). This significant level of evolutionary conservation with higher
eukaryotes suggests that C. elegans should be a suitable multicellular model to explore
the age-related mechanisms in the redox thiol-related system with the advantage of

resolving tissue and subcellular differences (Figure 1-9).
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Figure 1-9. Expression patterns and subcellular localisation of thiol-related systems

in C. elegans

The tissue- and subcellular-specific differences in redox potential and expression patterns
of thiol-related redox genes in the worm. Generation of GFP reporter strains, allows the
investigation of tissue and organelle specific gene expression patterns. The redox
environment is heterogeneous throughout the various tissue types, which is illustrated by
the gradients of the intestine, pharynx and reproductive organs. Within the same tissue
types and subcellular compartments (e.g. mitochondria), localised gene expression of the
thiol-related system can control the redox environment of respective compartments.
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1.6 Thesis Aims and Chapter Outlines

In this work, we propose that the nematode Caenorhabditis elegans be explored as an
in vivo model to investigate changes in GSH homeostasis during ageing. Conventionally,
rodent models have been used to study changes in the de novo GSH synthesis pathway in
pathophysiological conditions that affect ageing. C. elegans has become a well-
established model for ageing studies applying genetic techniques and pharmacologic
interventions that all aim to explore various mechanisms that influence lifespan. Since its
genome sequence was published in 1998 (247), C. elegans has been extensively utilised
as a genetic model to understand various biological processes at a multicellular level. One
major limitation of using C. elegans as a biochemical model for human ageing includes
their size, which makes investigation difficult without the use of the DNA synthesis
inhibitor, 5-fluorodeoxyuridine (FUdR), to obtain large-enough numbers in age-matched
populations (248). C. elegans, however, has several advantages over rodent models such
as a short lifespan (~3 weeks as opposed to ~2 years in rodents), negligible husbandry
costs, and larger obtainable sample numbers. This thesis aims to use C. elegans as a model
organism to investigate age-associated decline in de novo GSH. To enable this study, the
project will address the analytical challenges of accurately measuring the GSH/GSSG

molar ratio in biological samples (249).

To accurately quantify bioactive redox molecules GSH/GSSG in biological samples, a
novel high-performance liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analytical method was developed and extensively validated (Chapter 2). The
establishment of this powerful analytical tool enabled experiments to be designed to gain

a deeper understanding into the protective role of GSH in the ageing nematode.
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The hypothesis that the predicted modifier subunit of the C. elegans GCL has a role in
regulating glutathione homeostasis during ageing was investigated in Chapter 3. The
in vivo regulatory role that the GCLM subunit has on GSH synthesis was explored by
using RNA interference (RNAI) to initially determine the regulatory effect in worms.
Observations of several phenotypic markers intrinsic to worm ageing were also made
under optimal and stressed environmental conditions. No study to date has investigated
how the rate-limiting step in C. elegans causes the decline of the de novo GSH synthesis.
To facilitate such work, the relatively unexplored GCLM orthologue of C. elegans is

functionally characterised for the first time.

Chapter 4 explored the therapeutic potential of the most immediate GSH precursor, y-GC,
to determine its bioavailability profile and to investigate if y-GC afford protection in GSH
compromised worms against oxidative stress. The bioavailability of y-GC was assessed
by using several delivery methods including: liquid medium, liposome-encapsulation and
heat-treatment of the E. coli, all with the intent to determine the most efficient
administration route. This chapter presents data of the first ageing model that investigates

the administration with the immediate precursor, y-GC, to increase GSH levels.
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2 Chapter Two

2.1 Introduction

Despite the interest in measuring the reduced to oxidised ratio of the glutathione redox
couple (GSH:GSSG) in biological samples, there remains a lack of standardisation of
both measurement and pre-analytical sample preparation (249, 250). The most common
methodologies for quantification of thiol/disulfide ratios are based on the Tietze GSH
recycling technique (251), which employs 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB)
and glutathione reductase (GR) for the cyclical production of GSH in the presence of
NADPH (252). DTNB reacts with GSH to form the mixed disulfide GS-TNB and the
chromophore 5-thio-2-nitrobenzoic acid (TNB), the absorbance of which at 412 nm is
proportional to the abundance (252). The GS-TNB is then recycled back to GSH by GR

and NADPH (252).

Accurate measurements of GSSG are difficult to obtain using the Tietze methodology
(herein referred to the GSH-recycling method). Indirect estimations of GSSG are usually
made by reducing the disulfide bonds and subsequent spectrophotometric determination
of the free thiol groups (GSH) generated from the GSSG present in the sample. However,
autooxidation of GSH due to poor sample preparation can produce inaccuracies in the
GSH/GSSG ratio estimations (249). Furthermore, a comparison of several commercially
available glutathione assay kits (based on the GSH-recycling method) indicated that
considerable autooxidation of GSH occurs in each of the kits, leading to artefactual
variations in the estimation of GSH/GSSG ratios of the same samples (249). This

illustrates the need for more accurate and reliable methods for GSH/GGSG measurement.
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2.1.1 Principles of mass spectrometry

Mass spectrometry involves the application of magnetic and electric fields to guide
charged particles (ions) in a mass-dependent manner to selectively measure chemical
species. Mass spectrometers typically are comprised of three major components: an ion
source, a mass analyser and a detector. Charges are placed on molecules in a process
called ionisation. Early ionisation techniques suffered from the inherent problem of
biomolecule fragmentation occurring due to high levels of energy impacting the molecule
during ionisation. In 1989, the development of electrospray ionisation (ESI) greatly
advanced analytical chemistry by enabling the ionisation of large biomolecules from
solution without fragmentation occurring (253). This ‘soft’ ionisation method earned
John Fenn a share of the Nobel Prize in Chemistry in 2002 and has since remained an

indispensable analytical tool in biochemical applications.

The process of ESI involves dispersal of a liquid sample into highly charged droplets
which are then decomposed due to solvent evaporation (desolvation), producing smaller
and more highly charged droplets (254). This process continues until charged molecular
ions are formed (255), which are then transferred to the mass analyser. lons are then
selected by application of magnetic and/or electric fields to guide the charged particles
based on their mass-to-charge ratio (m/z) and are subsequently directed to the detector.
Briefly, detectors rely on the use of an electron multiplier to amplify the signal generated
from the ion selected by the mass analyser. This involves a sequence of dynodes that
amplify the initial signal. Each dynode will amplify the electrons generated from the
preceding one, until the current output from the last dynode is converted to a voltage

signal and translated into the signal intensity corresponding to the target analyte.
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Advances in the use of high performance liquid chromatography (HPLC) coupled with
tandem mass spectrometry (herein referred to as LC-MS/MS) later allowed for superior
sensitivity and structural resolution of complex biological mixtures (256). Tandem mass
spectrometry increases the selectivity of target analytes by multiple stages of mass
selection; typically involving fragmentation of the molecule in between each mass
selection stage. Selected reaction monitoring (SRM) is a technique used in LC-MS/MS
in which a precursor ion possessing a specific m/z is selected in the first stage of a tandem
mass spectrometer. This precursor ion is then fragmented in a collision cell filled with an
inert gas and the product ion is selected in the second mass analyser for detection,

enabling greater selectivity and sensitivity compared to LC-MS alone (Figure 2-1).
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Figure 2-1. LC-MS/MS using selected reaction monitoring

Selected reaction monitoring (SRM) is a technique used in LC-MS/MS in which an ion
possessing a specific mass-to-charge (m/z) ratio, known as the precursor ion, is selected
by the first mass filter (Q1) of a triple quadrupole mass spectrometer. The precursor ion
is fragmented (Q2) to form product ions. One resulting product ion is selected by the
second mass filter (Q3) and subsequently detected. Figure reproduced from (257).2

3 Reprinted by permission from Copyright Clearance Centre: Springer Nature, (Nature Methods), Selected
reaction monitoring—based proteomics: workflows, potential, pitfalls and future directions, Paola Picotti
and Ruedi Aebersold (2012). Licence number: 4411231244005.
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In this chapter, we introduce a novel LC-MS/MS method using SRM that has the
selectivity and sensitivity to simultaneously quantify the levels of cysteine, y-GC, GSH
and GSSG in a single biological sample. The use of HPLC-based methods to quantify
thiol/disulfide couples potentially offers a more reliable GSH/GSSG measurement than
the recycling-based methods. Several recent studies have described utilising LC-MS/MS
to simultaneously measure GSH and GSSG in biological samples (258-260). Compared
to other methods of measuring the GSH/GSSG couple, LC-MS/MS confers greater
sensitivity and specificity (259), and unlike classical spectrophotometry techniques,
obviates the need to perform separate or multistep recycling assays to determine the

GSSG levels.

The impetus for developing a sensitive LC-MS/MS-based method was due to the
challenge of obtaining age-matched cohorts without the use of the DNA synthesis
inhibitor, 5-fluorodeoxyuridine (FUdR). Commonly used in many C. elegans ageing
studies, FUdR blocks the synthesis of thymidine, preventing DNA replication (261).
Addition of FUdR to the nematode growth medium (NGM) causes sterility in the parental
worms with the overall purpose to reduce the work load involved in the daily separation
of parental worms from their progeny during the reproductive period. Several studies,
however, have shown that FUdR can directly increase the worm’s lifespan under various
conditions (261, 262). More pertinent to the work presented herein, it has also been shown
that the metabolic effects elicited by FUdR in the long-lived daf-2 mutant and wild-type

worms were unable to be compensated for even with the use of appropriate controls (263).

We report here a novel protocol which allows quantification of GSH and GSSG in the
same assay, together with several other low-molecular weight thiols involved in

glutathione synthesis. This protocol utilised the relatively unexplored thiol-derivatising
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agent 7-chloro-N-[2-(dimethylamino)ethyl]-2,1,3-benzoxadiazole-4-sulfonamide
(DAABD-CI) to prevent autooxidation and increase the detection sensitivity for the low-
molecular weight thiols. Initial use of DAABD-CI in proteomic studies of C. elegans, led
to improvements in assay sensitivity by over 100-fold compared to underivatised cysteine
residues (264). The sensitivity of the method presented herein enabled measurement of
derivatised cysteine, y-GC, GSH and in addition, native GSSG levels to be assayed in low
worm numbers (<500 per sample) which permitted FUdR to be excluded from procuring
aged-matched cohorts. Previous reports of applications of the plate-based GSH recycling
method in C. elegans have described the requirement of 20,000 L4/adults per sample for
quantification of GSH alone (265), which proportionally limits the scalability of the
experimental strategy. Such a method would have resulted in the unavoidable use of

FUdR.

By measuring the thiol GSH precursors, cysteine and y-GC, in addition to GSH and
GSSG, further interpretation of GSH homeostasis can be made in regards to the de novo
synthesis pathway, which is typically overlooked in studies investigating glutathione
metabolism (266). This enabled us to test the hypothesis that changes in GSH homeostasis
during the lifespan of C. elegans results from either cysteine limitation or the progressive
change in y-GC levels as a marker for dysregulated glutamate cysteine ligase (GCL)
activity. Observations of progressively lower homeostatic GSH and y-GC levels during
ageing in the absence of cysteine limitation would be supportive of lower GCL activity
playing a key role in GSH decline, provided there is no increase in GSSG levels resulting
from age-dependent deficiencies in the GSH recycling enzyme, glutathione reductase
(GR). Investigations using the C. elegans model could potentially provide insight into

how the GSH decline occurs during human ageing (Figure 2-2).
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Figure 2-2. The age-related changes in glutathione homeostasis using C. elegans

(A) Using C. elegans as an ageing model, changes in the levels of the key sulfur-
containing metabolites involved in glutathione homeostasis may provide important
information to understand the GSH decline during human ageing (B) All the metabolites
monitored (shown in red) using LC-MS/MS, are either a substrate or a product of one of
the enzymatic reactions in the glutathione synthesis pathway. Profiling of each of these
metabolites in aged C. elegans will serve as an activity proxy for each of the enzymatic

steps of the pathway.
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2.2 Materials and Methods

2.2.1 Chemicals and reagents

All chemicals were purchased through Sigma-Aldrich (Australia) unless otherwise stated.
7-chloro-N-[2-(dimethylamino)ethyl]-2,1,3-benzoxadiazole-4-sulfonamide (DAABD-CI) was
purchased through Chem-Supply Pty Ltd (Australia). The y-GC used in this study was
provided by Biospecialties International (Australia). Stable isotope labelled-GSH
(glycine 13C;, ®N) was purchased through Novachem Pty Ltd (Australia). Solvents and
consumables required for mass spectrometry work were provided by the Bioanalytical
Mass Spectrometry Facility within the Mark Wainwright Analytical Centre, University

of New South Wales.

2.2.2 Preparation of GSH, y-GC, cysteine and GSSG standards

The thiol and GSSG stocks were freshly prepared on the day of each analytical run.
Nine-point calibration curves (including the blank) for the thiol derivatives (cysteine,
v-GC and GSH) were measured over the concentration range between
0.25-125 pmol/20 pl. The concentration range for the GSSG calibration curves was
between 0.01- 5 pmol/20 pl. Standards were prepared in the same derivatisation buffer as
the biological samples. The labelled GSH internal standard (GSH-ISTD) was spiked in
the pooled thiol standards and the biological samples at a concentration of

12.5 pmol/20 pl.

The labelled (**C4'°N2)-GSSG stock solution was prepared by oxidising the commercially
available (**C2'®N)-GSH using H20, by adapting a previously reported method (267).
The original method used equimolar amounts of H2O> to oxidise the labelled GSH to

labelled GSSG. In this work, commercially available glutathione peroxidase (GPx) from
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bovine erythrocytes (Sigma, cat# G6137) was used to enzymatically reduce the H2Oo,
forming oxidised (**C4'°N,)-GSSG. Briefly, lyophilised GPx was reconstituted in 10 mM
sodium phosphate (pH 7.0) containing 1 mM dithiothreitol (DTT) according to a previous
method (268). Labelled (*3C4®N,)-GSSG stock was prepared in 500 ul total volume
reaction mix, containing 1 mM (**C2*®N)-GSH, 20 mM H0; and 5 U GPx in 10 mM
sodium phosphate buffer. The reaction was carried out at room temperature for 30 min,
followed by heating at 60°C to remove any residual H>O». Separation of GPx from
(13C4N,)-GSSG was achieved using an Amicon Ultra-15 Centrifugal Filter Unit (30,000

MW(CO) spun at 12,000 g for 15 min at 4°C.

2.2.3 Sample Preparation

Age-matched worms were individually transferred on a daily basis to separate them from
their progeny. Approximately 500 worms were collected for each sample and separated
from the Escherichia coli OP50 lawns by sucrose flotation (269). The worms were
suspended in 100 pl M9 buffer in 1.5 ml Eppendorf tubes using Sorenson™ low binding
standard tips to minimise worm adherence and stored at -80°C prior to being analysed for
their thiol content. Thiol levels in C. elegans were normalised to protein content measured

using a Bicinchoninic acid (BCA) protein assay kit (Pierce).

2.2.4 Thiol derivatisation reaction

Lysis of the worm samples were performed immediately prior to the mass spectrometry
analytical run and involved the addition of an equal volume (100 pul) of derivatisation
reaction mixture to the frozen samples to achieve a final volume containing: 10 mM
CHAPS  (3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate)  hydrate,
2 mM Na,EDTA, 7 mM DAABD-CI (dissolved in acetonitrile) in 1 mM borate buffer
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(I mM boric acid solution + 0.25mM sodium tetraborate [pH 9.0], personal
communication with Emeritus Professor Kazuhiro Imai, Musashino University, Tokyo).
The worms were then homogenised with a motorised micropestle with 3x freeze/thaw
cycles in liquid nitrogen followed by immediate incubation on a heating block for 10 min
at 40°C. The thiol derivatisation reaction was quenched after 10 min by the addition of
4.5 pl trifluoroacetic acid (TFA). The soluble fraction was then collected after
centrifugation at 22,000 g for 15 min at 4°C. To avoid reduction of disulfides in the
sample, including GSSG and cystine (disulfide form of cysteine), the reducing agent
tris(2-carboxyethyl)phosphine (TCEP), was excluded from the reaction mix that was

outlined in the original method (131).

2.2.5 BCA Protein Assay

Frozen worm homogenates were thawed immediately prior to assaying. The BCA
working solution was prepared by mixing the BCA reagent A with the 4% CuSO4 solution
(B) at aratio of 50:1 (v/v). The assay was performed in a clear 96-well plate in triplicates,
with a final volume of 225 ul per well (25 pl sample and 200 ul BCA working solution).
Bovine serum albumin (BSA) was used as the standard (0-2000 pug/mL protein) and

prepared in reaction buffer according to the manufacturers’ instructions (Pierce).

2.2.6 Chromatography

Mixtures of the low-molecular weight thiols were separated using a Thermo Scientific
Accela UHPLC System, with an Agilent Poroshell 120, 2.1 mm x 150 mm SB-C18
(2.7 um pore size) column over a 10 min gradient at 0.4 ml/min. Samples were queued in
an autosampler and maintained at 10°C for the duration of the run. The injection volume
for all samples was 20 ul. The column was heated at 40°C using a Hot Pocket column
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heater (Thermo Scientific). Eluent A was 0.1% formic acid in water and Eluent B was
100% acetonitrile with 0.1% formic acid. A programmed gradient was used for separation
of GSSG and the derivatised thiols. Initial solvent conditions consisted of 100% Eluent
A from 0-2 min. This was followed by a linear gradient from 2-6 min to 100% Eluent B
followed by isocratic delivery of 100% Eluent B between 6-6.9 min, and a shift from
0-100% of Eluent A between 6.9-7 min, followed by a final re-equilibration at 100%

Eluent A from 7-10 min.

2.2.7 Tandem mass spectrometry

Tandem mass spectrometry (MS/MS) was performed using a ThermoFisher Scientific
TSQ Quantum Access triple quadrupole mass spectrometer, with a heated electrospray
ionisation (HESI) source that operated in positive ion mode. Optimal selected reaction
monitoring (SRM) transitions, their collision energies, collision gas pressure and S-lens
voltages were obtained from infusion of standards using Quantum Tune software. The
most intense transition was used as a quantifying ion and the second most intense
transition was also acquired for use as a qualifying ion. The SRM transitions and collision
energies used for the collision-induced dissociation (CID) of the analyte fragments are
shown in Table 2-1. The gas pressure was kept constant at 2.0 mTorr throughout each
run. Dwell times of 100 ms for each transition were programmed, with a cycle time of

1.2 seconds (sum of all analyte transitions).

Standard curves were measured at the start and end of each run, with the biological
samples being scheduled in the middle. Cysteine, y-GC, GSH and GSSG levels in the
C. elegans extracts were determined using calibration curves. The pooled thiol curves and
biological samples were spiked with 12.5 pmol/20 pl GSH-ISTD. The standards were

ordered in ascending concentrations to minimise any possible carry-over effects from one
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sample to the next. Injection of methanol as a wash step between standards and samples
obviated the risk of any cross-contamination. Data acquisition and sample peak area
integration was performed using Xcalibur software (ThermoFisher Scientific). Manual
corrections of the automated integration of detected peaks was performed as required

using the Qual Browser application.

2.2.8 Statistics

A summary of the method validation results is presented in Table 2-3. Analysis of the
changes in metabolite levels in aged C. elegans were performed using regression analysis
to calculate the correlation coefficient (R?) in the GraphPad Prism software
(version 7.02). For non-linear regression modelling the p-values were calculated using

Microsoft Excel.
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2.3 Results

2.3.1 Method development

A HPLC method coupled with fluorescent detection has previously demonstrated that the
fluorogenic properties of the thiol-specific derivatisation compound, 7-chloro-N-[2-
(dimethylamino)ethyl]-2,1,3-benzoxadiazole-4-sulfonamide (DAABD-CI) can be
utilised for low-molecular weight thiol detection in C. elegans (131). The method was
adapted for HPLC-tandem mass spectrometry (LC-MS/MS) to allow for the simultaneous

quantification of cysteine, y-GC, GSH and GSSG.

Briefly, the products of DAABD-CI-derivatised thiol conjugates and the free GSSG
disulfide were observed in positive ion mode as protonated molecules [M+H]".
Chromatographic conditions were optimised for rapid simultaneous quantification of
cysteine, y-GC and GSH when pooled in equimolar amounts. Further optimisation of the
protocol required the exclusion of the reducing agent TCEP from the reaction mix to
permit measurement of native GSSG. The SRM transitions of each analyte were initially

determined using infusion of standards under optimised run conditions (Table 2-1).

Instrument performance for each analyte was initially tested by establishing the linear
dynamic range over which ion signal was proportional to analyte concentration. Ten-fold
serial dilutions of 1 mM analyte stocks were measured, and the range was determined by
the lowest concentration limit that maintained curve linearity. Instrument performance
was assessed by running standard curves in duplicates to determine any within-run
variation in analyte signal. Reproducibility was assessed in worm samples to confirm the

simultaneous detection of each analyte in the biological matrix.
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Table 2-1. Quantifying and qualifying ion transitions m/z, collision energies and

column elution times for thiol and disulfide analytes

Compound Tra(lrr;]s/izt)i on Ceor:leirsé;)/n elﬁYc?;a'[??ne
(min)
DAABD-Cys (Quantifier)T 391—303 30 eV 5.1
DAABD-Cys (Qualifier)* 391—-192 30 eV 5.1
DAABD-y-GC (Quantifier)' 519—303 30 eV 5.4
DAABD-y-GC (Qualifier)* 519—391 30eV 5.4
DAABD-GSH (Quantifier)* 576—447 24 eV 5.4
DAABD-GSH (Qualifier)* 576—303 29 eV 5.4
DAABD-GSH (SIL) (Quantifier)’  579—450 24 eV 5.4
DAABD-GSH (SIL) (Qualifier)*  579—303 29 eV 5.4
GSSG (Quantifier)T 613—231 30 eV 3.7
GSSG (Qualifier)* 613—355 30eV 3.7
GSSG (SIL) (Quantifier)* 619—231 30 eV 3.7
GSSG (SIL) (Qualifier)* 619—361 30 eV 3.7

TQuantifying ions: the most intense signal from the SRM transitions. *Qualifying ions: the second most

intense signal from the SRM transitions.
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2.3.2 Optimisation of chromatographic conditions and analyte quantification

Compared to conventional spectrophotometric and HPLC-based methods for
low-molecular weight thiol quantification, LC-MS/MS enables the separation and
quantification of closely related but structurally distinct thiol species based on mass.
Detection selectivity of each thiol was evaluated by looking for interference between the
thiols. For any thiol to interfere with the detection of another, the two would have to elute
at a near identical retention time and both would also have the same SRM
transitions (270). Cysteine is potentially more prone to interference than y-GC and GSH
as it is a constituent component of both. Though, y-GC generated a signal in the cysteine
SRM channel, due to differences in elution time (cysteine, 4.61 min; y-GC, 4.77 min)

their peaks could be individually resolved (Figure 2-3).

The C1g column provided an acceptable peak-shape for GSSG without modification of
the run conditions. The observed quantifying transition of GSSG (m/z 613—231) was
identical to that reported by a previous study that used a similar solvent gradient with a
Cus column (271). Other studies have reported the observed qualifying transition of GSSG

(m/z 613—355) in their analysis (259, 272-274).

Calibration curves of the pooled derivatised thiols typically provided a linear response
from 0.25-125 pmol/20 ul (R%>0.998). GSSG maintained linearity between
0.1-5 pmol/20 ul. All standard curves covered biologically relevant concentrations in the

sample mixtures (Figure 2-4).
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Figure 2-3. Chromatograms of the derivatised thiols and GSSG

The chromatograms show the peak shapes of DAABD-derivatised cysteine (red), y-GC
(blue), and GSH (green). Peak shapes and the retention times for the quantifying
transitions of each thiol were simultaneously generated from a single sample. The second
small peak for cysteine at 4.76 min (red), corresponds to the transition of y-GC which is
separated in the analysis. The predicted collision induced dissociation (CID) transition
patterns monitored for the quantifying ions DAABD-cysteine, DAABD-y-GC,
DAABD-GSH, and native GSSG form are represented. Dashed lines of the molecular
structures indicate the bond cleavage sites that undergo fragmentation. Structures drawn
using ChemDraw Professional software (version 16.0).
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Equimolar amounts of (4) cysteine, (B) y-GC, and (C) GSH were pooled and assayed
over the range of 0.025 - 125 pmol/20 pl. The standard solutions were prepared in borate
buffer, immediately prior to derivatisation with DAABD-CI. Concentrations of (D) GSSG

between 0.1 - 5 pmol/20 pl maintained linearity (R>>0.99).
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2.3.3 Measuring the potential occurrence of GSH autoxidation

Due to the high relative levels of cellular GSH to GSSG, even a small fraction of
autooxidation occurring could significantly increase GSSG levels (249). For example, at
the theoretical cellular ratio of ~100:1 (GSH:GSSG), occurrence of 2% autoxidation of
GSH would decrease the molar ratio estimates to ~50:1. The rate of reaction between the
thiol and the derivatising agent is a critical consideration to avoid autooxidation of the
thiols (249, 275). The complete derivatisation reaction rate of DAABD-CI (<5 min) (264)
has been demonstrated to proceed faster than commonly used reagents such as
monobromobimane and iodoacetic acid (between 15-40 min) which have estimated high
GSSG values in previous reports, suggesting the possibility of autooxidation being a
confounding artefact of the methodology (275). One potential caveat of the LC-MS/MS
method presented herein is that autooxidation of the thiol groups may occur when using
a pH 9 reaction buffer, due to formation of the thiolate anion. To test the occurrence of
GSH autoxidation, the percentage of GSSG present in the GSH standard was measured
using separate GSH and GSSG standards in the same analytical run. Across several inter-
day replicates, the amounts of GSSG present (<1%) in the GSH standards indicated

negligible amounts of autoxidation (Table 2-2).

Table 2-2. GSSG present in GSH standards

GSH (pmol/20 ul)  GSSG (pmol/20 ul)  GSSG (%) Inter-day replicates

125 0.62+0.04 0.49+0.02 4
62.5 0.41+0.12 0.65+0.09 4
25 0.14+0.07 0.58+0.13 4
125 0.10+0.04 0.81+0.25 2
<25 n.d. n.d. N/A

n.d.= not detected
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2.3.4 GSH internal standard (GSH-ISTD)

Due to GSH being the key analyte in this study, an internal stable isotope-labelled GSH
was included to correct for any measurement error. At the highest concentration of GSH
(125 pmol/20 pul), naturally occurring carbon-13 (C®) isotopes appeared to cause
interference of the (**C2°N)-GSH internal standard. This obstructed the linearity of the
calibration curve of the measured peak area ratios observed between GSH and the GSH-
ISTD (GSH/GSH-ISTD). To avoid this interference, the initial quantifying ion was
changed from m/z 579—450 to include the transition of m/z 579—303 (Figure 2-4). This
improved curve linearity and increased the GSH/GSH-ISTD signal ratio, at the expense
of a negligible loss in sensitivity. The ratio between signal intensity of GSH and the
internal standard from the standard curve was used to correct for the quantification of

GSH in the biological matrix.

A B
HO: i A N JUH  HOZ S L NH oz - X N %on
NN 5 N - N
Mo — Yo "o No
N N N — N
0-5:0 0-5:0 0-50 0-5:0
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| | | |
DAABD-GSH-ISTD (Quan) DAABD-GSH-ISTD (Qual)
579450 579303

Figure 2-5. Proposed structures of the quantifying and qualifying ions of GSH-ISTD

A) The quantifying ion transition of (3C,*>N)-GSH produced the most intense signal. B)
The qualifying ion transition of (:3C,*°N)-GSH produced the most second intense signal
and was selected for use in this study to improve standard curve linearity.
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Figure 2-6. Linearity of GSH standard with spiked with (*3C2°N)-GSH internal

standard

A representative SRM chromatogram of GSH standards (black peaks) spiked with
(**C2'°N)-GSH (red peaks). The intensity of signal counts per second (cps) of GSH-ISTD
is shown for the qualifying ion (m/z 579—303) Inset: Linearity of measurement of the
total area ratio of the relative signals (GSH/GSH-ISTD).
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2.3.5 Tandem mass spectrometry performance and method validation

Partial validation of the method and the tandem mass spectrometry performance of each

analyte was evaluated (Table 2-3).

Accuracy of the method was determined by measuring known amounts compared to the
theoretical value deduced from the calibration curves. The inter-day accuracy (n=3) was
assessed by inclusion of quality control (QC) samples of known concentrations that
compared to the mid-range values on the standard curve. Accuracy values are expressed
the percent deviation of the determined experimental concentration from the proposed

theoretical concentration.

The precision of an analytical method describes the closeness of individual measures of
an analyte when the procedure is applied repeatedly to multiple aliquots of a single
homogenous volume of biological matrix. Intra-day precision (n=4) was assessed by

comparing duplicate values of the biological matrices.

Sensitivity was assessed by measuring the lower limits of detection (LLOD) and lower
limits of quantification (LLOQ) for each analyte. The LLOD was defined as the analyte
concentration that generated a signal-to-noise ratio at least three times greater than the
signal from the blank sample (S/N>3). The LLOQ was defined as the concentration with
a signal-to-noise ratio at least ten times greater than the blank (S/N>10) that was
reproducible throughout every run, with the percent of the coefficient of variance (%CV)

within 20%.
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Each analyte showed acceptable levels of stability (within 15%) in run conditions (6-8 h,
10°C). However, in one run the cysteine standard curve did show poor within-run stability
(77%; data not shown). This was later attributed to the change in pH of the borate buffer
after one-month storage at room temperature. To address the risk cysteine instability, the
borate buffer was used within two weeks of preparation. Standards were also prepared

fresh on the day of each run.

Table 2-3. Partial method validation summary

Assessment Cysteine v-GC GSH GSSG
Accuracy (% bias) -8% +5% +1% n.a
Precision 93% 97% 98% n.a
Sensitivity

LLOD (pmol/20ul) 0.25 0.025 0.025 0.01
LLOQ (pmol/20ul) 2.5 0.25 0.025 0.1
Stability

Processed sample stability 93% 95% 97% 92%

n. a = not assessed
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2.3.6 Glutathione homeostasis declines with age in C. elegans

To explore the nature of the age-related changes in glutathione homeostasis, GSH and its
precursors cysteine and y-GC, as well as GSSG were monitored over the first 10 days of
worm adulthood. Each sample (n=23-34) comprised between 250 to 500 worms, with the
majority of samples (n=20-30) taken from day 1 to day 5 old adults. Though a slight
decline in cysteine levels with age was observed (Figure 2-7A), linear regression analysis
revealed no significant difference (p=0.074; r>=0.0963). Both y-GC (p<0.01) and GSH
(p<0.0001) significantly declined exponentially (non-linear) at similar proportional rates
over the first 10 days (Figures 2-7B & C). This suggested that GCL dysregulation may
be occurring during ageing given the progressive decline in y-GC production in the

absence of cysteine limitation.

The decline in GSH was unlikely related to any dysfunction in the reducing capacity of
glutathione reductase (GR). At the theoretical GSH:GSSG ratio of 100:1, if the
glutathione couple was in equilibrium, a 50% decline in GSH should correspond to a
25-fold increase in the molar GSSG concentration, based on the equation for the half-cell

reduction potential (276) of the glutathione redox couple:

2GSH—2e —2H'SGSSG

As there was no significant change in GSSG levels, the decline in GSH cannot be
explained by a limitation in the recycling of GSSG by GR (Figure 2-7D). The GSH/GSSG
molar ratio did follow a pattern of decline with increasing age (Figure 2-8), indicating a
pro-oxidising shift in the glutathione redox state occurs due to dysfunction in the de novo

GSH synthesis pathway rather than dysfunction of GR.
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Figure 2-7. Levels of the metabolites of glutathione homeostasis in ageing C. elegans

Age-matched cohorts (approx. 500 worms) of wild-type C. elegans were grown at 20°C
and collected between 0-10 days of adulthood. Regression analysis was used to determine
any age-dependent trends in thiol levels (n=23-34).
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Figure 2-8. GSH/GSSG molar ratios of ageing C. elegans

The molar ratio of GSH/GSSG declined over the first 10 days of adulthood. The mean of
the GSH/GSSG molar ratios declined from approximately 115:1 at day 1 to 25:1 at

day 10.
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2.3.7 Cysteine is limiting in GSH synthesis beginning at day 1 of adulthood

Day 1 old adults were treated with increasing concentrations (0-10 mM) of the cysteine
prodrug, N-acetylcysteine (NAC) in liquid medium for 2 h (Figure 2-9). Dose-dependent
increase in cysteine and y-GC levels were observed, though only the 5 mM NAC doses
were considered significant for increasing y-GC levels (p<0.05). An observed increase in
mean GSH levels was also observed for the 5 mM NAC treated group, yet this increase
was considered not significant. No change was observed for any of the thiol levels in the
10 mM NAC-treatment group, suggesting that the higher concentration was causing
aberrations of dose-dependency in the system resulting in an observed inverted U-shape

dose-response.
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Figure 2-9. Thiol levels in day 1 adult nematodes treated with NAC

Synchronised day 1 old wild-type adults were incubated for 2 h at 20°C in M9 buffer
containing NAC (0-10 mM). At 5 mM NAC, the y-GC content of the worms had
significantly increased (*p<0.05). Though a similar increase in the cysteine and GSH
levels were observed they were not determined to be significant. A one-way ANOVA test
was performed using Dunnett’s multiple comparisons test as a follow up for comparisons
of each treatment and their controls. Data presented as mean £SD (n=3).
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2.4 Discussion

The decline in glutathione homeostasis has long been considered a key factor in human
ageing (277, 278). In various higher organisms, this decline is typically considered to
result from dysregulation of the gamma-glutamyl cycle, which can lead to decreases in
the GSH synthetic capacity or a pro-oxidising shift in the GSH/GSSG ratio. Studies that
have explored the in vivo changes in human GSH levels have tended to focus on
monitoring either plasma, erythrocytic or lymphocytic GSH content as endpoint
measurements. Investigating GSH in human lymphocytes is arguably more representative
of cellular GSH regulation as they, unlike mature erythrocytes, contain a nucleus, and
hence the ability to maintain cellular GSH homeostasis via the upregulation of GSH
synthesis enzymes. Post-mortem measurement of GSH levels in several sections of the
adult ageing human brain (23-99 years) have suggested that levels may not decline (279).
The authors did, however note that the rapid post-mortem breakdown of GSH levels may
have influenced results. This is supported by others that have shown that post-mortem
changes in GSH decline to 88% after 30 min and to as low as 50% after 24 h (280). The
application of *H magnetic resonance spectroscopy (MRS) in human clinical studies may

offer a non-invasive alternative to measure brain GSH concentrations in vivo (281).

The results presented in this chapter demonstrate that the age-related GSH changes in
C. elegans follow a similar pattern of decline to that observed in aged human
lymphocytes (282). The lymphocytic GSH content of 60-80 year olds (12.3 nmol/mg
protein) was shown to be ~57% the content of 20-40 year olds (21.5 nmol/mg
protein) (282). Here we show that C. elegans is a powerful model to investigate the human

age-equivalent changes in glutathione homeostasis.
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2.4.1 A novel LC-MS/MS method resolves glutathione homeostasis changes during

C. elegans ageing

The use of benzofurazans have been discussed, though rarely reported, as an alternative
derivatising agent to commonly used alkylating agents, such as N-ethylmaleimide
(NEM), for the measurement of low-molecular weight thiols in biological systems (249,
283). The use of NEM for HPLC-based methods has limitations, including the potential
for non-thiol peptide binding (284) and the formation of diastereomers of NEM-thiol
adducts which can lead to two chromatographic peaks for each analyte (285, 286). The
benzofurazan, DAABD-CI, was initially purposed for the identification of cysteine-
containing proteins using LC-MS/MS (264). Its fluorogenic properties made it amenable
for the detection of several proteins and other low-molecular weight thiols, including
homocysteine and cysteinylglycine in C. elegans extracts using HPLC coupled with
fluorescence detection (131, 264). Increased sensitivity enabled the detection of thiol
derivatives at the femtomole level (264), which qualified DAABD-CI a suitable

alternative derivatising agent to explore in this work.

A major concern in C. elegans ageing work is the lack of consensus between studies on
what concentration of 5-fluorodeoxyuridine (FUdR) should be included in the nematode
growth medium (NGM) to inhibit progeny production. Concentrations ranging between
40-500 uM FUdR are typically used (287), which may have an effect on the worm’s
physiology and introduce experimental artefacts. It has been suggested recently that the
findings of lifespan studies that have employed FUdR may need to be reinterpreted (261).
The experimental approach for this, and the work detailed in subsequent chapters, was to
exclude FUdR to avoid possible artefacts. Accordingly, provision of the high sensitivity

LC-MS/MS method allowed the measurement of each of the analytes in a relatively low
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number of worms (<500). Though this approach was exorbitantly more time consuming
than the inclusion of FUdR in the NGM, the results presented herein will not require the
scrutiny of reinterpretation due to possible FUdR related artifactual bias. Ultimately, the
development of more sensitive analytical methods will allow FUdR to be excluded from
experiments that investigate important mechanistic metabolic questions and limit its use

as a tool for screening only.

2.4.2 Potential caveats relating to the LC-MS/MS method

It is critical to consider the acid dissociation constant (Ka) of a thiol when preparing the
pH buffered conditions of the derivatisation reaction. The intrinsic pKa for the
thiol-thiolate equilibrium in an aqueous solution is reported to be approximately 8.6 for
cysteine (288), 9.9 for y-GC and 8.9 for GSH (289). Previous studies have also expressed
similar concerns when using a borate buffer at pH 9 where the complete derivatisation
between iodoacetic acid and thiols occurs rapidly within 5 min (290, 291). Most
pre-analytical sample preparation methods include protein precipitation by acidification
as a precautionary step to avoid the deprotonation of the thiol group forming the more
reactive thiolate (S°) anion. Derivatisation reaction conditions between organic thiols and
benzofurazans is favoured between pH 8.5-9 (292). The DAABD-CI derivatisation takes

less than 5 min at pH 9 (264) and 20 min at pH 8 (293).

It has been discussed that errors can occur when making the assumption that acidification
is essential during sample preparation for GSH analysis as this has been reported to result
in oxidation of sulfhydryl groups, possibly as a consequence of the release of ROS from
the biological matrices (249). During the method development, pre-treatment of the worm
samples with DAABD-CI reaction mixture before sample homogenisation was

implemented to ensure immediate derivatisation and to avoid any thiol autooxidation.
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Previous HPLC studies have demonstrated that pre-treatment with the alkylating agent
N-ethylmaleimide (NEM) can minimise autooxidation when added prior to sample
acidification (286). Minor occurrences of artefactual oxidation of GSH can lead to a
considerable relative increase in GSSG and inherent misreporting of the GSH/GSSG
ratio. Even recent innovations to image GSH in live cells in real-time (294) have caveats
to the methodology (295, 296). The fundamental challenges of measuring cellular redox
couples pertain to the analytical practices causing unavoidable perturbations in the redox

system (291).

2.4.3 Glutathione homeostasis declines with age in C. elegans

To develop appropriate therapeutic strategies, it is essential to understand how GSH is
declining with age. Here we have shown that C. elegans can be used as a model to
determine dysfunctions in the GSH de novo synthesis pathway that can explain this
decline. Young adult wild-type worms (day 0) have previously been reported to contain
40 nmol GSH/mg protein with a GSH/GSSG ratio of 70:1 (132), which agrees with
findings in day 1 adult wild-types presented in this chapter (27.8 nmol GSH/mg protein,
115:1). Our findings of a GSH decline are in agreement with others that have shown
similar trends with nematode ageing (127, 145). The development of the LC-MS/MS
single assay method for the detection and quantitation of thiols and GSSG, has overcome
the technical limitations of current commercially available glutathione assay kits, which
has prevented investigations of age-associated changes in the GSH/GSSG ratio and the

related thiol metabolites in C. elegans (145).

Glutamate, cysteine, and glycine are amino acids that intersect with major metabolic

pathways including, nitrogen-, sulfur-, and one-carbon metabolism. Although cysteine is
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generally considered the limiting substrate for GSH synthesis, there is the possibility that
glutamate, glycine or ATP partitioning to other pathways (266) could also impact on GSH
levels during ageing, and should be investigated in future work. Compared to other free
amino acids, measurement of cysteine is considered difficult in biological samples
without an alkylating agent, such as iodoacetic acid (297), which presumably has led to

cysteine levels often being omitted from metabolic studies.

2.4.4 Cysteine availability is limiting in GSH synthesis from day 1 adulthood

Cysteine levels did not show a significant age-dependent trend that could fully explain
the observed decline in GSH. If cysteine levels do not decline as rapidly as GSH in C.
elegans, then perhaps it is limiting at every stage of adulthood. Accordingly, the method
we present herein was used to determine whether cysteine, in the form of N-acetylcysteine
(NAC) supplementation, can increase GSH levels (Figure 2-9). Physiological benefits of
NAC have been reported in several worm studies (298, 299), yet none have monitored
changes in GSH levels post-treatment. The availability of cysteine needs to be sufficient
to support the substrate requirements for the high turnover rate of GSH. Though the data
from aged worms suggests that cysteine levels may not decline with increasing age, day 1
old worms treated with NAC showed corresponding dose-dependent (0-5 mM NAC)
increases in cysteine and y-GC, indicating that while cysteine levels may not significantly

decline with age, they may in fact be limiting from young adulthood.

2.4.5 Age-related changes in the GSH/GSSG ratio

The GSH/GSSG ratio is an indicator of a cell’s oxidative status and the efficiency of the
de novo and salvage GSH synthesis pathways. Measuring the GSH/GSSG redox couple
over the life of the worm could offer insight into disturbances in the network that cannot
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be gained by measuring GSH alone. For example, if NADPH levels, which are
determined by the pentose phosphate pathway (PPP), become limiting for the recycling
of GSSG to GSH by glutathione reductase (GR), it will be apparent by increases in GSSG

and a decline in the GSH/GSSG ratio.

The generation of transgenic worms strains encoded with a redox sensitive ratiometric
green fluorescent protein (GFP) probe capable of measuring the relative abundance of
GSH and GSSG have been recently reported (300). However, autofluorescence in the
green emission wavelength was shown to increase with ageing leading to compounding
interference obscuring the readings and limiting the use of the strain (300). It has been
advised by the same researchers that when designing redox probes to consider generating
fluorescent tags with the emission spectrums in the red region where autofluorescence is
absent (301). A study using a variant of the redox sensitive ratiometric GSH:GSSG
reporter strain, which investigated tissue-specific differences in young worms, concluded
that the glutathione redox balance varies even among individuals of isogenic populations,
likely due to variation in GSSG levels (42). This concurs with the considerable variation
of GSSG levels that we have observed in aged matched wild-type populations

(Figure 2-7D).

A decline in the activity of the glutathione reductase (GR) enzyme could also be
occurring, though it is not clear based on our observations. One possible, but perhaps
unlikely, explanation could be that the worm excretes excess cellular GSSG at a certain
concentration threshold via multidrug resistance proteins (MRP) when the enzymatic
action of GR is unable to maintain the age-related increases in GSSG levels. Though this
is not obvious from the results, it should not be disregarded in the interpretations. The

ability to measure the thiol and disulfide content of the worm’s waste products from the
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excretory system would provide useful information if any changes in the redox milieu

were attributable to such a mechanism.

Another possibility of the decline in free thiol GSH could be that it is forming
protein-mixed disulfides by S-glutathionylation. Increases in protein S-glutathionylation
could be a mechanism to protect cysteine residues in response to an increased load of
hydrogen peroxide. This hypothesis is consistent with work in worms that have shown
that hydrogen peroxide levels increase with age (300). The net loss of GSH is possibly a
result of dysregulation occurring at multiple levels with age. Modelling the decline in
GSH in C. elegans will assist future efforts to understand the multifaceted levels of this

dysregulation (Figure 2-10).
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A Whole worm homogenate Tissue-specific levels
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Figure 2-10. Modelling the decline of glutathione homeostasis in aged worms

(A) Whole worm lysates are sufficient to demonstrate a decline in GSH levels with ageing
but lack the resolution to determine any tissue-specific changes. (B) Though a net loss of
free GSH may be due to substrate limitation in the ATP-dependent reactions of the worm
GCL holoenzyme orthologue (GCS-1/E01A2.1) or glutathione synthetase orthologue
(GSS-1), a concomitant decline in y-GC levels suggests a decrease in activity of the rate-
limiting enzyme, which may be due to dysfunctional interactions between GCS-1 and the
E01A2.1 modifier subunit. No changes in the GSSG levels were observed with ageing.
Multidrug resistant proteins (MRP) may be involved in excreting cellular GSSG, yet the
involvement of MRP in maintaining glutathione homeostasis remains poorly defined in
worms.
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2.4.6 Sub-cellular concentrations of the glutathione redox couple

The majority of glutathione redox research that is based on the chemical analysis of
whole-cell extracts to deduce oxidation-reduction potential (En) of the cell has recently
been challenged (302). Given that cellular GSH concentrations are heterogeneously
distributed throughout the cytosol and sub-cellular compartments (303), whole cell
extract data used to estimate cellular electrochemical potential may be misleading if using
the Nernst equation (276). Use of the information obtained in the work described in this
chapter to calculate the Egsn redox potential using the Nernst equation would be
uninformative on the nature of the cytosolic glutathione pool (302). The advent of
genetically-encoded fluorescent probes to measure GSH/GSSG in yeast has broadened
our understanding that GSSG is not restricted to the cytosol, but can be sequestered in the
vacuoles (302) and that the cytosolic GSH:GSSG ratio is several orders of magnitude

higher (10,000:1) than previously thought (304).

One of the limitations of measuring GSH and GSSG levels in whole-worm extracts is the
unavoidable loss of tissue and subcellular compartment specific information
(Figure 2-10A). Moreover, if measuring whole worm cellular concentrations (mM
levels), worm volumes would have to be determined at each age as worm size increases
with age (305). Investigations that use analytical chemistry to directly measure redox
compounds should use caution when drawing conclusions on the redox environment
based on the assumption that redox couples are homogeneous throughout the cell. Results
from this chapter show that the molar ratio of GSH/GSSG in whole worm extracts
declines with age. Though this index cannot be used to accurately deduce the redox
potential, based on the Nernst equation, it does serve as an informative measure to detect

disturbances in the redox network (276).
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Based on what is now known about subcellular levels of the glutathione redox couple in
yeast, GSH/GSSG ratios in C. elegans likely play a dynamic role influencing the redox
environment of subcellular compartments, including the mitochondria and the
endoplasmic reticulum. Moreover, little is known about the extracellular levels of GSH
and GSSG and it may be difficult to conclude much about the extracellular redox
environment due to the worm’s lack of a circulatory system, whereas in humans,

extracellular levels are largely based on plasma content.
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2.5 Conclusions and chapter summary

Maintenance of glutathione homeostasis is required to regulate redox signalling and for a
healthy cellular physiology to protect against excessive ROS production. In this chapter,
we present work demonstrating that C. elegans can be an effective model organism to
observe changes in GSH levels during ageing. The inherent difficulties with the
methodologies for measuring glutathione homeostasis have proved perennially
problematic in the performance of studies aimed at determining the relationship of GSH
and various aspects of cellular health. Reliable reporting of the in vivo GSH/GSSG ratio
in biological samples is challenging largely due to, autooxidation of GSH’s highly
reactive sulfhydryl group, the possibility of enzymatic reduction of disulfides (including
protein-mixed disulfides), and the low abundance of GSSG relative to GSH (306).
Similarly, when measuring protein S-glutathionylation, both GSH and GSSG can
interfere with protein-mixed disulfide (PSSG) estimation, causing significant errors due
to unbound GSH concentrations being several orders of magnitude greater than PSSG

levels (307).

The additional challenge of maintaining age-matched populations without the use of the
DNA synthesis inhibitor, FUdR, led to our development of a sensitive LC-MS/MS
technique for the detection and quantification of all the thiol metabolites involved in the
de novo GSH synthesis pathway. The advent of this method, which requires only a small
number (<500) of worms per assay enabled our investigations into how modulating GSH
levels can affect the redox status of the worm. The determination of several key
metabolites in a single assay provides data that can be interpreted as a proxy for substrate
availability and enzyme activity, which allows the detection of any significant changes

during ageing. Due to the corresponding decline of y-GC and GSH with increasing age,
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the focus of the next chapter was the role that GCL plays in the regulation of GSH

synthesis in worms.

Chapter 3 explores the regulatory role of the gclm gene (EO1A2.1), which is predicted to
be the protein-encoding gene for the modifier subunit (GCLM) orthologue of the
mammalian GCL enzyme. The two aims of Chapter 3 were to, first, determine if the
GCLM subunit does in fact regulate GSH levels and, second, to observe the consequences

of its gene silencing on healthspan and lifespan.
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3 Chapter Three

3.1 Introduction

Though numerous studies have used rodent and Drosophila models to investigate the role
of the GCLM subunit in ageing and oxidative stress (86, 87, 89, 92), there are no in-depth
reports that characterise the predicted function of the C.elegans gclm orthologue
(Figure 3-1). The majority of the work that has investigated GSH synthesis in C. elegans
has focused primarily on the gcs-1 gene which encodes for the catalytic subunit. Work
published in 2004, studied the protein-protein interactions of C. elegans using yeast two-
hybrid (Y2H) screens and showed that the GCLM protein (EO1AZ2.1) interacts directly
with the GCS-1 (GCLC orthologue) protein (146). The only known function of the
GCLM subunit in mammals is to form the holoenzyme complex with the GCLC subunit
as a seemingly ancillary role in the regulation of de novo GSH synthesis. The GCLC
subunit contains all the substrate and cofactor binding sites to synthesise y-GC, though
evidence suggests that due to the non-allosteric feedback inhibition exerted by GSH on
the activity of GCL, physiological concentrations (~5 mM) remain unattainable if the
GCLC is unbound to GCLM (308). In most cell types, physiological GSH levels exceed
the inhibition constant (Ki) for GCLC (309), suggesting that a significant proportion of
the GCL exists as the heterodimer holoenzyme where GSH concentrations exceed
~1 mM. This is supported by observations in Gclm(-/-) null mice where GSH levels are
~10-20% of that of wild-types (310, 311). By targeting the function of Gclm rather than
gcs-1 in C. elegans, GSH synthesis can be compromised without completely inhibiting
its synthesis, which has previously been shown to be embryonically lethal in Gclc(-/-)

null mice (86, 312).
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D. melanogaster GCLM 115
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C. elegans GCLM 220 276
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R. norvegicus GCLM 222 276
H. sapiens GCLM 222 276

Figure 3-1. Schematic of the gclm genomic locus and predicted amino acid sequence
of C. elegans GCLM aligned with D. melanogaster, rat and human homologues

A) The E01A2.1 locus is proposed to encode two different isoforms; E01A2.1a and
E01A2.1b. B) Multiple sequence alignments of C. elegans isoform a (E01A2.1a),
comprising 276 amino acids, suggests it is more closely related to D. melanogaster, rat
and human than isoform b (EO1A2.1 b), which has an additional predicted 14 amino acid
N-terminal extension (not shown in alignment). Amino acid sequence alignments were
generated using the online T-Coffee program (313) with subsequent manual curations.
The black squares indicate the sequence identity between C. elegans and the mammalian
species, with the asterisks (*), indicating the identity between C. elegans and human.
Semicolons indicate the residues that are conserved across all species except C. elegans.
The two conserved cysteine residues (Cys-192, Cys-193) outlined in red have been shown
to have a role in the GCLC and GCLM subunit interaction in the higher organisms.
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Differences in chromosomal location of the genes that encode for the respective
mammalian GCL holoenzyme subunits is also conserved in C. elegans. The E01A2.1
gene is located on chromosome | and the gcs-1 gene on chromosome I

(http://www.wormbase.orq).

Analysis of the predicted amino acid sequences of the gcs-1 and gclm subunit genes in C.
elegans, indicated that GCLC (gcs-1) shares 53.3% and GCLM subunit shares 31%
identity with their human orthologues (314). This level of conservation qualifies
C. elegans as a suitable in vivo model to investigate the relatively unexplored gclm gene

and to study how GSH synthesis is regulated.
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3.2 Materials and Methods

3.2.1 Chemicals and reagents

The E. coli HT115(DE3) RNAI strain that expresses double-stranded RNA (dsRNA)
corresponding to the EO1A2.1 (gclm) gene was generated from the original library
constructed by the lab of Julie Ahringer (315) and was supplied by Source BioScience.
The vector control consisted of the empty pL4440 vector transformed into the
HT115(DE3) strain. The HT115 strain is deficient in RNAselll, an enzyme that normally
degrades the majority of dsSRNA in the bacterial cells (316). The HT115 strain contains
the T7 RNA polymerase gene under the control of lac operon regulatory elements. T7
RNA polymerase expression in HT115 bacterial cultures was induced with 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG). The pL4440 plasmid contains two
convergent T7 promoter regions in opposite orientation flanking the gene-specific
cDNA (317). The induction of T7 RNA polymerase results in RNA being transcribed in
both directions of the T7 promoter regions to form dsRNA. Following uptake by the
worm, the dsRNA initiates RNAIi against the corresponding target gene of the

worm (318).

3.2.2 Nematode propagation and strains

The N2 Bristol strain (wild-type) was provided by the Caenorhabditis Genetics Center
(CGC), which is funded by the NIH National Center for Research Resources (NCRR).
C. elegans were maintained in Petri dishes on nematode growth medium (NGM) and fed

with Escherichia coli OP50 strain according to standard practices (319).
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3.2.3 RNA interference

RNAI was induced by feeding worms with E. coli HT115 strains that produce dsRNA,
specific for the gclm (E01A2.1) mRNA, following a method previously described (320).
The bacterial RNAI strain was grown overnight on Luria-Bertani (LB) agar containing
15 pg/ml tetracycline and 50 pg/ml ampicillin. Single colonies were inoculated into 5 ml
LB broth containing 50 pg/ml ampicillin and cultured at 37°C in a shaking incubator for
between 12-18 h according to previous methods (321). The bacterial cultures, containing
the dsRNA for the E01A2.1 gene, were seeded onto RNAI worm plates (NGM agar
containing 25 pg/ml carbenicillin and IPTG at 1 mM concentrations) and were incubated
overnight at 37°C to allow bacterial growth and to begin induction of the dsSRNA. Gravid
worms were then transferred to new RNAI plates for 6-8 h at 20°C to lay eggs. Once the
adults were removed, a synchronised population of worms was maintained. Worms were
grown on RNA. plates until they reached the age of interest for analysis. To control the
consistency of bacterial density from the start of each 24 h period, the worms were

transferred daily to fresh plates containing dsRNA bacteria.

3.2.4 Lifespan analysis

Synchronisation of C. elegans was achieved using the egg laying method (322). Briefly,
L4 larvae, characterised by the presence of a white patch approximately halfway along
the ventral side (323), were picked and plated on NGM containing E. coli OP50 and
incubated overnight at 20°C until they developed into reproductive adult hermaphrodite
worms. Age-matched, gravid worms were then transferred onto individual RNAI plates
containing E. coli HT115 strains and were kept at 20°C for 3 h to continue to lay eggs.
The worms were then removed, and the eggs incubated for ~72 h until they reached day

0 of adulthood. Groups of 20 synchronised adult (day 0) worms were transferred to fresh
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35 mm RNA. plates for a total of 60 worms per treatment group. Survival numbers were
recorded daily with death as the endpoint. Worms that either escaped the plate, or were
injured during handling, displayed internal hatching (commonly known as “bagging”), or
bursting were censored (324). To separate adult worms from their progeny, adults were
moved to new RNAI plates each day until the end of the lifespan experiment. To maintain
consistent optical density of bacterial lawns, each 35 mm RNAI plate was seeded with

100 pl x E. coli HT115 cells at a density of 100 mg/ml.

3.2.5 Thrashing assay

Thrashing behaviour was assessed by observing individual nematodes placed in 200 pl
M9 buffer per well of a 96-flat bottom well tissue culture-treated plate. Worms that were
aged at 20°C were assessed at days 1, 5 and 9 for the average number of spontaneous
body bends (thrashes) per min. Each animal was gently placed in an individual well of
M9 buffer and acclimated for 1 min at room temperature. Measurements were blinded for
treatment groups and performed in two or three individual experimental repeats on

between 4-18 randomly selected worms per time point.

3.2.6 Egg laying assay

The egg laying assay used in this study was modified according to a previous
method (325). Investigations of the effect of gclm RNAIi was performed in 35 mm RNAI
plates and seeded with 100 pl E. coli HT115 strain (100 mg/ml) targeting the E01A2.1
gene or the containing the pL4440 vector only. To maintain a constant E. coli cell density
and hence induction of RNA interference, worm plates were seeded the day before and
incubated at room temperature overnight to induce the RNA. strains. One L4 worm was

added per 35 mm plate ~64 h after synchronisation prior to reaching reproductive
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maturity; this was considered day 0. At the end of each 24 h period, the worms were
transferred from the hatching plate to new laying plates. The hatching plates were kept at

20°C for 72 h and the progeny of each worm was scored until egg-laying ceased.

3.2.7 Pharyngeal pumping

Pharyngeal pumping was measured by counting the number of contractions of the
posterior bulb of the pharynx per min using a Nikon SMZ800N Stereomicroscope (326).
Measurements were blinded for treatment groups and performed in two or three
individual experimental repeats on between 4-24 randomly selected worms per time point

treatment.

3.2.8 Hydrogen peroxide stress-test

Recovery of worms after short-term exposure (1 h) to 5 mM H202 was assessed according
to a previous method (184). Synchronised worms were removed from plates and washed
three times in M9 medium to remove the bacteria. Approximately one hundred worms
per group were incubated for 1 h at 20°C in individual wells of a 24-well tissue
culture-treated plate containing 1 ml H20: solution. After treatment, the H20> solution
was aspirated and worms washed three times before being collected using Sorenson™
low-binding tips and transferred to E. coli OP50-seeded NGM plates. Survival scoring

over the recovery period was blinded for all treatment groups.

3.2.9 Generation of GFP reporter strains for the gclm promoter

Transcriptional GFP reporters were generated using a PCR-fusion based approach (327).
Fragments of the promotor region of the gclm gene were fused to the nucleotide sequence
of GFP, whereby 22-26 bp overlapping extensions were used to fuse the two PCR

products together. Individual PCR products were first amplified separately and used as
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templates for the subsequent fusion PCR reaction at ~0.1-1 ng per 50 pl reaction mix.
The promoter region that contained the entire 5.6 kb for EO1A2.1a upstream of the start
codon was PCR amplified from genomic worm DNA (Figure 3-2). DNA amplification
procedures were performed using Phusion high-fidelity DNA polymerase (Cat. #M0530,
New England Biolabs) except for the 5.6 kb promotor region of the EO1A2.1a variant,
which was amplified using PrimeSTAR GXL DNA polymerase (Cat. # RO50A, Takara
Bio). The promoter fragment was fused to the GFP nucleotide sequence from the
pPD95.67 vector (a gift from Andrew Fire, Addgene plasmid #1490) which included the
unc-54 3" untranslated region (UTR). The fused PCR products were purified using the
Qiaquick PCR purification kit, with the final elution step performed using ultrapure water.
Injection mixes contained the purified PCR-fusion product (~10 ng/ul) and
Odr-1p::DsRed (50 ng/ul) as a co-injection marker to be injected in the gonads of young
adult hermaphrodite nematodes to generate extrachromosomal arrays (328). A Scheme

for the PCR fusion workflow is shown in Figure 3-2.

3.2.10 Microinjection, Screening and Fluorescence Microscopy

N2 wild-type worms were selected at L4 and placed on fresh NGM plates and allowed to
grow overnight to gravid adults before microinjection. Each injected Po worm was placed
on an individual 35 mm NGM plate seeded with E. coli OP50 and allowed to produce
progeny between 2-3 days. Worms were screened using a fluorescence dissecting
microscope. The F1 worms that had taken up the co-injection marker were picked and
placed on individual 35 mm plates. Transcriptional GFP reporter strains were isolated by
transferring F2 generation worms that had maintained the co-injection marker, to new
plates. Worms carrying the extrachromosomal array were mounted on 2% agarose pads

and immobilised using 25 mM sodium azide. A cover slip was then placed on the worms
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immediately before imaging by differential interference contrast (DIC) fluorescence

microscopy.
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Figure 3-2. Scheme of PCR fusion approach for the generation of transcriptional

GFP reporter strains

Generation of the promoter-GFP fusion required two-PCR products. The first was the
promoter, which was amplified from genomic C. elegans DNA (Primers A and B) and the
other was the gfp nucleotide sequence cloned in the pPD95.67 vector (Primers C and D).
The primers B and C were designed with a complementary overlap to assist the PCR
fusion reaction. PCR 3 used the nested primers (A* and D*), by which the two fragments
were fused together with the 22-26 bp overlap of the two fragments. For primer sequences
used in the fusion reactions see Appendix (A-1).
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3.2.11 Strategy for generating gclm mutants using the CRISPR/Cas9 system

Targeted Cas9-mediated cleavage of the C. elegans gclm locus was attempted to produce
heritable insertion or deletion (indel) mutations by error-prone repair (Figure 3-3A).
Screening for indel mutations was conducted using PCR genotyping performed according
to a previously described method (329). Briefly, two outside primers amplify a region
across (~500 bp) the targeted site (Figure 3-3B). A second primer (the flank primer) sits
on the target site with the 3’ end of the primer binding immediately before the PAM site
(Figure 3-3B top), which is approximately 200-300 bp downstream of the F1 primer.
Binding of the flank primer should produce 2 amplicons in wild-type worms: the 500 bp
attributed to the two outside primers, and the 200-300 bp amplicon of the flank and one
of the outside primers. Alternatively, the PCR can be conducted with the flank primer as

a reverse primer, where the 3’ end binds 4 bases upstream of the PAM site.

Flank primer
F1’ = o —
—_— NNNNNNNNGG
SGRNA ! Terget it | PAV [E—
A S
) R1
Cleavage site
5’
NGG
)
3 A
Cleavage Cleavage site
Bty v
S Torgetsite | PAV | —
Cas9 Nuclease NNNNNNNNGG <
N - RT
Flank primer

Figure 3-3. CRISPR/Cas9 target and genotyping strategies

(A) The sgRNA (red) is a synthetic oligonucleotide containing both the CRISPR-targeting
RNA (crRNA) and trans-activating RNA (tracrRNA) sequences, complexed with the
Streptococcus pyogenes Cas9 protein (yellow). The double-stranded break is said to
occur ~3-4 bases within the PAM. (B) Two external primers (F1' and R1’) span the
cleavage site (~500 bp). The cleavage site is flanked by an additional primer, which
should result in an additional band in the same PCR reaction in worms that have not been
modified around the cleavage site. Two flank primer design options are shown.
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The protocol for generating CRISPR/Cas9-induced mutations was followed according to
the previously described method (330). The target sites were identified using the openly
available CRISPR guide RNA selection tool (331). The single-guide RNA (sgRNA)
primers complementary to the coding sequences in the E01A2.1 gene were designed
according to a previously described method (330). Briefly, the sRNAs were cloned into
the pUG::klp-12 vector (a gift from John Calarco, Addgene plasmid #46170) and
transformed into Alpha-Select Silver Efficiency Competent Cells according to the
manufacturer’s instructions (Bioline). For sgRNA specific primers, including the
universal reverse primer, see Appendix (A-2). Clones were validated by sequencing and
the plasmids were midiprepped before injection into the worms. Plasmid DNA was eluted
in the final midiprep step using MilliQ water rather than the elution buffer provided in
the ZymoPURE commercial kit (Zymo Research). Elution with MilliQ increases the
chance of transgenics and lowers the toxicity of the injection mix (330). Injection mixes
contained the Cas9 expression plasmid (Peft-3::Cas9 SV40 NLS::tbb-2 3" UTR), the
pUG6::klp-12 sgRNA vector, and the two co-injection markers: 2.5 ng/ul pCFJ90
(Pmyo-2::mCherry::unc-54 3’ UTR) and 5 ng/ul pCFJ104 (Pmyo-3::mCherry), which
were used to visualise the red-pharynx and red body wall muscles, respectively. A
Scheme for the CRISPR/Cas9 screening and genotyping workflow is shown in

Figure 3-4.
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Figure 3-4. CRISPR/Cas9 strategy for the generation of mutant gclm worms

For each injection round approximately 20 young adult wild-type worms (PO) were
injected with the CRISPR-Cas9 injection mix, which included the co-injection markers.
Each worm was plated on an individual plate and allowed to lay eggs for up to 3 days.
F1 progeny that had the co-injection marker expressed in either the pharynx or body wall
were transferred to individual plates and allowed to lay eggs for 3 days to generate F2
progeny. The initial F1 worms from each plate were then PCR genotyped and screen
candidates were sequenced to determine if an indel was present.
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3.2.12 Genotyping using single worm PCR

PCR was used to genotype potential mutants that had taken up the co-injection marker.
Genomic DNA was released in 10 ul of worm lysis buffer containing 50 mM KCI, 10mM
Tris (pH 8.3), 2.5mM MgCl,, 0.45% NP-40, 0.45% Tween-20, 0.01% gelatin and
0.1 mg/ml proteinase K. Each worm was added to individual tubes of 8-strip 0.2 ml PCR
tubes and quickly centrifuged (2000%g) to ensure the worms were positioned in the
bottom of the tubes. This was then followed by freezing at -80°C for at least 15 min to
allow cuticle rupture. After which, the PCR tubes were placed in a thermocycler and
heated to 65°C for 90 min followed by heating at 95°C for 15 min to inactivate the
proteinase K. All DNA amplification procedures were performed using Mango7aq™
DNA polymerase (Bioline). Cycle conditions were 94°C for 2 min, followed by 30 cycles

of (94°C for 15 s, 56°C for 15 s and 72°C for 30 s) and an additional 5 min at 72°C.

Table 3.2 Primers used for genotyping using PCR

Guide Primer name Sequence (5'-3")
#1 11F1 CTCCCGACGAGTGATGTAAT
12R1 TCTTTCGTCCCGCTCAAG
17 Flank 1 CTCAGAAATTGGTGGCAGT
#2 13 F2 ATCAAGCAATTCTGTGTGTGG
14 R2 ATTGGCCTATCTGGACGC
7 Flank 2 ACCCGATTTCGTCTTCACAC
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3.2.13 Agarose gel electrophoresis

For the separation of DNA fragments, PCR products were run on a 1.5% agarose gel
(DNA grade) in 1x TAE buffer. Ethidium bromide was added to the molten agarose at a
concentration of 0.5 pg/ml before pouring in the gel casts. Electrophoresis was performed

at 80-90 mV over 25-30 min.

3.2.14 Statistics

Statistical analyses for data sets requiring unpaired t-tests and lifespan curves using
log-rank tests (Mantel-Cox) were performed using the GraphPad Prism software (version
7.02). The log-rank test, which gives equal weight to deaths at all time points, is
commonly used for C. elegans lifespan data (332). Analysis for unequal sample
sizes/replication number that required ANOVA (with a Tukey post hoc test), were

performed in the using the ‘R’ program.
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3.3 Results

3.3.1 GSH homeostasis is regulated by the gclm gene in C. elegans

Impairment in GSH synthetic capacity by RNAi knockdown of the gclm subunit was
confirmed by LC-MS/MS analysis of thiol levels. At day 1 of adulthood, an approximate
35% decline in GSH content (p<0.05) was observed in gclm knockdown worms compared
to the empty vector control (Figure 3-5). This is within the range that has been recently
reported when the glutamate cysteine ligase catalytic subunit, gcs-1, was knocked down

after 3 days (~35%) and 5 days (~50%) (133).

Levels of cysteine (p<0.05) were higher in the gclm RNAI worms. This could have
occurred either by an increase in cysteine production via an intrinsic compensatory
mechanism such as the transsulfuration pathway, or most likely from cysteine being
accumulated due to it not being efficiently converted to y-GC when the gclm gene
becomes silenced. These results taken together indicate that the gclm subunit is a suitable
target to knockdown and investigate the effects of compromised GSH synthesis in

C. elegans.
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Figure 3-5. Effect of gclm RNAI on thiol levels in day 1 adults

Wild-type worms were synchronised and maintained on RNAI plates seeded with the
E. coli strains containing the dsRNA complementary to the gclm gene or empty vector
(HT115). Cysteine, y-GC and GSH content was measured in day 1 old adults. Unpaired
t-tests were performed. Significance was determined for cysteine (*p<0.05) and GSH
(*p<0.05). Data presented as £SEM (n = 3-4).
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3.3.2 Knockdown of the gclm gene at the egg stage increases vulval rupture

Given that most C. elegans lifespan experiments use 20°C for the housing temperature, it
was hypothesised that impairment of GSH synthesis by RNAI of the gclm gene may lead
to dynamic temperature-dependent differences in stress resistance that may affect
lifespan. Initial RNAI lifespan experiments were conducted at 15°C, 20°C and 25°C.
Worms with the gclm gene knocked down immediately after hatching were prone to
vulval rupture as fertile adults. At the highest temperature tested (25°C), only 17% of
gclm knockdown worms were censored due to vulval rupture (Figure 3-7A), which was
significantly lower than the 62% observed at both 15°C and 20°C (Figures 3-6A/B). No
temperature-dependent effect on lifespan was observed for worms that had the gclm gene
knocked down beginning from hatching (Figures 3-6A/B). The analysis of the survival
curves at 15°C and 20°C were underpowered due to the high number of total censored
subjects. Increasing sample size may alleviate this problem, however the introduction of
the rupture phenotype would likely continue to confound results. To limit the number of
censored worms when grown at 15°C and 20°C, the lifespan method was revised to delay
inducing gclm RNAI until the worms reached adulthood. Interestingly, when the gclm
gene was knocked down at the beginning of adulthood at 25°C the frequency of the vulval
rupture phenotype was low at 1.7% of the total cohort (Figure 3-7B). Accordingly, gclm-
targeted knockdown beginning at synchronisation (hatching) or at day 0 of adulthood,

was used to explore the differences in gclm silencing at different life cycle stages.
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Figure 3-6. Temperature dependent survival and vulval rupture frequency
following RNAI-targeted gclm knockdown beginning immediately after hatching

Wild-type worms were grown from the egg stage on RNAI plates containing either the gclm
knockdown or the HT115 E. coli strains and incubated at 20°C for 64-72 h until the worms
reached adulthood. After this period, the worms were separately incubated at either (A) 15°C
or (B) 20°C and survival recorded. Kaplan-Meier survival curves were statistically analysed
using a log-rank (Mantel-Cox) test. No statistical differences in lifespan were observed. The
incidence of the vulval rupture phenotype was consistent in each of the temperatures tested.
C) Early onset of mild rupture of the vulvae. D) Later stages of the more severe rupture
phenotype are indicated with arrowhead and black dotted outline. Scale bars, 50 um.
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Figure 3-7. Survival and vulval rupture frequency following RNAi-targeted gclm
knockdown beginning at hatching and day 0 adulthood

(A) RNAI was targeted in wild-type worms from the egg stage. Larvae were grown on RNAI
plates containing either the gclm knockdown or the HT115 strains and incubated at 20°C for
64-72 h until the worms reached adulthood. After this period, the worms were incubated at
25°C and survival recorded daily. (B) RNAi was targeted in wild-type worms beginning at
adulthood. Larvae were grown on plates containing E. coli OP50 and incubated at 20°C for
64-72 h until the worms reached adulthood. After this period, the worms were incubated at
25°C and survival recorded daily on RNAI plates containing either gclm knockdown or the
HT115 strains. Survival curves were statistically analysed using a log-rank (Mantel-Cox)
test. No statistical differences were observed between treatments.
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3.3.3 Knockdown of gclm beginning at adulthood shows no difference in brood size

or daily progeny production

A decrease in GSH synthetic capacity resulting from knockdown of the gclm gene
beginning at adulthood was associated with a slight decline (7.6%) in the total progeny
production, but was not considered significant (Figure 3-8A). The daily rate of viable
progeny production did not differ between the gclm knockdown and the empty vector
control (Figure 3-8B). Though no difference was observed in the egg-laying capacity of
the worms when knocked down at adulthood, it is important to monitor worm fertility in
lifespan studies. Delays in fecundity have been associated with increases in lifespan (287)
and could potentially introduce artefacts into the interpretation of lifespan effects

attributed to oxidative stress resistance.
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Figure 3-8. Brood size and daily progeny production in gclm knockdown worms

Wild-type worms were grown from the egg stage on NGM containing OP50. Before
reproductive maturity was reached, worms were moved to RNAI plates targeting either
the gclm knockdown or the HT115 strain. Progeny production was followed from the
beginning of adulthood until the self-fertile reproduction cycle ceased. Data presented as
mean +SEM of three independent experiments. (n.s. = not significant).
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3.3.4 Motility and pharyngeal pumping performance of gcim RNAi worms

Motility (thrashing) and the feeding activity of the pharyngeal contractions (pumping)
were used as measures to determine if RNAI of the gclm gene has any effect on the
physical phenotypes related to worm ageing. Fast body movement span and fast
pharyngeal pumping span are two measures that have been shown to predict lifespan
amongst several mutant strains (113). For example, the longer-lived daf-2 and age-1
mutants of the insulin/IGF-1 signalling (I1S) pathway have longer fast pharyngeal
pumping and movement spans compared to wild-type worms, whereas the daf-16 mutants
downstream of the IIS pathway, which encode the FOXO transcription factor, have
considerably shorter pharyngeal pumping, movement and lifespans than the longer-living

(daf-2 and age-1) and wild-type strains (113).

To understand the temporal impact of the gclm gene during ageing, RNAi was
conditionally induced in wild-type worms either immediately after hatching or beginning
at the start of adulthood. This allowed for the thrashing and pharyngeal pumping
performance to be examined in adult worms where gclm expression was either silenced
or uninhibited throughout larval development. Significant declines in the pharyngeal
pumping rates were observed in day 9 old adult worms regardless when the gclm gene
was silenced (Figures 3-9A & B). Unexpectedly, worms with the gclm gene silenced
throughout development appeared to have increased thrashing in days 5 to 9 when
compared to the vector control (Figure 3-9C). However, when gclm was silenced at
adulthood a decline in thrashing was observed at day 9 (Figure 3-9D). The observed
increase in thrashing behaviour when gclm was silenced throughout development could

potentially be indicative of a compensatory stress-response in the worm.

3-23



Functional characterisation of gclm subunit in C. elegans Chapter 3

A Pharyngeal pumping (egg) B Pharyngeal pumping (adult)
c 300' A HT115 c 300" A HT115
E l-:! A gclm E @%Aﬁ a gclm
g_ AD * s g % A *
E 200 ﬁ ;%‘% 2 *okk E 200+ AM AAAAA Ap i
2 A W 2 = .
© LA A © a2a 74 %_ )
[ 4 &
2100+ R + K é”mo- : —I—
e ot 2 s
3 . 3
0 T T T 0 L] T T
1 5 9 1 5 9
Age (days) Age (days)
C Thrashing (egg) D Thrashing (adult)
1504 — o HT115 150+ o HT115
® * e gcim * o gcim
£ og® — £ ° o|_l
£ ° £ l°)
< 100 % = 100+ o ©
7] e 7] °
T o o - T - % oo
i %% b & s |® %%
o ° o° % _&?_
2 50 % = 3 504 © o
<] o °
m ® @ 0© o o
o
0 T L] T 0 T
1 5 9 1 5 9
Age (days) Age (days)

Figure 3-9. Pharyngeal pumping and thrashing performance in ageing gclm
knockdown worms

Pharyngeal pumping and thrashing rates were assessed in worms where RNAi was
conditionally induced for the gclm gene, either beginning from hatching (egg) or
adulthood (adult). The empty vector RNAI strain (HT115) was used as the control. Worms
that were RNAI treated beginning from adulthood (B & D), were maintained through the
larval stages on NGM plates seeded with OP50. Declines in pumping were observed
regardless of temporal control of RNAI treatment (A & B). Increases in thrashing were
observed at days 5 and 9 when gclm was knocked down beginning at (egg)
synchronisation (C). Thrashing declined in the gclm silenced worms (adult) at day 9 (D).
Data presented as mean £SEM and were analysed by two-way ANOVA with a Tukey post-
hoc test to determine differences between days, *p<0.05, **<0.01, ***p<0.001.
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3.3.5 Hydrogen peroxide stress test in gclm knockdown worms

To investigate if the increase in thrashing rates of gclm knockdown worms (beginning
from egg-stage) were indicative of a stress-response, a hydrogen peroxide stress-test was
conducted to determine if gclm conferred any protective role against an acute challenge

under these conditions.

Day-3 old worms were selected as the increase in thrashing phenotype was beginning to
be present in day-4 old worms (data not shown). These worms that had the gclm gene
knocked down beginning from synchronisation were exposed to H>O> for 1 h in liquid
medium and transferred to seeded NGM plates, with survival scored after the subsequent
6 h recovery period (Figure 3-10A). Although a general trend of decreased survival was
observed in gclm knockdown worms exposed to 5 mM H20», these differences were not

statistically significant (Figure 3-10B).
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Figure 3-10. H20:2 stress test in gclm knockdown worms

A) Worms were synchronised on RNAI plates seeded with gclm or the empty vector
(HT115) RNAI strains. Day 3 adults were washed from the plates with M9 buffer and
treated with either 0 or 5 mM H.O> for 1 h at 20°C. B) After the treatment, worms were
washed and scored for survival 6 h post-treatment on NGM plates seeded with OP50
(recovery). Each condition consisted of 3 individual experimental repeats, with between
50-100 worms per experimental repeat. Unpaired t-tests were performed (n.s. = not
significant).
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3.3.6 Expression patterns of the pE01A2.1::gfp transcriptional reporter

To study the expression patterns of the gclm gene in worms, a reporter strain was
generated by fusing the entire 5.6 kb promoter region of the EO1A2.1a transcript isoform
with the nucleotide sequence coding for GFP (327). Representative images of the
expression of the E01A2.1a promoter region show fluorescence in the hindgut (Figure 3-
11B), the anterior intestine and possibly one neuron, that was distinguishable from the
red fluorescence of the odr-1::DsRed co-injection marker (Figure 3-11C). The odr-1
promoter drives expression in the AWB and AWC sensory neurons. Initial reports of the
odr-1::DsRed co-injection marker have shown that it can express patterns of moscism in
these neurons (333). Our results suggest that the odr-1::DsRed is being expressed in one
of the AWC neurons and that the GFP expression observed could not be the result of

autofluorescence in odr-1::DsRed (Figure 3-11C).
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Figure 3-11. Transcriptional expression patterns of the gclm promotor

(A) The transcriptional gclm reporter had the entire 5.6 kb promoter region of the
E01A2.1a variant fused with GFP. (B) The GFP expression patterns located near the
posterior intestine of the worm around the region of the hindgut. (C) Expression patterns
appear to be present possibly in one neuron located near the posterior bulb of the
pharynx, and cells of the anterior intestine.
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3.3.7 Strategy for the generation of gclm mutants

Attempts to utilise the CRISPR/Cas9 genome editing technology to generate a viable
gclm mutant were unsuccessful. Single guide RNAs (sgRNA) were constructed to target
candidate sites of the first exon of EO1A2.1a variant (Figure 3-12). PCR genotyping was
used to screen and assess the efficiency of the sRNAs and to determine if Cas9-mediated
cleavage occurred. The two guides that were investigated (Guide #1 and Guide #2)
differed in their predicted efficiency to target the protospacer-adjacent motif (PAM) site.
Guide #1 was chosen due to its terminal di-guanine motif (GG) that immediately preceded
the PAM sequence. This allows the Cas9 to target a GGNGG sequence which has been
reported to increase the guide efficiency in C. elegans compared to targeting only the
NGG sequence (334). Guide #2 (Shown in Figure 3-12) was included as it had the lowest
predicted possibility of off-targeted sequence recognition according to the CRISPR

SgRNA selection tool (331).

TTGACCCGATTTCGTCTTCACACCGGCAA
AACTGGGCTAAAGCAGAAGTGTGGCCGTT

E01A2.1 N EamEm.
ozt E A D

Figure 3-12. CRISPR target exon site(s)

Schematic of the target site for Guide #2. The Cas9 recognition site consists of 20
nucleotides complementary to the guide RNA. This sequence targets directly 5’ of the
PAM (NGG). The crRNA sequence is underlined in bold with the PAM in red.
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Worms that expressed the co-injection markers (Pmyo-2::mCherry or Pmyo-3::mCherry)
were genotyped for the presence of mutations in the E01A2.1 allele. Several rounds of
injection of Guide #1 produced worms that exhibited developmental deficiency
phenotypes. This included worms with decreased brood sizes and developmental delays,
that in some instances did not progress beyond the larval stages. This may have been due
to components of the injection mix being toxic to the worms, which has previously been
reported (335). Attempts were made to genotype F1 worms that expressed the co-injection
marker but had suffered from larval lethality. However, this was unsuccessful due to the

fragility of larval carcasses.

Injection mix toxicity has been previously observed, with several reports suggesting that
the concentration of the components, including the sgRNA, should be minimised. No
considerable difference was observed in the development phenotype when injecting the
sgRNA at 100 ng/ul concentrations compared to 250 ng/ul. As for the co-injection
markers, the concentrations that were used for this work, were within the tolerated
concentrations that have been used previously (330). It was inconclusive from the
genotyping experiments if the lethal developmental phenotype observed in several F1
larvae was due to the possible mutations that occurred from the guide successfully
targeting the gclm gene or due to the co-injection components having a toxic effect on the

worms.
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3.4 Discussion

Despite numerous studies conducted in mammalian models, in-depth investigations of
the role of gclm in C. elegans is currently lacking. Mammalian studies implicating that
physiological concentrations of GSH are controlled by GCLM, show that the feedback
inhibition concentration (Kj) of GSH increases five-fold to levels corresponding to
physiological concentrations (~5 mM) upon holoenzyme formation, when compared to
the monomeric GCLC alone (1 mM) (309). This observed 5-fold change in GSH levels
is similar to several tissue types of Gclm(-/-) mice compared to wild-type littermates (86).
Moreover, the seemingly ancillary role of the GCLM, makes it a feasible subunit for null
knockout studies to investigate the GSH synthetic capacity in worms which cannot be

achieved in gcs-1 null worms which suffer from larval lethality (42).

Methods that investigate the role of GSH in biological systems tend to do so by either
depleting GSH using a thiol-depleting agent, or by direct inhibition of GCL using
L-buthionine sulfoximine (BSO), which is a y-glutamyl amino acid analogue that
competes at the enzyme’s active site. BSO can potentially also competitively inhibit the
cellular transport of y-glutamyl amino acids, which can affect the GSH salvage
pathway (336). We did not use BSO due to the possibility of increased extracellular
y-glutamyl amino acid uptake in GSH-compromised worms being important for this
study. This concern has also been expressed in rodent models that explore GSH
homeostasis (110). RNAi has become widely used in functional genomics studies to
generate knockdown phenotypes in C. elegans and is most commonly induced in the

worm by feeding bacteria that express the desired dsRNA (317).

An advantage of using the worm for ageing studies is the ability to conduct a battery of

behavioural experiments. Due to the nature of ageing studies being labour-intensive and
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time-dependent, work in this chapter endeavoured to utilise robust and reproducible
measures that would be able to test the role of GCLM in the ageing worm. The most
reproducible phenotyping experiments were pharyngeal pumping, thrashing, and brood
size experiments (113). Phenotyping experiments have been implicated as important
pathological markers when studying age-related disease models using C. elegans,

including Parkinson’s Disease (337).

3.4.1 Isgclm more critical for worm development rather than adult ageing?

Gclm knockdown commencing immediately after hatching rendered young adult worms
prone to vulval rupture during the reproductive egg-laying period which was not observed
when knocking down at adulthood. Interestingly, this phenotype was consistent with a
recent study from Urban et al. that had investigated the RNAI knockdown of the gcs-1
gene encoding for the GCL catalytic subunit orthologue (133). Urban et al. showed that
knocking down the gcs-1 gene resulted in a similar degree of vulval rupture when
inducing RNAI immediately after egg-laying; with the rupture phenotype also absent
when knocking down at adulthood (133). Our results showed that knocking down gclm
beginning from adulthood had no difference in the lifespan of worms at 25°C. In the study
from Urban et al., no effect was observed when gcs-1 was knocked down beginning at
egg-stage, but increased lifespan was observed when knocked down beginning at
adulthood (133). This observation may have been afforded by the compensatory increase
(~2-fold) in expression levels of several genes of the thioredoxin system (trx-1, trxr-1,
trxr-2) and glutathione S-transferase gene, gst-4 (133). Results presented in this chapter
and from the study by Urban et al. indicate that GSH plays a crucial role in C. elegans
development which may be dispensable under certain circumstances in the in adult

ageing, such as in the absence of exposure to oxidative insults.
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During C. elegans development, exposure to various environmental stresses, perhaps with
an inability to mount an adaptive response, may cause irreversible stress-related effects
later in post-mitotic (adult) ageing. Early oxidative insults caused by hydrogen peroxide
during larval development have been shown to play a role in the ageing adult
nematode (338). This indicates that the ability to mount an adaptive response towards
certain stresses is not established in the developing nematode and therefore can prove
detrimental to later stages in life, rather than if the worm was subjected to a similar level
of stress later in adulthood, the effect may not have been amplified. In the case presented
in this chapter, oxidative stress defences that utilise GSH may have a more detrimental
effect on post-mitotic ageing when affected during development, rather than during post-

mitotic (adult) ageing.

3.4.2 Motility differences in gclm knockdown worms

Motility was tested in liquid as opposed to solid medium as it offers two key advantages
including, being able to keep the viscosity constant between experiments, and locomotion
in liquid medium requiring more energy than movement on solid agar (339). When gclm
was knocked down at the beginning of the egg-stage, worms exhibit a significant increase
in thrashing which is not observed when knocked down at the beginning of adulthood
(Figure 3-9C/D). This increase in thrashing behaviour remained a strong phenotype even
in the oldest worms tested (day 9). Considering that the thrashing assay was the only
phenotypic measurement where the gclm knockdown worms outperformed the control,
yet did not correlate with lifespan extension, suggests that this phenotype may be

indicative of a stress-response rather than a correlative marker of longevity.
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3.4.3 GSH protection against environmental factors

Due to H2O> being an important secondary messenger molecule in thiol mediated
signalling (340), treatment with H>O> was used to investigate GSH’s role in stress
response. To determine if silencing of the gclm gene levels affected the worm’s stress
response, survival was monitored after an acute 1 h H.O; treatment in day 3 old adults.
Initial H2O> insults had added the oxidant to the E. coli OP50 lawn immediately prior to
bacterial seeding and scored survival 24 h post-treatment. However, the tendency of the
worms to move off the plate as an avoidance behaviour, along with the short-term stability
of H2Oz, required a brief treatment in liquid M9 buffer followed by scoring of survival
on solid NGM in the presence of E. coli feed. The H20- stress assay that was used to test
the stress response in gclm knockdown worms was designed so that the worms were
subjected to a 1 h stress in M9 medium and transferred to seeded NGM plates with scoring
of surviving worms 6 h post-treatment. An observed decrease in the mean survival rates
of gclm knockdown worms exposed to 5 mM H20O. was not considered significant (Figure

3-10B).

The ability of antioxidant systems to mount a compensatory response under normal
conditions has been illustrated in mutant worms that lack all five superoxide dismutase
(SOD) genes (sod-12345), where no difference in median lifespan was observed when
compared to wild-type worms (341). However, treatment under several conditions of
stress including, heat and paraquat exposure, resulted in decreased lifespan of the
sod-12345 worms compared to wild-type (341). It is important to determine if genetic
and environmental factors not only affect lifespan, but also healthspan. These two factors
are however, not necessarily linked. The healthspan of worms under several

environmental and genetic conditions have been shown to be uncoupled with longer-lived
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worms prolonging the period of frailty as a result of the lifespan extension (342). Though
it is apparent that oxidative stress increases with age in C. elegans, it remains uncertain

that oxidative damage is indeed the cause of ageing in the organism (19).

3.4.4 Possible temperature-dependent differences effect on thiol system

When testing the effect of gclm knockdown at different temperatures (15°C, 20°C and
25°C), no significant difference was observed at any of the temperatures tested
(Figures 3-6A/B and 3-7A/B). In this chapter, all worms had been incubated for 3 days
during the larval life cycle at 20°C to ensure that synchronisation was achieved at day 0
of adulthood. Interestingly, it has recently been shown that dynamic changes in
temperature exposure during C. elegans development, results in alterations of the cellular
redox environment that can increase lifespan (236). Worms exposed to 25°C during
development followed by a shift to 15°C in adulthood exhibited an increase in lifespan
compared to worms kept at 15°C from the beginning of development. The authors
suggested that peroxiredoxin-2 (prx-2) may have played a role in the extended longevity
with expression levels increasing approximately 10-fold in L3 worms exposed to the

dynamic temperature shift (236).

3.4.5 Promoter of the gclm gene requires the cis-regulatory region of the E01A2.1a

variant to drive expression of GFP

The transcriptional reporter strains generated in this work were designed to investigate
the expression patterns of the EO1A2.1a transcript variant. Typically, promoter fragments
of a few kilobases immediately upstream of the start codon contain a significant portion
of the cis-regulatory information necessary to provide a tentative expression pattern of

the endogenous gene under study (343). We have shown that when the entire promoter
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region of the E0O1A2.1a variant is fused with GFP, the expression patterns are present in
several tissue types of the worm. Though transcriptional reporters can provide valuable
information about upstream regulatory elements, these may not accurately represent the
expression patterns due to the absence of the endogenous 3’ UTR. A number of examples
for which crucial cis-regulatory sequences have been found include, within introns (344),

or even the 3' UTR (345, 346).

In a 2016 report, neuron-specific RNA sequencing data showed that the E01A2.1
transcript is expressed in neurons throughout various stages of the worm lifecycle (347).
Using neuronal promotors tagged with GFP, fluorescence activated cell sorting (FACS)
was used to separate neuronal cells from worm homogenates to subsequently sequence
the transcriptomes of the neurons in all the main stages of the worm’s lifecycle, including
embryos, larvae and adults. The expression of E01A2.1 is present at each stage tested,
which was not characteristic of all the gene transcripts that were measured (347). Here
we have provided evidence in support of previous RNAseq data to show that the E01A2.1
gene is possibly neuronally expressed (347). Future work should validate this hypothesis
by determining which neuron corresponds with the apparent expression patterns of the
gclm transcriptional reporter. To resolve cell-specific localisation, the generation of a
translational reporter, coupled with performing confocal microscopy, will provide a more

reliable representation of the gclm expression patterns.

3.4.6 Design and practical considerations for generating CRISPR gclm mutant

strains

The most recent publication from the C. elegans Deletion Mutant Consortium reports that
6764 genes with associated molecular lesions of either deletions or null mutations are

available (348). Currently no gclm mutants are available from the two major C. elegans
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strain repositories: the Caenorhabditis Genetics Center (CGC) and the National
BioResource Project (NBRP). Accordingly, generation of gclm mutants using
CRISPR/Cas9 was attempted in this project to confirm the role of GCLM with loss-of-
function experiments. The CRISPR/Cas9 genome editing tool has provided a method for
heritable modifications of the C. elegans genome (349). Practical considerations have
recently been described including, guide RNA design, the delivery and expression of
Cas9 and guide RNA in to germline cells, and screening methods to identify successful
editing events (350). Guide design is a crucial element of the success of CRISPR/Cas9
editing with guide specificity important for minimising off-target mutations. Guide
efficiency is difficult to predict, however previous efforts have been made to quantify
sgRNA efficiency as being the fraction of F1 worms that were identified with deletions

from the brood that had expressed the co-injection marker (349, 351, 352).

Delivery of Cas9 and guide RNA can be introduced into germline cells by several
methods including, using an expression plasmid, as mRNA, or as purified Cas9 protein
complexed with sgRNA (349, 353, 354). Cas9 is fused to an SV40 nuclear localisation
signal (NLS) to direct its localisation in to the nucleus. To repair a double-strand break
(DSB), C. elegans incorporates error-prone repair via an end-joining pathway mediated
by DNA polymerase 6 (355). Error-prone repair can result in insertions or deletions
(indels) at the DSB site, which can shift the reading frame and produce a premature stop
codon (350). This is becoming the preferred method to produce loss-of-function alleles
in C. elegans (335, 350) which was attempted in this work. It has been discussed that the

injection of 20 worms should generally produce multiple mutant alleles (356).

Current CRISPR screening strategies include, visible phenotypes, positive selectable

markers and PCR (350). In this work, a PCR strategy was employed to detect indels by
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amplifying the region surrounding the target site, and running the PCR amplicons on
agarose gels to detect size differences (329). The main disadvantage of PCR screening
was the laborious process required to analyse large numbers of F1 progeny compared to

other methods of screening (350).

Considering the gclm RNA. results from this Chapter, it could be possible that a heritable
mutation causing larval developmental complications is occurring, but we have not been
able to confirm this by DNA sequencing. The most comprehensive way to test this would
be to target as many sites on the gclm exons as possible until a viable loss-of-function
strain is generated. If all the possible guides are attempted and cannot generate viable
mutants, and the guide efficiencies are confirmed through sequencing, then it may provide

evidence to support the theory that gclm is crucial in C. elegans development.
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3.5 Conclusions and chapter summary

The aim of this chapter was to investigate the role of the gclm gene in ageing by initially
using RNAi-targeted knockdown to observe the resulting phenotypes. Work presented
herein confirms that the gclm subunit regulates the endogenous levels of GSH in the
worm. This has proven the suitability of C. elegans as a model to investigate gclm and
provides the basis for future work that plans to further understand its regulatory role
in vivo. One conclusion that can be drawn from this work, is the importance of GSH on
the development of the worm. When the gclm gene is silenced immediately after
embryogenesis, a strong vulval rupture phenotype is observed. Accordingly, the RNAI
treatment method was adapted so that the gclm gene was conditionally silenced beginning
from adulthood. Future work should investigate the importance of de novo GSH synthesis
in the lifecycle of the larval development of C. elegans to elucidate the mechanisms of

this rupture phenotype.

Though it is beyond the scope of this work, an interesting direction could investigate the
potential pleiotropic effects of the gclm gene in addition to its involvement in GSH
synthesis. A body of evidence suggests that gclm may have a role in lipid homeostasis.
An early RNAI screening study, demonstrated that the targeted knockdown of the
E01A2.1 gene from the L1 stage resulted in reduced fat content in wild-type worms (357).
In agreement with this early work, the gclm gene has been recently implicated to have a
role in lipid metabolism in C. elegans embryos (358). A screen of 316 genes found that
22 candidates possessed altered lipid droplet phenotype in C. elegans embryos. The most
robust droplet phenotypes were observed in asm-3 (acid sphingomyelinase 3), hosl-1
(hormone sensitive lipase) and the gclm (E01A2.1) gene. The strong phenotype of

alteration in lipid droplets of the RNAi-targeted knockdown of the gclm gene, was
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observed using a rrf-3(pk1426) mutant strain that is hypersensitive to RNAI (358).
Explanations of the differences in gclm knockdown worms may be either due to the role
of GSH in lipid organisation or a potentially putative role of the C. elegans gclm gene in

lipid homeostasis.

The C. elegans protein-protein interactome study that initially reported the interaction of
the C. elegans GCLM with GCLC (gcs-1 gene), also reported the interaction between
GCLM and the F25H9.6 gene product (146). In C. elegans, the F25H9.6 gene is an
ortholog of human phosphopantothenoylcysteine decarboxylase (Ppcdc), which is
involved in coenzyme A (CoA) synthesis. Though the interaction between GCLM and
PPCDC is yet to be confirmed beyond the high-throughput Y2H study, this proposed
putative role of GCLM in C. elegans may have implications for the addition of cysteine
(thiol group) in the metabolic pathway for CoA biosynthesis from
pantothenate (vitamin B5). However, the addition of the cysteine moiety to
4'-phosphopantothenate occurs one step before the PDCDC-catalysed reaction
(Figure 3-13). Though speculative at this stage, the potential putative role of GCLM in
the synthesis of the CoA via the addition of the thiol group is an interesting prospect for

future work.
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Figure 3-13. The pathway of coenzyme A synthesis and the hypothetical involvement
of gclm in C. elegans

The first reaction in Coenzyme A synthesis is catalysed by pantothenate kinase (PK)
which is encoded by pnk-1 and pnk-4 in C. elegans. Cysteine is then added to
4'-phosphopantothenate by the enzyme phosphopantothenoylcysteine synthetase (PPCS)
to form 4'-phospho-N-pantothenoylcysteine, which is decarboxylated to
4'-phosphopantetheine by phosphopantothenoylcysteine decarboxylase (PPCDC),
followed by conversion to coenzyme A by CoA synthase (the bifunctional PPAT/DPCK
protein found in most eukaryotes). Evidence has suggested that EOLA2.1 (gclm) possibly
interacts with PPCDC in C. elegans.
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4 Chapter Four

4.1 Introduction

The original free radical theory of ageing (7) prompted Denham Harman’s research to
investigate if consumption of dietary antioxidants could be an effective strategy to slow
the ageing process, with some promising results, notably with the inclusion of
sulfur-containing compounds in the diet, including cysteine and cysteamine (359).
Subsequent extensive experimentation of antioxidant systems and therapies has provided
inconsistent data, and at times has failed to support the theory (21, 360, 361). Conversely,
the administration of pro-oxidants has also been proposed as an approach to increase
longevity in various models (362). Experimentation that tests the therapeutic potential of
antioxidant compounds based solely on their reported ability to neutralise ROS and free
radicals without considering the mechanistic basis for the compound’s action, ultimately
provides little support to understand the complexity of the redox environment.
Antioxidant therapies may not provide any benefit unless the compound is bioavailable
and a deficiency is occurring. Treatments with pro-oxidants based on the hormesis
hypothesis may lead to more damaging effects if the organism is unable to deal with the
increase in oxidative load. When considering antioxidant efficacy, one should assess the
perturbations of the system and demonstrate how they are ameliorated by the investigated

treatments.

Work described in the previous chapters concluded that the age-related decline in GSH
levels is likely due to dysfunctions occurring in the de novo synthesis pathway. The two
major substrate-based strategies to increase GSH levels include administration with the
cysteine prodrug, N-acetylcysteine (NAC) and with GSH itself. Treatment with

exogenous GSH is the most intuitive approach to replenish levels of the tripeptide.
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However, GSH suffers from poor bioavailability in mammals and the breakdown of
extracellular GSH by the action of membrane bound y-GT prohibits the uptake of intact
GSH to directly raise cellular concentrations above homeostatic levels. N-acetylcysteine
(NAC) is a low-toxicity source of cysteine that becomes deacetylated and subsequently
utilised by GCL for synthesis of the GSH precursor, y-GC. Treatment with exogenous
v-GC offers the potential to cross the cellular membrane by putative mechanisms, where
it would effectively bypass the rate-limiting GCL enzyme, to be converted by glutathione
synthetase (GS) to GSH (Figure 4.1A). In a recent clinical study, oral administration of
v-GC has been shown to increase GSH levels in the lymphocytes in healthy humans,
demonstrating its systemic bioavailability (112). We have proposed that y-GC has the
potential to treat conditions associated with the age-related dysfunction of GSH
synthesis (96). Despite this theoretical basis, no studies to date have investigated the
therapeutic potential of y-GC to replenish chronically depleted GSH using an ageing

model.

In this chapter, the focus was to establish an effective delivery vehicle for orally dosing
C. elegans with exogenous y-GC. To investigate the bioavailability of y-GC in worms, a
liposome encapsulation method (363) was adapted to simulate oral administration of
v-GC and potentially increase its bioavailability (Figure 4-1C). Using the gcs-1(0k436)
mutant strain (VC337), which has ~70% the GSH levels of the wild-type (137), y-GC was
evaluated for its capacity to increase GSH levels (Figure 4-1B). If exogenous y-GC can
enter systemic distribution in the worm, it should effectively bypass the rate-limiting GCL
enzymatic step (GCS-1 in worms) to directly act as a substrate for glutathione synthetase
(GSS-1) and increase GSH above homeostatic levels (Figure 4-1A). This chapter
describes for the first time, the use of C. elegans as an ageing model to investigate the

therapeutic potential of y-GC in chronic GSH depletion.
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Figure 4-1. Proposed substrate-treatment models for investigating y-GC

The upper limit of cellular GSH concentrations are controlled by feedback inhibition on
the GCL enzyme (GCS-1 in C. elegans) exerted by GSH. In mammals, glutathione
synthetase (GSS-1 in C. elegans) is not known to be controlled by any feedback inhibition.
(A) Cellular uptake of y-GC is proposed to bypass GCS-1 and increase GSH levels above
homeostasis. Both NAC and hydrolysed exogenous GSH are cysteine sources for GCL
and cannot theoretically increase GSH levels above homeostasis. (B) If the bioavailability
profile of NAC and y-GC is comparable in worms, y-GC treatment theoretically would
bypass the GCS-1 and lead to increases in GSH levels in both gcs-1(ok436) mutants and
wild-types. (C) Establishing a bioavailability profile for compound absorption through
the hypodermis or via oral administration was of interest to this study.
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4.2 Materials and Methods

4.2.1 Chemicals and equipment

The thiol compounds N-acetylcysteine (NAC) and GSH were supplied by Sigma Aldrich
(Australia). The y-GC used in this study was provided by Biospecialties International
(Mayfield, Australia) as a monosodium salt (364). Liposome Kkits (L4395) for the
preparation of cationic (positively charged) liposomes were supplied by Sigma Aldrich.
The Avanti Mini-extruder apparatus for the preparation of liposomes was supplied by

Avanti Polar Lipids, Inc.
4.2.2 Nematode propagation and strains

The N2 Bristol strain (wild-type) was provided by the Caenorhabditis Genetics Center
(CGC), which is funded by the NIH National Center for Research Resources (NCRR).
The gcs-1(0k436) mutant strain (VC337) from the CGC was used as a model for
compromised GSH synthesis. The VC337, [gcs-1(0k436)/mIn1[mis14 dpy-10(e128)] 11,
strain is a variant N2 Bristol (wild-type) strain that possesses an 837 bp chromosomal
deletion (0k436) of the gcs-1 locus (Figure 4-2A). This gcs-1(ok436) null allele causes
larval lethality, whereby homozygotes arrest at approximately the L2 larval stage. This
strain is balanced with a variant of the mIin1[dpy-10(e128) mis14] balancer strain which
carries an integrated pharyngeal GFP element [myo-2::gfp; pes-10::gfp]. One copy of
mls14 can be distinguished from two by GFP signal brightness (365). Homozygotes for
the balancer exhibit the dumpy phenotype, with heterozygotes possessing one copy of the
gcs-1(0k436) mutation. Heterozygotes exhibit no dumpy phenotype and have a weaker

pharyngeal GFP signal compared to dumpy worms (Figure 4-2B).
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Figure 4-2. The gcs-1(0k436) mutant strain

(A) The gcs-1(ok436) mutant strain (VC337) possesses a deletion that spans across exon
2 to exon 4. (B) Null mutants arrest at L2. To maintain heterozygotes, the strain is
balanced with a semi-dominant pharyngeal GFP and dumpy-10 selection marker.
Homozygotes contain copies of the gcs-1 gene that possess the dumpy phenotype and two
copies of the pharyngeal GFP (which expresses brighter than the heterozygotes). The
heterozygotes carry one copy of the GFP and express ‘normal’ body size phenotype (i.e.
not dumpy).

4.2.3 Thiol liposome-encapsulation method

The liposomes were prepared by adding 1 ml of the desired thiol concentration dissolved
in sterile PBS to the lyophilised liposome powder. Each 1 ml vial preparation contained:
63 umol L-a-phosphatidylcholine, 18 umol stearylamine and 9 umol cholesterol (7:2:1
molar ratio). This suspension was vortexed for 5 min at room temperature followed by
5x freeze/thaw cycles at -80°C for increased encapsulation efficiency of the hydrophilic
compounds. The liposome suspensions were then drawn up using one of the two gas-tight
syringes included with the Avanti Mini-Extruder apparatus (Avanti Polar Lipids, Inc.).
The Mini-Extruder was assembled according to the manufacturer’s instructions and the

liposome suspensions were filtered through the extruder at 65°C using a Nucleopore
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track-etched polycarbonate membrane (pore size 1.0 um) (363). Aliquots of the liposome
suspensions were briefly vortexed with the E. coli OP50 suspension to achieve the desired
final liposome concentration (v/v) before being seeded on NGM plates. To ensure
liposome/E.coli concentrations were consistent at the beginning of each 24 h period, the
worms were transferred each day to new plates containing fresh (prepared the previous

day) liposome/E. coli lawns.

4.2.4 Characterisation of liposomes

The physical heterogeneity of liposome shapes and sizes were examined using
Cryo-electron microscopy (Cryo-EM) according to previous methods (366). High
resolution images were generated using a FEI Tecnai G2 20 TEM electron microscope.
Liposome stocks were prepared and frozen at -80°C under nitrogen to prevent lipid
peroxidation. For image acquisition, stocks were thawed, vortexed and diluted in PBS
within 1 h of preparation for the Cryo-electron microscopy. To determine nanoparticle
size distributions throughout solutions, liposomes sizes were measured via their light
scattering properties with a Malvern Zetasizer Nano ZS and nanoparticle tracking

analysis using the NanoSight NS300 (Malvern Instruments).

4.2.5 Thrashing, egg-laying, pharyngeal pumping and H20:2 stress-tests

Thrashing, egg-laying and pharyngeal pumping assays were performed according to
methods outlined in Chapter 3 (Thrashing, 3.2.5; egg-laying, 3.2.6; pharyngeal
pumping, 3.2.7). The LCso dose curve for H202 (1 h treatment) in gcs-1(ok436) worms
was determined graphically by the 50% plateau level of worm survival (6 h post

treatment).
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4.2.6 A method to screen compounds that extend lifespan

A screening method was conducted using liposome-encapsulated thiols to allow for a
range of concentrations to be tested with minimal work load (Figure 4-3). Each treatment
was conducted in a blinded manner to avoid any operator bias (367). Initially, a liposome
tolerance test was performed to determine any toxicity of the liposome vehicle that would
affect the lifespan over the range of 0.5% to 10% (Step 1). Next, each
liposome-encapsulated thiol was tested over the range of 0.1% to 1% (Step 2). Twenty
worms were housed per well of a 6-well plate with 100 uM FUdR added to the nematode
growth medium (NGM). The addition of FUdR reduced the work load to avoid daily
transfer of the worms by inhibiting egg hatching. For wild-type worms, survival was

recorded at day 5, 10, 15 and every second day thereafter until death.

1
2 <
Ne— R ~——
100 uM FUdR - - -
N ~ ~—
- - ~——
. 4

Figure 4-3. Work flow of the liposome-encapsulated compound screening method

Step 1. Liposomes over the range of 0.5-10% concentrations were added to E. coli OP50.
Step 2. Liposome-encapsulated y-GC and the PBS vehicle control were tested in 6-well
plates. Reproduction was inhibited by the addition of 100 uM FUdR into the NGM which
allowed survival to be scored over regular intervals without the need for daily transfer of
worms.
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4.2.7 Statistics

Statistical analysis for Kaplan-Meier survival curves for lifespan studies were analysed
in GraphPad Prism using a log-rank (Mantel-Cox) test. Statistical analysis including, one-
way AVOVA (Dunnett’s multiple comparisons) test and two-way ANOVA tests (with

Bonferroni multiple comparisons) were performed using GraphPad Prism (version 7.02).
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4.3 Results

4.3.1 Assessment of y-GC bioavailability in liquid medium and heat-treated E. coli

Treatment in liquid medium was first investigated to determine if y-GC can be absorbed
through the cuticle in wild-types using the same conditions (i.e. concentrations, age, and
treatment time) as were used for NAC concentrations in Chapter 2 (Figure 2-9). In M9
liquid medium, the y-GC treatments tested (0.5, 5 and 10 mM) showed no change in GSH
levels in worms after 2 h incubation (Figure 4-4A). Though alimentary ingestion would
be the most relevant delivery method to model oral bioavailability, treatment in liquid
medium may potentially provide useful data on y-GC bioavailability. The 2 h treatment
period was selected based on previous rodent studies that had showed that maximum
increases in GSH occur between 1.5-2 h post y-GC treatment (98). GSH levels were
measured in wild-types due to the gcs-1(ok436) VC337 population being genetically
heterogenous for the gcs-1(0k436) mutation (Figure 4-2B). Use of the viable
heterozygotes for the gcs-1(ok436) mutation would have required manual sorting of the

population, which was not necessary for the wild-type population.

Reproduction and lifespan of wild-type worms treated with y-GC were measured using
heat-treated E. coli as the food source (Figure 4-4B-D). No difference in brood size was
observed in any of the y-GC concentrations tested (0-10 mM). The single dose tested,
5 mM y-GC did not show any difference in lifespan in wild-types. This dose was selected
according to a previous study that showed optimal increases in lifespan when treated with

5 mM NAC (298).
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Figure 4-4. Effects of y-GC supplementation on GSH levels, lifespan and
reproduction in wild-type worms in liquid medium or heat-treated E. coli

(A) Day 1 old adult wild-type worms were treated with y-GC (0-10 mM) for 2 h in liquid
medium (n=1-2). (B) Survival curves of wild-type worms fed with heat-treated E. coli
supplemented with 5 mA/ y-GC or vehicle (PBS). (C & D) Brood size and daily progeny
production of worms treated with y-GC (0-10 mM) in heat-treated E. coli. No significant
effects on lifespan, GSH levels, or brood size were observed for any of the y-GC

concentrations tested.
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4.3.2 Cryo-electron microscopy to confirm the formation and structural

properties of liposomes

Examination of liposome suspensions using light microscopy could only resolve the
larger liposomes and did not provide comprehensive information on the heterogeneity of
sizes and morphologies. Cryo-electron microscopy (Cryo-EM) was used to validate the
presence of liposomes loaded with the PBS vehicle. Cryo-EM was considered the most
suitable method for liposome structure characterisation due to the fixation process
requiring no chemical, and hence structural modifications (368) and thereby should
maintain the structural integrity of the liposomes in their native state. The method proved
suitable for visualising small (SUV, <100 nm) and large (LUV, 0.1-1 um) unilamellar
liposomes as well as multilamellar vesicles (MLV) and multivesicular vesicles (MVV)
(Figure 4-5B). When preparing liposomes, extrusion rather than sonication was used to
achieve structural integrity. Sonication could potentially result in thiol autooxidation due

to overheating and increased sample aeration.

Liposome suspensions were extruded through a 1.0 um track-etched polycarbonate filter
and displayed considerable heterogeneous structures and sizing patterns (Figure 4-5B).
This variability may be challenging for maintaining consistency of compound treatments
between groups. The reproducibility of liposome sizing patterns, including calculating
the size distribution was tested for the vehicle-loaded liposomes by nanoparticle tracking

analysis (Figure 4-5C).
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C) Table of size distribution (%) of PBS-loaded liposome suspensions

Sample 0-100nm 100-200nm 200-350nm 350-500nm 500-650nm 650-800nm 800-1000nm liposomes/ml

Rep.1 0000 11+0.6 224+22 135+4.2 25.6+6.2 18.6+5.9 185+5.0 4.60x10°
Rep.2 00+00 0100 16.9+£3.9 176 £4.6 147+24 26.0£3.0 246%57 4.69x10°
Rep.3 01+01 120+6.0 10.1+45 148+1.1 23.0+6.9 21.7+52 18.3+6.9 4.66x10°

Figure 4-5. Characterisation of liposome structures and heterogeneity

Liposomes formed using the PBS vehicle-loaded control were imaged by Cryo-EM.
(A) Schematics show the structure-based classification groups of liposomes, which can
be categorised based on number of bilayers: multilaminar vesicles (MLV) or
multivesicular vesicles (MVV) and by size, such as large (LUV) or small (SUV)
unilamellar vesicles. B) Shows the Cryo-EM images of liposomes containing
heterogenous structures. C) The comparison of repeated measurements of the relative
size (nm) distribution ranges and total number of liposomes (liposomes/ml). Results are
calculated as the mean percentage +SEM for size distribution and mean only for the total
number of liposomes.
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4.3.3 Maximum tolerated liposome dose-response over the lifespan of C. elegans

To determine whether liposomes were toxic to the worms or affected lifespan, an initial
liposome toxicity evaluation study was conducted at a range of concentrations added to
the E. coli feed. One vial of the lyophilised liposome kits was hydrated with 1 ml sterile
1x PBS buffer. An E. coli OP50 suspension (100 pl) was diluted with liposome
concentrations ranging between 0.5% - 10% and added to 35 mm NGM plates. A
significant decrease in lifespan (p<0.001) was observed for the three highest
liposome-containing E. coli lawns (10%, 5% and 2%) (Figure 4-6). The maximum
lifespan for each group showed a near-dose dependent response, with the higher the
concentration the lower the median lifespan. Accordingly, for the liposome encapsulation

of y-GC, concentrations that were later used ranged between 0.1-1%.

4.3.4 Compound screening to test the effect of y-GC on lifespan

The effect of liposomal y-GC on wild-type lifespan was tested over the concentration
range of 1.36 mM-13.6 mM liposomal y-GC. FUdR (100 uM) was included in the NGM
to inhibit larval hatching and enable a more comprehensive test range of y-GC
concentrations. Worms treated with 1.36 mM y-GC encapsulated in 0.1% liposome
concentrations showed a significant increase in lifespan (p<0.01), compared to the 0.1%
liposome vehicle only control (4-7A). The higher concentrations showed no significant
differences in lifespan in these worms (4-7B-D), indicating that the lower liposomal y-GC

concentration (1.36 mM) may be optimal dose for lifespan increase.
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Figure 4-6. Effect of liposome concentration on wild-type C. elegans lifespan

Lifespan assay (log-rank test) comparing the survival of wild-type C. elegans fed with a
range of liposome concentrations (v/v) added to E. coli. A significant (p<0.001) decline
in lifespan was observed at (A) 10%, (B) 5%, and C) 2% liposome concentrations when
compared to the control that was fed with E. coli OP50 only. No significant differences
in lifespan were observed at the lower liposome concentrations (D) 1% and (E) 0.5%.
Survival curves represent a single experiment where each liposome treatments are
compared to the control (shown in red). Log-rank tests were used to compare each
liposome treatment to the control.
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Figure 4-7. Lifespan screening of wild-type worms treated with liposomal y-GC

Worms treated with a range of diluted liposomal y-GC (1.36 mM to 13.6 mM)
concentrations were compared to the vehicle only control. 100 uM FUdR was included
in the NGM. Survival was scored at day 5, 10, 17 and every second day thereafter until
death. A significant increase in lifespan was observed only for (D) 0.1% liposome
encapsulated 1.36 mM y-GC (p=0.0031) when compared to the vehicle control. No
significant differences in lifespan were observed in any of the higher concentrations of
liposomes tested. Log-rank tests were used to compare each y-GC treatment group with
the vehicle control.
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4.3.5 Determining optimal treatment time for liposomal y-GC bioavailability

An initial assessment of the bioavailability of liposomal y-GC was carried out by
synchronising eggs on plates seeded with E. coli and liposome suspensions and allowed
to develop through the larval cycles until the harvesting of young adults (day 0) after 3
days (Figure 4-8A). No significant difference between the y-GC (1.7 mM) and vehicle
only groups was observed for any of the measured thiol levels in wild-type
worms (Figure 4-8B). Subsequent experimentation explored whether y-GC treatment,
using several administration methods, could provide any benefit to the GSH-
compromised gcs-1(0k436) strain by monitoring the physiological responses (movement,
pharyngeal pumping, egg-laying) that are considered predictive measures of C. elegans

lifespan (113).
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Figure 4-8. Thiol levels in worms treated with liposomal y-GC

Thiols were measured in worms treated with liposome-encapsulated thiols for the
duration of larval development and were harvested at day 0. Unpaired t-tests indicated
no significant difference between the liposomal y-GC (n=5) and the vehicle
control (n=2). Data presented as mean +SEM.
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4.3.6 Pre-treatment with y-GC may offer protection to gcs-1(ok436) mutants

against acute hydrogen peroxide exposure

Initial experiments to investigate the therapeutic potential of y-GC in GSH compromised
gcs-1(0k436) worms involved a y-GC pre-treatment prior to an acute oxidative insult
(H202). Both the pre-treatment with y-GC (2 h) and the insult with H,O2 (1 h) were
conducted in liquid medium to allow for short experimental treatment times. A previous
report has shown that 3 h pre-treatment with 50 uM GSH in gcs-1(0k436) worms
increased the 24 h survival rates of subsequent arsenic-induced oxidative stress (369). If
v-GC is taken up and directly used in GSH synthesis, it could provide an advantageous
substrate-based approach to increase GSH levels above homeostasis and enhance the
oxidative stress resistance of gcs-1(0k436) worms. The LCso dose for H.O2 in
gcs-1(ok436) worms was determined to be 2.19 mM after 6 h recovery (Figure 4-9A),
which was selected for subsequent stress-tests using pre-treated y-GC gcs-1(0k436)
worms. Survival rates were increased by 20% for pre-treatment with 2 mM y-GC and by
10% for 5 mM y-GC (Figure 4-9B). The degree of this apparent modest protective effect
of y-GC pre-treatment against the H2O- insult is limited due to the data from this
experiment being conducted as a single independent measurement. Accordingly, this data
is to be treated as preliminary findings before significance can be assessed through

repeated measurements.
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Figure 4-9. Hydrogen peroxide LCso pre-treated with y-GC

gcs-1(0k436) worms were scored for survival after 1 h exposure to increasing
concentrations of hydrogen peroxide (H202). Survival was scored 6 h after H2O:
treatment. (A) The LCso for gcs-1(0k436) worms (2.19 mM) was determined from three
independent experiments, with 19-70 worms scored per treatment. Data are presented as
mean +SEM. (B) Pre-treatment with 2 and 5 mM »-GC for 2 h appeared to increase the
mean survival of gcs-1(ok436) mutant worms (n=1). Between 8-14 worms were scored
per treatment.
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4.3.7 Liposomal y-GC only increases brood size in gcs-1(ok436) worms

Initial brood size experiments were conducted by adding a range of concentrations of
v-GC (0-10 mM) to the worm’s heat-treated E. coli feed (Figure 4-10). The gcs-1(0k436)
worms did not show any significant increases in brood size when treated with any of the

concentrations tested (Figure 4-10).

Egg-laying rates were measured in the presence of liposomal y-GC to determine if
encapsulation of y-GC could increase its availability (Figure 4-11). At 6.6 mM liposomal
v-GC concentration, a significant (p<0.05) increase in brood size (15%) was observed,
which coincided with a marked increase (27%) in the daily progeny production at day 2
(Figure 4-13C). Interestingly, when comparing the progeny production over the 0.1-1%
range of tested liposomal vehicle concentrations there appeared to be a slight dose-
dependent increase in brood size with the higher concentrations of liposomes. This may
have been due to the cholesterol content of the liposomes, which is a key nutrient in the

NGM media used for worm propagation (370).
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Figure 4-10. Effect on brood size of gcs-1(ok436) worms fed y-GC at a range of
concentrations in heat-treated E. coli

An egg-laying assay compared the brood sizes of C. elegans fed with equimolar
concentrations of y-GC added to heat-treated E. coli. Progeny production was monitored
until the self-fertile reproduction cycle ceased. A one-way ANOVA was performed
followed by Dunnett’s multiple comparison analysis to compare the mean of each thiol
concentration with the control. Data presented as mean +SEM (n=6-10). Treatments
were performed in two individual experimental repeats.
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Figure 4-11. Brood sizes of gcs-1(ok436) worms treated with liposomal y-GC

Total brood size (left) and daily progeny production (right) were measured in
gcs-1(0k436) mutants treated with liposomal y-GC (1.3 mM-13.6 mM). Prior to reaching

reproductive maturity, worms were transferred to plates containing

liposome

concentrations diluted in OP50 (0.1-1%). Analysis of the brood size comparisons were
performed using unpaired t-tests (xSEM. *p<0.05). Daily progeny production is
presented as the mean only (n=4-8 worms per treatment).
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4.3.8 Liposomal y-GC had no effect on thrashing in gcs-1(ok436) worms but

appeared to cause declines in pharyngeal pumping

Thrashing (Figure 4-12) and pharyngeal pumping rates (Figure 4-13) in gcs-1(ok436)
worms maintained an age-dependent decline for each of the liposomal y-GC
concentrations up to day 9 of adulthood. No differences were observed in the thrashing
rates of liposomal y-GC-treated gcs-1(ok436) worms when compared to respective
aged-matched controls (Figure 4-12). One notable observation was the degree of variance
in the thrashing rates of worms treated with the higher liposomal concentrations. For the
highest liposomal concentration tested (1%), large variances in the oldest treatment group
(day 9) made it difficult to conclude if liposomal y-GC had any effect on the motility in

these GSH-compromised worms (Figure 4-12D).

Pharyngeal pumping rates of the worms were typically lower in the older y-GC-treated
worms (Figure 4-13). Statistical analysis indicated that the lowest liposomal y-GC
treatment (1.36 mM) resulted in a decline in the pumping rate at day 9 when compared to
the vehicle control (p<0.01). The significance of this finding only being observed in the
lowest liposome concentrations tested is possibly due to the level of variance of the higher

liposomal concentrations in day 9 worms (Figure 4-13).

This thiol-associated effect could be interpreted to indicate that any extension in lifespan
in these worms could be due to dietary restriction. It should also be noted that when
antioxidants decrease pharyngeal pumping rate, yet increase lifespan, the increase in
longevity may be due to mechanisms linked with dietary restriction rather than the

antioxidant per se.
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Figure 4-12. Thrashing in aged gcs-1(0k436) worms treated with liposomal y-GC

Aged worms were transferred daily to fresh NGM plates seeded with E. coli OP50 diluted
with liposome suspensions (%) containing either PBS (vehicle) or y-GC. A two-way
ANOVA was used with a Bonferroni multiple comparison test to compare treatments
between days. Data represents the mean 95% CI of two independent experimental
repeats. Thrashing rates of n=6 worms per data point are presented. No significant
difference was observed between groups.
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Figure 4-13. Pharyngeal pumping in aged gcs-1(ok436) worms treated with
liposomal y-GC

Aged worms were transferred daily to fresh NGM plates seeded with E. coli OP50 diluted
with liposome suspensions (%) containing either PBS (vehicle) or y-GC. A two-way
ANOVA was performed for each data set with a Bonferroni multiple comparison test to
compare treatments between days. Data represents the mean 95% CIl of three
independent experimental repeats. Pumping rates of n=9 worms per data point are
presented, **p<0.01.
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4.3.9 Liposomal y-GC does not increase lifespan in gcs-1(ok436) worms

The unexpected decline in pharyngeal pumping of y-GC-treated gcs-1(0k436) worms was
further investigated by assessing the effect of 1.36 mM liposomal y-GC on longevity
(Figure 4-14). No difference was observed in the lifespan of the gcs-1(ok436) worms,

which ruled out any possible effect that the decline in pharyngeal pumping may have led

to differences in longevity.
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Figure 4-14. Survival of liposomal y-GC treated gcs-1(ok436) worms

gcs-1(ok436) worms treated with 7.36 mM y-GC (n=114) and vehicle only control,
liposomes (n=118). Survival was scored at day 5, 10 and every second day thereafter
until death. A log-rank tests was used to compare treatment groups. No significant

difference in lifespan was observed.
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4.4 Discussion

4.4.1 Testing substrate-based therapies to increase GSH in vivo using C. elegans

A recently established curated database (DrugAge) detailing lifespan-extending
compounds in 27 different model organisms, including C. elegans, yeast, flies, and mice
has reported that the most relevant categories relate to glutathione (GSH) and antioxidant
activity (371). Accordingly, in this work the focus was to explore the therapeutic potential
of the immediate GSH precursor, y-glutamylcysteine (y-GC), to increase cellular GSH

levels and potentially lifespan in the worm.

Strategies for increasing GSH levels have focused mainly on cysteine delivery.
N-acetylcysteine (NAC) is the used as a low-toxicity source of cysteine, as cysteine is
prone to autooxidation in the presence of the transition metals, copper and iron (372). The
acetyl group increases the resistance of cysteine to autooxidation (373). NAC has been
suggested to only be an effective antioxidant if supplying cysteine for GSH synthesis,
rather than as an antioxidant in its own right (374). Before being fed into the de novo GSH
synthesis pathway, deacetylation of NAC must occur. However, the specific mechanism
for entry of NAC and subsequent cellular deacetylation in various mammalian cells is not
completely understood (374). Reported benefits of NAC administration in C. elegans
using various treatment methods often assume increases in GSH levels without actually

measuring any changes (Table 4-1).
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Table 4-1. Summary of NAC and GSH treatments in C. elegans studies

Thiol Admlnlstratlon_method GSH increase? Differences attributed to thiol treatment Ref.
(concentration)
NGM (2.5 mM) Not assessed Increased lifespan in gas-1(fc21) mutants. (375)
NGM (5 or 10 mM) Not assessed Increased lifespan in worms subjected to visible light. (376)
NGM (100 or 500 M) Not assessed f\é'gﬁlﬁtgitﬂl??(ﬁ) iﬁ\?{y I\?Xrg.ber declines and ATP decreases caused by oxidative stressors at (377)
NGM (10 mM) Not assessed Attenuates food avoidance behaviour in prmt-1 mutants. (378)
Increase lifespan (5 mM) and brood size (5 mM) in WT. Increase fluorescence in hsp-16.2 and 298
NAC | NGM (0 -100 mM) Not assessed sod-3 foIIowiEg 5(mM I\?AC treatment. P(rotectign from ultraviolet (UV) radiation (5pmM). %
Not detailed (5 mM) Not assessed | Attenuation of TiO2-NPs-induced ROS and motility. (379)
Liquid (61.3 & 123 uM) Not assessed Protection from silver nanoparticle toxicity. (380)
NGM (10 mM) Not assessed | No difference in lifespan. (381)
NGM (5 mM) Not assessed Increased survival for sdhb-1 mutant worms under hyperoxia, but no difference for WT. (382)
NGM (5 mM) Not assessed Decreased ROS formation, but no difference in lifespan in WT. (299)
NGM (3 mM) GSH N WT worms pre-treated with GSH, partially restored brood size from selenite (Na;SeQOs) exposure; (212)
ot assessed .
pre-treatment GSH pre-treatment in glrx-21 mutants had no effect.
NGM (3 mM) GSH Not assessed Pgrtially restored moti]ity i_n selenite-exposed (Na;S_eOs) WT worms. GSH required daf-18 and (383)
pink-1 to restore selenium-induced movement deficits.
Not specified (3 & 10 mM) Not assessed | Administered GSH promoted the reduction of disulfide groups in the cuticle. (224)
GSH Liquid & NGM (0-10 mM) Not assessed Partial protection from selenite-exposed (Na,SeOs) lethality and motility in WT. (211)
NGM (5 mM) PN No change in GSH Ievelg or Ii'fespan; D_ecreased APaz-induced paralysis/protein carbonyl content; (384)
Increase in pumping/motility in ABa2 oligomer fed worms.
Liposome (90, 180, 360 ug) Not assessed Increased lifespan. (363)
Liquid K medium (50 pM) Not assessed | GSH pre-treatment increased survival of arsenite stress in gcs-1(0k436) VVC337 strain. (137)

ABs2, Amyloid beta-42; ATP, adenosine triphosphate; gas-1(fc21), mitochondrial complex | mutant; gcs-1, glutamylcysteine synthetase-1; glrx-21, glutaredoxins-21;
hsp-16.2, heat shock protein-16.2; mtDNA, mitochondrial DNA; Na,SeOs, sodium selenite; prmt-1, protein arginine methyltransferase; pink-1, PTEN-induced
kinase-1; sdhb-1, succinate dehydrogenase complex subunit B; sod-3, superoxide dismutase-3; TiO,-NPs, Titanium oxide nanoparticles; WT, Wild-types.
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Oral bioavailability must be demonstrated for y-GC if it is to be an effective and practical
approach to treat chronic depletion of GSH in humans. This has remained problematic
for substrate-based treatments aimed at increasing GSH that suffer from poor oral
bioavailability, such as GSH itself (385). Increases in cellular GSH, have been
demonstrated in rodent models using intraperitoneal (97), intravenous (98) or
intracereboventricular (102) delivery of y-GC. These direct injection approaches avoid
any oral administration issues due to first-pass metabolism. In a human pilot study (n=14),
oral administration of 2 g y-GC resulted in an average 53% *47% increase in lymphocytic
cellular GSH levels, indicating that y-GC is orally bioavailable (112). Others have
suggested that this increase of GSH post-supplementation of y-GC in humans was likely
due to the extracellular degradation of y-GC by the y-glutamyl transpeptidase (y-GT)
enzyme thus providing a source of cysteine, rather than membrane transport intact
v-GC (386). While this is a valid alternative hypothesis, degradation of y-GC by the
enzymatic action of y-GT may not provide a comprehensive mechanistic explanation of
how exogenous y-GC leads to increases in GSH. The presence of putative dipeptide
transporters for certain y-glutamyl amino acids provides the basis for the possible direct
uptake of y-GC (387). Passive transport of intact GSH from the plasma into the cell is not
thermodynamically favourable as plasma levels range between 2 and 20 uM and cellular
levels are between 1 and 10 mM in humans (388). Conversely, intracellular y-GC
concentrations are exceedingly low in the presence of glutathione synthetase (GS) which
make it favourable for passive cellular transport. While the therapeutic potential of y-GC
remains relatively unexplored, rapid models such as C. elegans, that can provide evidence
of how y-GC leads to increases in cellular GSH are necessary to understand its broad

therapeutic application for human disease.
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4.4.2 Demonstrating compound bioavailability in worms

Evaluation of bioavailability (systemic uptake) and bioactivity (activity following
absorption) of exogenous compounds are important considerations when testing
antioxidant compounds (389). The inconsistency between the effects of antioxidants in
C. elegans lifespan studies has recently been reviewed by the Halliwell group (287). They
focused on experimental design to avoid common methodology pitfalls (287). For
example, artefacts such as delaying development and fecundity or causing dietary
restriction leading to lifespan extension, independent of the mechanism of antioxidant
action (287), was considered in the design of our experimentation investigating the

therapeutic potential of y-GC.

The three distinct routes for compound delivery to C. elegans include, ingestion, uptake
through the hypodermis, or uptake via exposed sensory neuronal endings (390).
Absorption of compounds through the hypodermis can be obstructed due to the complex
outer cuticle of the worm. The relatively simple alimentary system in C. elegans make
the worm a suitable model for the rapid assessment of bioavailability of compounds via
oral administration (391). In this chapter, several experiments were conducted to
investigate the hypothesis that oral administration is the most effective delivery route for
the immediate GSH precursor, y-GC with the uptake through the hypodermis, or via

exposed sensory neuronal endings being negligible.

Common methods of investigating the effect of compound treatment on the lifespan of
C. elegans include the addition of the compound in the solid nematode growth
medium (NGM). This strategy, however, may lead to poor oral bioavailability (392).
Moreover, addition of compounds in the NGM without attenuation of the bacteria may

lead to the compound becoming metabolised by the E. coli itself before it can be absorbed
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by the worm. Methods such as these, often assume the mechanism of action is occurring

without measuring the bioavailability.

Liposomes are effective drug delivery systems that have been shown to markedly increase
the oral administration of hydrophilic (363) and hydrophobic (393) compounds in
C. elegans. The potential benefits of liposome-encapsulation of therapeutic compounds
added to the E. coli feed include increased compound stability, simulating a diet-ingested
delivery mode, and potentially avoiding compound metabolism by the E. coli. Indirect
effects that occur by the E. coli providing an intermediary metabolic pathway are
problematic for investigating the potential efficacy of compounds that may extend

lifespan.

The likelihood that the thiol compounds are strictly taken up by the worm via pharyngeal
ingestion and not through the hypodermis, can serve as the basis to investigate the
possible similarities of systemic bioavailability of orally-administered y-GC between
humans and C. elegans. There was no indication that the y-GC is effectively absorbed
through the cuticle of wild-type worms within 2 h, based on treatments in M9 buffer
(Figure 4-4A). This may be due to either the exposure time (2 h) in liquid medium being
insufficient for uptake or that y-GC is not able to permeate the worm’s cuticle. While the
use of liposome delivery systems for encapsulation of pharmacological agents has been
of interest to increase bioavailability, factors that limit their use for therapeutic
applications include, poor stability, batch-to-batch irreproducibility, low entrapment
coefficients, difficulties in controlling liposome size, toxicity, and short circulation half-

life of vesicles (394, 395).
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4.4.3 Future developments for the use of liposomes in C. elegans

To further develop liposomes as a delivery method for compound treatment in the
C. elegans model, several considerations still need to be addressed to ensure
reproducibility. Liposome stability will depend on the composition of liposome mixtures
and the need to maintain consistent storage conditions, notably atmosphere and
temperature. Lipids from biological sources (e.g., egg yolk) contain significant levels of
polyunsaturated fatty acids and are inherently more prone to oxidation compared to their

synthetic counterparts (396).

The commercial liposome kit (Sigma Aldrich, L4395) resulted in considerable structural
variability in the generated liposomes, including vesicle size and particle concentration,
which has been an ongoing concern regarding the use of liposomes as drug delivery
systems (394). Nanoparticle tracking analysis was used to quantitatively measure
liposome size which offered an improved method to determine the differences in size
distribution of liposome suspensions. The use of flow cytometry to sort particles by size

provides the potential to prepare homogenous liposome suspensions.

It has been noted that ingestion of liposomes may affect lipid metabolism in
C. elegans (27). The initial liposome study reported that worms treated with liposome-
encapsulated MilliQ showed no significant difference in lifespan when compared to
worms fed E. coli OP50 alone (363). In this current work, no significant differences in

lifespan was observed when liposome content added to the E. coli was <1%.

4.4.4 Screening for optimal dosing of y-GC concentrations to increase lifespan

C. elegans is an effective in vivo model for investigating the potential of compounds to
extend lifespan (397). However, drug delivery methods vary greatly which makes it
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difficult to compare results between studies (392). There has been debate in regard to the
differences in environmental conditions that can affect metabolism and longevity, in
particular maintaining worms in liquid or on solid medium (398-401). In this work, initial
lifespan screening efforts using liquid methods (402) encountered turbidity problems with
the bacterial feed obscuring the ability to view worm viability. Another limitation of using
liquid protocols over extended periods, is the potential for thiol compounds to readily

oxidise in aqueous solutions (403).

To alleviate the limitations of screening compounds in liquid medium, a simple screening
method was employed to allow lifespan analysis to be conducted on solid NGM with
liposome-encapsulated y-GC (363). It has previously been advised to minimise the FUdR
concentration in antioxidant screening methods to avoid the introduction of artefacts that
affect longevity (287). The inclusion of 100 uM FUdR in the NGM was determined to be
the lowest concentration that inhibited larval development in this work. As liposomes
have also been demonstrated to increase the chemical stability of compounds (404), the
screening method was designed so that worms were scored and transferred to new plates
containing freshly seeded liposomes at days 5, 10 and 15 with scoring continued every

subsequent second day.

Screening methods that involve a large number of test compounds may encounter
workload limitations when exploring dose dependency (405). This approach may not
detect the true therapeutic potential of certain compounds if the incorrect concentration
is selected. Recent data suggests that several antioxidant compounds including, NAC,
resveratrol and vitamin C, display an inverted “U-shaped’ dose-dependent effect on
lifespan (406), that is postulated to be due to a concentration dependent

pro-oxidant/antioxidant balance. Time-to-treatment must also be considered in the dosing
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regimen. This is illustrated by a study showing that treatment with epigallocatechin-3-
gallate (EGCQG) in early-to-mid adult worms had an increase in lifespan which was absent
when the worms were treated after 12 days of adulthood (407). This may be indicative of
the compound being orally bioavailable only in young worms as pharyngeal pumping

tends to decline considerably after 12 days.

445 What is the bioavailability profile of exogenous y-GC in wild-type worms?

The previous experimental work in this thesis demonstrated that the endogenous changes
in GSH levels can be quantified with LC-MS/MS. However, it remains to be determined
if treatment with exogenous y-GC results in changes of the cellular GSH levels of
wild-types. To test this hypothesis, y-GC treatments in liquid medium and with liposomes
were used to test if acute (2 h) or prolonged (3 days) exposure had any effect on increasing
cellular GSH. No significant difference was observed in any of the concentrations tested
in liquid medium over the 2 h treatment, suggesting that absorption does not occur
through the hypodermis over this time course. Prolonged treatment of 1.7 mM liposomal
v-GC was carried out over the entire worm’s larval lifecycle (3 days) to determine if an
extended period of treatment would lead to increased GSH levels. At the single
concentration tested there was no evidence that liposomal y-GC increased the
concentrations of GSH or any of the thiols measured (Figure 4-8). This may be due to

liposome degradation when exposed to atmospheric conditions over the 3-day period.

The transparent body of the nematode has recently been exploited in the development of
redox biosensors that allow for in vivo visualisation of glutathione redox status (408). The
use of the genetically encoded Grx1-roGFP2 fluorescent biosensor enables real-time, in
vivo measurement of the GSH/GSSG ratio of C. elegans (300). Applications of these

worms with fluorescent plated-based screens could provide a rapid method to test a range
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of y-GC concentrations by measuring the fluorescent ratios corresponding to the reduced
to oxidised state of the glutathione redox couple (GSH:GSSG). Kinetic screens in liquid
medium could be an interesting approach to provide critical information about optimal

time and concentration-dependent dosing variables to inform later analytical experiments.

446 Treating GSH-compromised worms with liposomal y-GC

The gcs-1(0k436) mutant (VC337 strain) was employed as a model for compromised
GSH synthesis, which has been used previously in several studies (42, 137, 224, 409). In
this work, gcs-1(0k436) worms were used to model GSH deficiency caused by glutamate
cysteine ligase dysfunction and test the hypothesis that y-GC could bypass the
rate-limiting step and provide a more effective substrate-based treatment than NAC and
GSH. Several treatment methods of absorption were tested, including thiols added to

heat-treated E. coli, and y-GC treatment using liquid medium and liposomes.

Pre-treatment with y-GC for 2 h in liquid medium prior to the 1 h exposure to an LCso
dose of H20: increased the worm’s survival rates after 6 h recovery. Testing the protective
effect of y-GC from a bolus H2O- insult using a pre-treatment approach may offer
valuable information regarding the possibility that y-GC bypasses the dysfunctional
GCS-1 enzyme. Pre-treatment with 2 mM y-GC showed an apparent 20% increase in the
survival rates compared to the vehicle only control group, though is yet to be considered
significant without independent repeat measurements (Figure 4-9B). This preliminary
finding is in agreement with a previous study that demonstrated that a 3 h pre-treatment
with 50 uM GSH in liquid medium affords protection against subsequent exposure to
arsenite in gcs-1(ok436) worms (137). Treatment with equimolar concentrations of NAC

or GSH should simply provide a source of cysteine based on their cellular uptake. A pre-
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treatment model comparing equimolar concentrations of NAC and GSH using
gcs-1(0k436) worms should be suitable for exploring the hypothesis that y-GC could

perhaps transiently increase the GSH concentrations above homeostasis.

Fertility of nematodes was monitored for both the wild-type and gcs-1(ok436) mutants.
Delays in reproduction may affect the lifespan of the animal according to the disposable
soma theory (410). This theory stipulates that an organism must carefully allocate
resources between reproduction and somatic maintenance, depending on the animal’s
environment (411). Accordingly, brood sizes were monitored in gcs-1(0k436) worms
treated with concentrations of non-liposomal y-GC (0-10 mM) added to heat-treated
E. coli (Figure 4-10). No differences were observed in any of the treatment groups
compared to the control. Treatment of gcs-1(0k436) worms with 6.6 mM liposomal y-GC
increased the brood size and the daily egg-laying rate (Figure 4-11C). No differences in
brood size were observed in the lower (1.3 mM and 2.6 mM) or higher (13.6 mM) tested

doses.

While liposomal y-GC treatment increased brood size, it did not affect motility or lifespan
in gcs-1(ok436) worms. Pharyngeal pumping was monitored as a precaution in case any
mechanisms were induced by the treatments that could potentially lead to dietary
restriction-dependent increases in lifespan. Dietary restriction has been shown to extend
lifespan in many model organisms including, yeast, C. elegans and mammals (412).
Measuring the pharyngeal pumping rate is one index used to monitor nutrient intake in
C. elegans (413). Mutations in eat genes lead to a decrease in caloric uptake caused by a
decline in pharyngeal muscle contraction rate (414). The majority of eat mutants exhibit
an increased longevity phenotype due to the restriction that the pharyngeal pumping rates

places on caloric intake (415). In this study, there was evidence of y-GC contributing to
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the decline in the pharyngeal pumping rates of aged gcs-1(ok436) worms but was only
observed in the day 9 old adults which may have been too late to significantly affect

caloric intake.

Motility was monitored by measuring the thrashing rate as another potential predictor of
longevity to investigate if liposomal y-GC showed any benefit in gcs-1(ok436) worms.
Thrashing behaviours varied considerably between treatment groups in day 9 adult
gcs-1(ok436) worms, which appeared to correlate with the amount of liposome
concentrations added to the E. coli (Figure 4-12). This may be explained by the variations
in the heterogeneity of vesicle sizes in the liposome suspensions (Figure 4-5). The results
presented herein indicate that while the higher liposomal concentrations (>0.1%) used in
this work did not significantly affect lifespan, they may however affect other behaviours
of the worm. It was concluded that liposomal y-GC does not increase the thrashing
behaviour of gcs-1(0k436) mutant worms up to 9-day old adults. Because the spread
between the physiological responses of worms likely increases due to ageing, larger
numbers would be required to have sufficient power to conclude any true effects on the
role of y-GC on motility. Since increases in brood size and stress resistance were observed
in gcs-1(0k436) worms treated with y-GC, future work should look at measuring thiol

levels in isogenic populations of the heterozygotes gcs-1(0k436) (+/-) worms.
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4.5 Conclusions and chapter Summary

In this chapter, the overall aim was to use C. elegans to explore the therapeutic potential
of y-GC. Several reports have previously shown that both NAC and GSH
supplementation are beneficial against markers of oxidative stress in worms (Table 4-1).
However, no reports directly demonstrate that these substrate-based treatments increase
GSH levels in worms. The focus was to apply a delivery method that would make
exogenous y-GC orally bioavailable. Options for delivery included, attenuation of growth
of E. coli by heat-treatment, liposome encapsulation and treatment in liquid medium. The
proposition that y-GC would be a more effective substrate-based therapy for age-related
treatments is based on the hypothesis that y-GC can be taken up intact and effectively
bypass any GCL rate-limitation in de novo synthesis, which cannot be achieved using
cysteine prodrugs or intact GSH itself. It remains unclear what the optimal treatment time
and concentration for y-GC in wild-type worms is to determine therapeutically efficacious
dose levels. Rigorous kinetic analysis may provide evidence to answer this outstanding
question. Once the bioavailability profile of y-GC is fully understood using C. elegans,
further utilisation of the model can be applied to measure several antioxidant biomarkers

that provide evidence of y-GC’s protective value (287, 416).
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Thiol administration and bioavailability

NAC y-GC
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Figure 4-15. Proposed model comparing the mode of bioavailability in C. elegans
and humans

In C. elegans, it is proposed that NAC may be taken up in the worm via the hypodermis
whereas y-GC has not been shown to increase GSH levels after 2 h treatment. In humans,
oral administration of y-GC may perhaps offer an advantage over other substrate-based
approaches, such as NAC and GSH. After y-GC is absorbed by the small intestine (white
arrows) it is proposed to be effectively taken up by the (a) liver where it is converted to
GSH above homeostatic levels and transported to other organs, such as (b) kidneys (c),
the heart and (d) brain. Alternatively, it may be absorbed into the bloodstream directly
to be made available for systemic distribution.
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5 Chapter Five

5.1 General conclusions and future directions

Ageing leads to the elderly becoming more vulnerable to numerous oxidative
stress-related diseases. The free radical theory of ageing was postulated over 60 years ago
in an attempt to explain how the partial reduction of oxygen can lead to damaging effects
that accumulate and contribute to tissue degeneration during ageing. Since then, efforts
to mitigate ageing in humans and other eukaryote models using antioxidant therapies have
generally been inconclusive and have occasionally even been shown to decrease lifespan
(For review see (21)). The observations in evolutionary divergent organisms that show
pro-oxidant treatments can lead to the hormesis effect and an increase in lifespan is
evidence of the how interactions between pro-oxidant and antioxidant networks can affect
the ageing process (417). Understanding how oxidative stress is intrinsically linked with
redox balance and how this affects cellular signalling in ageing can potentially provide
an explanation for the inconsistencies between the free radical theory and the hormesis
hypothesis. When investigating the effect of ROS and free radicals in ageing, it is
imperative to define the molecular mechanisms that affect the changes in the redox
balance rather than simply assuming a dichotomous nature exists between the beneficial

role of antioxidants and the damaging effects of ROS (418).

GSH’s highly reactive sulfhydryl group allows it to act as a direct scavenger (419) or as
a cofactor in enzymatic reactions to neutralise ROS and free radicals (76). Given the
extensive number of cysteine residues present in the mammalian proteome (~214,000),
understanding the role of GSH in maintaining the structure/function relationship of
proteins as a post-translational modifier (i.e. by protein S-glutathionylation) is an

interesting prospect for future investigations. Considering the level of conservation
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between worms and mammals, work to further understand which cysteine residues are
prone to potential modification with human ageing may benefit from the application of

the C. elegans model.

Over the past two decades, a paradigm shift has started to emerge that views the role of
ROS and free radicals as signalling molecules. The free radical theory of ageing has been
instrumental in gaining momentum to understand the biology of ageing and has remained
relevant within the field. Since its inception, many studies have offered alternative
theories which collectively reiterate the complexity of the ageing process. Elucidating the
primary cause of how this balance is initially disrupted with ageing is a difficult problem
to solve. To this end, a unifying theory for ageing is perhaps impossible to elucidate at

the biological level.

5.1.1 Project scope, key findings and contributions to further understand redox

biology, ageing and C. elegans physiology

During this research, a novel LC-MS/MS method was developed that enabled the
metabolomic profiling of the glutathione cycle in ageing worms. Quantifiable analytes
include the thiol precursors, cysteine and y-GC, which allowed an investigation to
determine if cysteine becomes limiting or if the rate of enzymatic production of y-GC
declines during ageing. Results that show a decline in the levels of cysteine with a
concomitant decline in both y-GC and GSH would suggest that cysteine limitation is a
major cause of GSH decline. However, the levels of cysteine did not significantly decline
over the first 10 days of adulthood. Corresponding declines of y-GC and GSH, without
any changes in GSSG levels, suggested lowered GCL activity significantly contributes to
the changes in glutathione homeostasis. This metabolomic approach provided evidence

to support the hypothesis that the majority of the net loss of GSH levels in ageing worms
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is likely due to a decline in the de novo synthesis pathway. Several studies have shown a
beneficial health effect in wild-type worms treated with NAC (Table 4.1). However, no
study to date has confirmed that the benefits afforded by NAC are due to increased GSH
levels. In this study, we demonstrated that cysteine levels are limiting from as early as
day 1 of adulthood. The bioavailability profile of the dose-dependent increase was
observed for each thiol after 2 h NAC treatment in liquid M9 medium only (Chapter 2,
Figure 2-9). Though this work was informative about cysteine availability in worms, the
data from the aged worms indicated that the rate of decline in y-GC production was
perhaps due to, at least in part, the decline in enzymatic activity of the GCL enzyme

homologue in worms.

Our interest in investigating the enzyme activity of the rate-limiting GCL enzyme step
was to first confer the functional role of the uncharacterised GCLM subunit in the worm.
Using reverse genetics (RNAI), we showed that knocking down the gclm gene in worms
corresponded with a decline in GSH and an increase in cysteine levels. We also report the
first phenotypic assessment of several behavioural and physiological changes associated
with the function of the gclm gene in aged worms. These included the observation of
increased incidence of vulval rupture phenotypes and effects on reproduction, stress

resistance, pharyngeal pumping, thrashing movement and lifespan.

In mammals, the complex nature of GCL regulation occurs at the transcriptional, post-
transcriptional and post-translational levels. Each of GCL’s two heterodimeric subunits
are encoded at two separate loci under independent transcriptional and post-
transcriptional regulation. Considering the complexity of the regulatory control of the
GCL enzyme, there no reports as yet of investigations into the post-translational controls

affecting the rate-limiting step of GSH synthesis in any aged models. A recent study that
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conducted deep proteome sequencing in aged worms at 1, 5 and 10 day old adults, showed
that the abundance of each of the proteins involved in the cellular metabolism of GSH
(including GCS-1, GCLM, GSS-1 and GSR-1) did not change significantly (420). The
observed declines in GCL holoenzyme activity during this period may be a result of post-
translational perturbations in the interactions of GCS-1 and GCLM. In support of this
hypothesis, others have shown that long-lived daf-2(e1370) worms which have
approximately 14-fold higher GSH levels than wild-types have no differences in the
transcript levels of the genes involved in GSH metabolism (148). The authors concluded
that the de novo synthesis pathway appears to be essential for the extreme long-lived
daf-2(e1370) mutants and suggested that this is due to the regulation of GCS-1 and
GCLM subunits at the post-transcriptional level (148). These reports taken together
suggest that the decline in GSH synthesis in aged wild-type worms observed in this work
may be explained by complex regulatory dysfunction occurring at the post-translational

level.

The age-related changes in GCL holoenzyme formation should be further investigated
using C. elegans. It should be noted that if measuring these levels in whole worm lysates,
resolution of tissue-specific levels will not be possible. Moreover, the relative abundance
of each subunit is rarely present in the cell at a 1:1 ratio, with the GCLM subunit for the
holoenzyme formation almost always limiting in higher eukaryotes. The addition of a
reducing agent in order to dissociate the two subunits would be required to assay the
levels of holoenzyme and the respective levels of each subunit. However, no antibodies
are commercially-available for either of the C. elegans subunits and it is unknown if any
mouse GCLC or GCLM antibodies would present any cross-reactivity for the worm

homologs.
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Another technical challenge would be an investigation of age-related changes in GCL
activity in aged-matched cohorts. Large sample numbers would be required to provide
sufficient GCL quantities and would unavoidably involve the addition of FUdR. Enzyme
activity studies performed using recombinant proteins rather than worm homogenates,
would not be able to simulate the age-related dysregulation of the enzyme. Moreover,
methods that use fluorescent probes to measure the enzyme activity of GCL are unable to
distinguish derivatisation of the fluorescent probe with either y-GC or GSH (421), and
thus measurements are made based on the production of GSH which is also dependent on
the glutathione synthetase activity. To address this in the current study, the measurement

of y-GC was used as a proxy for the GCL enzyme function.

Finally, the work described in Chapter 4 looked to apply C. elegans as an ageing model
to explore y-GC’s therapeutic potential against chronic GSH depletion. Protection
afforded by GSH levels against the age-induced perturbations of the thiol signalling
pathways can potentially be sustained by treating with y-GC. Future work using the
nematode to investigate the therapeutic potential of y-GC should look at determining the
protective profile against markers of oxidative stress including, lipid peroxidation, DNA

oxidation, and oxidative modifications of proteins.

5.1.2 The future for y-GC: Safety, efficacy and therapeutic applications

Though the decline in GSH levels are associated with many age-related diseases linked
to oxidative stress, causation is yet to be determined for the majority of conditions.
Disease states associated with low GSH levels may benefit from treatment with y-GC.
Oral supplementation with y-GC offers a unique substrate-based approach to elevate GSH
levels above dysfunctional GCL related lowered homeostasis. Administration of

esterified forms of substrates may also be effective to increase GSH levels, however the
5-6



Conclusions and future directions Chapter 5

de-esterification reaction once inside the cells may prove to be harmful with prolonged
usage, particularly for low-molecular weight thiol compounds that can pass the blood-

brain barrier.

One potential fate of excess y-GC could be an increase in 5-oxoproline possibly causing
5-oxoprolinuria (266). The build-up of 5-oxoproline is a characteristic of a rare autosomal
recessive disorder of glutathione synthetase (GS) deficiency (GSSD) (422). With as few
as 70 cases reported world-wide, patients with GSSD suffer from low levels (~20%) of
GSH compared to healthy controls (108) and typically present in the neonatal period with
haemolytic anaemia, metabolic acidosis and neurological impairment (423). GSSD leads
to excess y-GC being subsequently hydrolysed to 5-oxoproline and cysteine by
v-glutamyl cyclotransferase (423). The accumulation of 5-oxoproline is reported to be the
major cause of the metabolic acidosis (108). Safety assessments of y-GC in Wistar rats
have shown no differences in single acute (2000 mg/kg body weight) or daily repeated
doses (1000 mg/kg body weight) in the haematological and clinical chemistry profiles,
including urine analysis, between treatment and control groups (364). This suggests that
metabolic acidosis does not occur as a result of y-GC treatments in rats, which is perhaps
due to the y-GC being rapidly converted to GSH by GS and thus preventing the synthesis
of 5-oxoproline. Understanding how treatment with y-GC leads to increases in GSH is a
mechanism that remains poorly defined. Demonstrating if y-GC is transported directly
into the cell, could likely become synonymous with the discovery and identification of

the putative dipeptide membrane transporters.

5.1.3 Future work to understand thiol biology with C. elegans

It has recently been suggested that C. elegans could potentially be the subject of the first

complete animal model of redox signal transduction (424). The understanding of the
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influence of GSH and other low-molecular weight thiols on the redox environment during
ageing would contribute to our understanding of redox-related regulatory mechanisms.
The detection range and sensitivity of the LC-MS/MS method for thiol analysis enabled
the accurate monitoring of the key metabolites involved in the de novo GSH synthesis
pathway in ageing worms. Further applications of this LC-MS/MS method in our
nematode studies are focusing on expanding the detection capacity to the measurement
of the other biologically relevant thiols that include cysteinylglycine (CysGly),
homocysteine (HCys) and coenzyme A (CoA). The inclusion of homocysteine and
cysteinylglycine data will provide more comprehensive views of the extracellular
degradation of glutathione to cysteinylglycine due to the gamma-glutamyl transpeptidase
activity, and how the transsulfuration pathway provides sulfur via homocysteine for
cysteine biosynthesis (Figure 5-1). Previous work has shown that the levels of
homocysteine increase by over 2-fold in the livers of aged mice (425). This increase in
homocysteine was shown to directly affect the catalytic activity of the mouse GCL
enzyme. The authors report that the accumulation of homocysteine adversely leads to the
inhibition of the GCL activity, which was likely due to competitive inhibition of the
cysteine-binding site. This illustrates the multifaceted levels of regulation of the GCL

enzyme which remains to be completely understood.
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Figure 5-1. Further applications of LC-MS/MS to understand thiol biology

Cysteinylglycine (CysGly) levels could be used as an indicator of the extracellular
degradation of GSH by gamma-glutamyl transpeptidase (y-GT) providing further insight
into GSH homeostasis via the extracellular salvage synthesis pathway. Profiling of
homocysteine (HCys) can explore the potential role of transsulfuration pathway in the
regulation or dysfunction of glutamate cysteine ligase (GCL) activity.

Advances in redox proteomics techniques hold promise to further our understanding of
how post-translational modifications influence signalling events of the redox
proteome (426, 427). The ability to use proteomic approaches to delineate how GSH
functions as a post-translational modifier will be vital to further understanding how
GSH’s decline influences ageing. Building on established proteomic methods used in
C. elegans, such as OxiCat (124), which measures the reversible oxidation of cysteine
residues, will allow a global view of the changes in post-translational modifications over
the C. elegans lifespan. Systematic investigations of the distinct signalling effects of the
various cysteine modifications that contribute to the global redox-network are required to
elucidate the susceptible signalling pathways of disease and ageing and to identify

appropriate therapeutic targets (428-430).
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Profiling of the global S-glutathionylated proteins of Drosophila and E. coli lysates has
been conducted using clickable chemistry with GSH-analogue probes (431).
Bioinformatic analysis of S-glutathionylated proteins demonstrated that the cysteine
residues positioned adjacent to more negatively charged amino acids have a higher
frequency of S-glutathionylation (431), indicating a possible selective structure-based
pattern. Recent reports have demonstrated that worms exhibit changes in protein
S-thiolation patterns (i.e. S-glutathionylation and S-cysteinylation) of targeted cysteine
residues (432). This evidence of the occurrence of S-glutathionylation and the short life
span of C. elegans offers the opportunity to explore age-dependent changes in a rapid

ageing model.

5.1.4 Concluding remarks

In conclusion, the key finding of this thesis is that glutathione homeostasis declines with
age in C. elegans in a manner that is an amenable for modelling glutathione changes in
human ageing. Should this work encourage future research to model the human decline
of GSH using C. elegans, it will undoubtedly enable a greater understanding of the
multifaceted levels of GSH decline and thus can be used to form appropriate therapeutic

strategies for many age-related diseases and disorders.
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Appendix A-1. Primers used in PCR fusion for GFP transcriptional

gclm reporter

Name | Sequence
GF1 TGGATGCTCCAGATGATATTCCAT
GF2 TTCCATCCTACGTTGAATCCAATTC

GF3 CTCGTCGATAGAGAGGAAGTTGCATG
GTGAAAAGTTCTTCTCCTTTACTCATTTCAACGAAAATTCCGTTC
GF4 GGAAAAG
GTGAAAAGTTCTTCTCCTTTACTCATTTTTCGAATGTGCTGCACT
GF5 GAAAG

CTTTTCCGAACGGAATTTTCGTTGAAATGAGTAAAGGAGAAGAA
GF6 CTTTTCAC

CTTTCAGTGCAGCACATTCGAAAAATGAGTAAAGGAGAAGAAC
GF7 TTTTCAC

AA18 | ATGAGTAAAGGAGAAGAACTTTTCACTGG
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Appendix A-2. Primer sequences for constructing CRISPR/Cas9 sgRNA

vectors

Table A-2. Single guide RNAs (SgRNAs) were designed to target exon 1 of the EOLA2.1a
for the strategy to produce mutants for the gclm gene.

Primer Sequence
#1' 5-GAGAGATTGCTCAGAAATTGGGTTTTAGAGCTAGAAATAGCAAG-3’
#ot 5-GACCCGATTTCGTCTTCACACGTTTTAGAGCTAGAAATAGCAAG-3'

sgRNA UNiR  5-AAACATTTAGATTTGCAATTCAATTA-3’

fForward primers used for constructing guide #1 and #2. The CRISPR-targeting RNA
(crRNA) sequences are underlined.

SgRNA uniR = sgRNA universal reverse primer. Outlined in the method from Norris et
al. (2015).
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