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Abstract

Hydrogen peroxide (H20-) is a potentially toxic bi-product of aerobic metabolism. Whilst
high concentrations cause the cellular damage observed in many diseases and ageing, low
levels of H20 have been shown to be important for normal health and longevity. How
organisms sense H>O, and use it to signal positive responses is therefore of great interest.
This project focused on using genetic techniques in 2 model eukaryotes,
Schizosaccharomyces pombe and Caenorhabditis elegans, to address these questions and

to elucidate mechanisms by which peroxiredoxins (Prx) affect H.O> signal transduction.

We have investigated whether a roGFP2-PRDX-2 fusion protein, expressed in C. elegans,
was suitable to detect in vivo changes in intracellular H20- levels. Unfortunately, our data
suggests that, although this roGFP2-PRDX-2 sensor shows some specificity for H20,, it
is insufficiently sensitive to detect small differences in endogenous H20.. However,
preliminary data using this sensor does suggest that there is an increase in H20- in
anterior intestinal cells in response to infection with the fungal pathogen, Candida

albicans.

We have also investigated the role of cytosolic family 2-Cys Prx in mitochondrial
function, providing further evidence for mitochondrial defects in tpx1A mutant S. pombe,
and prdx-2(gk169) mutant C. elegans, and identifying the presence of a pool of Tpx1 in
the mitochondrial intermembrane space (IMS). We present evidence suggesting that a
direct role in the IMS may contribute to the function of Tpx1 in H2O: resistance, and

H>02-induced activation of Papl.

The highly abundant 2-Cys Prx detoxify H202, but are also involved in initiating signal
transduction. S. pombe has a single 2-Cys Prx, Tpx1, which is essential for transcriptional
responses to H>O.. Tpx1 has multiple roles in promoting H>O> signal transduction; for
example, acting as a direct redox transducer to promote activation of the p38-related
MAPK, Sty1, and also by promoting the oxidation of thioredoxins, to activate the
transcription factor Papl. To identify new candidate H>O regulated proteins, we have
used high-throughput genetic screening of a library of mutants of non-essential S. pombe
genes in two genetic backgrounds; tpx1¢1%%, in which the thioredoxin peroxidase activity

of Tpx1 is disrupted, but Styl regulation unaffected, and the deletion mutant; tpx1A.



From synthetic genetic array (SGA) analysis of the tpx1©!%% mutant we identified 31
candidate genes that are important for growth in the absence of thioredoxin peroxidase
activity. Notably, orthologues of 6 of these genes also exhibit a synthetic sick interaction
with the Prx mutant tsalA in S. cerevisiae, suggesting that these pathways may have a
conserved essential function in the absence of the thioredoxin peroxidase activity.
Moreover, SGA analysis of tpx1A also identified 21 candidate genes important for growth
in a tpx1A. Interestingly, less overlap was observed between the SGA analysis of tpx1A
with tsalA.

Our screening additionally identified 5 candidate genes where loss of function partially
suppressed the growth defects associated with loss of tpx1. These included the single S.
pombe cAMP-dependent protein kinase, pkal, and the COP9/signalosome complex
protease subunit, csn5. Here we show that both proteins undergo oxidation, through the
formation of direct protein-protein disulphide complexes with Tpx1, in response to 0.2
mM H20., thereby validating this approach as a means to identify new candidate H20,-
regulated proteins.

Finally, this screening identified that the glutaredoxin, Grx1, was important for growth
and H20,-dependent activation of Sty1 in tpx1©1%%-mutant cells. Further investigation
suggested that Tpx1¢1%% is constitutively glutathionylated in the absence of Grx1. This
supports the hypothesis that a redox-active peroxidatic cysteine is important for Tpx1’s
signalling roles, as well as raising the possibility that Tpx1¢%° may function as a
glutathione peroxidase.

In summary, this study has provided new targets and tools, as well as mechanistic insight,

into the role of H20 and Prx in responses to peroxide.
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Chapter 1
Chapter 1. Introduction

1.1 Reactive Oxygen Species

Reactive oxygen species (ROS) are formed by the incomplete reduction of oxygen, and
are an unavoidable by-product of many cellular processes. ROS are highly reactive and
cause cell damage by reacting indiscriminately with cellular components, such as: DNA,
lipids and proteins (Halliwell, 1999). High levels of ROS have been associated with the
pathology of many different diseases, and the ageing process (Bokov et al., 2004). Cells
therefore possess ROS detoxifying enzymes and defences in order to maintain
intracellular ROS homeostasis. The ability of ROS to also act as signalling molecules has
recently been recognised and has led to an exciting field of research in redox signalling.
The upregulation of anti-oxidant gene expression in response to high levels of ROS has
been well studied in many organisms (D'Autréaux and Toledano, 2007). This has led to
the identification of proteins vital for sensing low levels of ROS, as well as downstream
redox signalling pathways. Intriguingly, low levels of ROS can initiate a number of

beneficial effects that are important for normal health and longevity (Sanz, 2016).
1.1.1 Sources of ROS

The incomplete reduction of oxygen leads to the formation of the highly reactive, ROS:
the superoxide anion (O2’), hydrogen peroxide (H202) and the hydroxyl radical (HO").
The largest contributor of Oz production in the cell is from the mitochondria, particularly
from complex I and 111 of the electron transport chain (ETC) (Brand, 2010). Electrons
released during adenosine triphosphate (ATP) production reduce molecular oxygen to
generate the highly volatile Oz". In addition, O2" is also produced by nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases as a host defence mechanism (Holmstrom and
Finkel, 2014). O is highly unstable and the superoxide dismutase (SOD) enzyme quickly
converts Oz to the more stable hydrogen peroxide molecule (H2O>). In the presence of
metal ions, H20> is reduced to HO" by metal-catalysed Fenton chemistry (Imlay, 2003).
HO' is highly reactive and indiscriminate with its targets. ROS are also produced
endogenously by a large number of enzymes, such as: lipoxygenase, xanthine oxidase,
cyclooxygenase, cytochrome P450 monooxygenase and nitric oxide synthase (D'Autréaux
and Toledano, 2007). As well as during oxidative protein folding in compartments such
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as the endoplasmic reticulum (ER). Exogenous sources of ROS also contribute to ROS

levels within the cell, such as exposure to xenobiotics and UV radiation (Halliwell, 2007).
1.1.2 Antioxidant defences

In order to prevent the damage caused by high levels of ROS, cells possess a number of
mechanisms in order to maintain intracellular ROS homeostasis. These can be separated
into two categories: ROS detoxifying enzymes, and non-enzymatic ROS scavengers. ROS
detoxifying enzymes consist of: superoxide dismutase, catalase and thiol peroxidases
(glutathione peroxidase and thioredoxin peroxidase) (figure 1.1). In addition, glutathione,
and thioredoxins, act as important electron donors to the thiol peroxidases. Other non-
enzymatic antioxidants include vitamin C (ascorbic acid) or vitamin E (Evans and
Halliwell, 2001).

1.1.2.1 Superoxide dismutase

SOD converts two O to the more stable H202, and oxygen (Oz). SOD is the most
powerful antioxidant in the cell and is expressed at high concentrations. There are various
forms of SOD, dependent on the type of metal ion required as a cofactor for its activity
(iron (Fe), zinc (Zn), copper (Cu) and manganese (Mn)). Eukaryotes express Mn-SOD in
the mitochondria, and ubiquitously express Cu/Zn-SOD in the cytosol (Fridovich, 1995;
Ighodaro and Akinloye, 2017).

1.1.2.2 Catalase

Catalase is a large, abundant and ubiquitously expressed protein found in all living
tissues, that requires iron or manganese as a cofactor for its activity. Catalase breaks
down the H20; formed by SOD, into water (H20) and O>. Catalase is highly efficient and
mainly present in the peroxisomes of cells (Chelikani et al., 2004). Interestingly, catalase
IS not present in the mitochondria of mammalian cells indicating that the conversion of
H20- to H20 is performed by alternate enzymes, such as glutathione peroxidases or

mitochondrial peroxiredoxins (Ighodaro and Akinloye, 2017).
1.1.2.3 Glutathione peroxidase

Glutathione peroxidases (GPx) are highly abundant, ubiquitous enzymes which reduce
H20 to H20 (Goth et al., 2004). In addition, phospholipid hydroperoxide Gpxs also have
an important role in preventing the lipid peroxidation process by breaking down lipid



peroxides (Gill and Tuteja, 2010). Gpx possess a thioredoxin fold domain and act as an
oxidoreductase by being coupled to glutathione, glutathione reductase and NADPH
(figure 1.1C) (Ighodaro and Akinloye, 2017; Brigelius-Flohé and Maiorino, 2013).

1.1.2.4 Thioredoxin peroxidase

Thioredoxin peroxidases, also known as peroxiredoxins, also reduce H20- to H-O, but
utilise thioredoxin as a reductant. Peroxiredoxins are highly abundant (accounting for up
to 1% of soluble cellular proteins) and have a high affinity for H20,, providing an
important barrier against increases in intracellular H20- levels (Chae et al., 1999).
Peroxiredoxins are coupled to thioredoxin, as well as thioredoxin reductase, and NADPH
(figure 1.1B). In addition, peroxiredoxins have also been shown to possess chaperone
activity (Jang et al., 2004).

1.1.2.5 Thioredoxin

Thioredoxin is a small (~12 kDa) broad specificity oxidoreductase. Thioredoxins have 2
conserved cysteine residues at the active site motif (CGPC), and have a ‘thioredoxin fold’
structure (Eklund et al., 1991). There are also many thioredoxin-like proteins and proteins
with thioredoxin-like domains (CXXC) which have yet to be characterised (Nakao et al.,
2015). Thioredoxins reduce the disulphide bonds of a wide range of substrates, and are
subsequently reduced and recycled by thioredoxin reductases, utilising electrons from
NADPH (Pan and Bardwell, 2006). Thioredoxin is critical for many cellular processes,
such as DNA synthesis, where it acts as the primary electron donor for ribonucleotide
reductase (RNR); the key enzyme for deoxyribonucleotide synthesis (Laurent TC, 1964;
Boronat et al., 2017).

1.1.2.6 Glutathione

In addition to the thioredoxin system (1.1.2.5), the glutathione system is another
important antioxidant system consisting of: glutathione, glutaredoxin (Grx), glutathione
reductase and NADPH. Glutathione is a very abundant (millimolar concentrations)
tripeptide (y-glutamyl-cysteinylglycine), and proposed to be a major redox buffer in cells
(Kalinina et al., 2014). The reduced glutathione (GSH) to oxidised glutathione (GSSG)
ratio (GSSG/2GSH) is often used as a measure of the oxidative environment in cells
(Herrero et al., 2008). GSH scavenges free radicals, as well as acts as a substrate for Gpx,

glutathione transferase (GST) and Grx. For example, in the reduction of disulphide bonds,



GSH reduces Grx, and glutathione reductase recycles GSSG back to GSH, using electrons
from NADPH (figure 1.1C) (Hanschmann et al., 2013). Glutathione and glutaredoxins
can also regulate protein function in response to stress by the reversible post-translational
modification S-glutathionylation (Mieyal et al., 2008). There is a crossover between the
glutathione and the thioredoxin antioxidant systems, as glutathione can reduce
thioredoxin, and the thioredoxin system has been reported to reduce glutathione (Du et
al., 2012; Tan et al., 2010; Lu and Holmgren, 2014). Additionally, glutathione has other
non-redox functions such as, in the solubilisation of potentially toxic xenobiotics, as well

as in prostaglandin biosynthesis and iron sulphur cluster formation (Lushchak, 2012).
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Figure 1.1 ROS detoxification enzymes. [A] ROS reactions. The incomplete
reduction of an oxygen molecule (O>) leads to the formation of a superoxide
anion (O2). Superoxide dismutase (SOD) converts the Oz to the more stable
hydrogen peroxide (H202). In the presence of metal ions H2O: is reduced to a
hydroxyl radical (HO-). Peroxiredoxins and glutathione peroxidases detoxify
H20> to H20. Catalase also breaks down H>O2to H20 and Oz. [B] The
thioredoxin system. Oxidised peroxiredoxins (Prx®) are reduced by thioredoxins
(Trx), which are subsequently reduced by thioredoxin reductases (TrxR), using
electrons from NADPH. [C] The glutathione system. Oxidised glutaredoxins

(Grx®) are reduced by glutathione (GSH), which is reduced by glutathione
reductase (GR), using the electrons from NADPH.



1.1.3 Oxidative stress

Oxidative stress occurs if levels of ROS rapidly increase and overwhelm the protective
mechanisms mentioned above. This oxidative environment results in the oxidation and
damage of important cellular components, such as DNA, lipids and proteins. The majority
of damage is caused by the highly toxic and indiscriminate HO" (D'Autréaux and
Toledano, 2007). The cellular damage caused by oxidative stress has been implicated in
the cause and progression of a vast range of diseases, including atherosclerosis, diabetes,
cancer, neurodegenerative and cardiovascular disorders (Finkel and Holbrook, 2000;
Giustarini et al., 2009).

1.1.4 Oxidative stress in ageing

The role of ROS in ageing has been a controversial topic for many years. The
mitochondrial free radical theory of ageing (MFRTA) hypothesised that accumulated
macromolecular damage caused by ROS was a direct cause of ageing (Harman, 1956;
Harman, 1972). Indeed, in support of this theory, many studies described an increase in
protein oxidation in aged tissues (Oliver CN, 1987; Smith et al., 1991). Additionally,
animal models provided further support for this theory; such as, the C. elegans age-1
mutant strain, which presented increased SOD and catalase activity, and an increased
lifespan compared to wild-type strains (Larsen, 1993). Additionally, the mice model
Sod1-/-; revealed that mice deficient in the SOD1 enzyme had reduced lifespan (Elchuri
et al., 2004). However, the MFRTA has since been challenged by contradictory evidence
in a number of important animal models. For example, while studies of the naked mole
rats have revealed them to be the longest living rodents, they also exhibit higher levels of
oxidative damage than mice (Andziak and Buffenstein, 2006). In addition, C. elegans and
mice models in which the mitochondrial enzyme coenzyme Q is inactivated (clk-1 and
mclkl mutants, respectively) also exhibited an increase in lifespan (Liu et al., 2005;
Zheng et al., 2010). It was also found that the deletion of sod-2 in C. elegans resulted in
increased lifespan, despite increased oxidative damage (Van Raamsdonk and Hekimi,
2009). Additionally, the long-lived nuo-6 and isp-1 C. elegans mutants lost their
increased longevity phenotype following treatment with the antioxidant N-acetyl cysteine
(NAC) (Yang and Hekimi, 2010). Whereas, treatment of C. elegans with low doses of the
pro-oxidant paraquat extended lifespan (YYang and Hekimi, 2010; Schmeisser et al.,
2013). In Drosophila, the knock down of components of ETC complex | caused an



increase in ROS, induction of mitochondrial unfolded protein response (mtUPR), and
prolonged lifespan (Owusu-Ansah et al., 2013). Additionally, overexpression of Sod1 and
Sod2 in flies resulted in extension of lifespan (Parkes et al., 1998; Sun et al., 2002).
Mutation of dj-7p, which resulted in increased mitochondrial H2O> in flies, also exhibited
increased longevity (Stefanatos et al., 2012). As well as, the administration of 10 mM
H>0> supplemented food (Sohal, 1988). Calorie restriction has increased ROS and
lifespan in a number of model organisms (Ristow and Zarse, 2010).

Investigations using H20- sensors have also revealed interesting insights into the role of
ROS in the ageing process. Use of the HyPer sensor reported a negative correlation
between high in vivo H20O> levels and lifespan (Knoefler et al., 2012). For instance, long-
lived daf-2 mutant C. elegans, bearing mutations in the insulin/IGF-1-like receptor,
recover from a high exposure to ROS during development, and subsequently experience
lower steady-state redox levels during the reproductive period; supporting the theory that
events early in life may dictate lifespan (Knoefler et al., 2012). Additionally, the roGFP2-
Orpl sensor has been used in Drosophila, where it was reported that an increase in life
span was accompanied by increased H2O> levels; female Drosophila reported higher
cytosolic H2O: levels in gut enterocytes than males, and females had on average a longer
lifespan than males (Albrecht et al., 2011).

1.2 ROS and signal transduction

Although the exact relationship between ROS and ageing remains unclear, it is now
widely accepted that, despite causing damage at high concentrations, low concentrations
of ROS can be vital for normal health and longevity (figure 1.2). Additionally, ROS can
elicit a number of beneficial adaptive responses to stress, collectively known as hormesis
(Mattson, 2008). Thus there is considerable interest in understanding how cells/organisms
utilise the signalling function of ROS and also protect themselves against ROS-induced
macromolecular damage. Some of the key mechanisms involved in ROS-signalling are

outlined below.
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1.2.1 Mechanism of thiol oxidation/disulphide formation

Cysteine residues can ionize to form thiolates (S°) (Marinho et al., 2014). In a sulphur-
mediated nucleophilic attack, thiolates react with H2O> to form a sulphenate group (SO),
and release H>O (figure 1.3). The sulphenate group is highly reactive and can resolve to
form an intramolecular or intermolecular disulphide bond with another cysteine residue
(Forman et al., 2010). This disulphide bond can then be reduced by the thioredoxin or the
glutathione systems. The sulphenate group can also be further oxidised by H-O> to form a
sulphinate (SO2") group, which can be reversed by sulfiredoxin (Srx). Additionally, the
sulphinate group can undergo further oxidation to a sulphonate (SOs°) group, which is

irreversible (D'Autréaux and Toledano, 2007).
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Figure 1.3 Cysteine thiol oxidation. H2O:> reacts with deprotonated cysteine thiols
(-S°) to produce a sulphenate group (-SO°), and release H2O. The sulphenate group
is either resolved to form a disulphide bond, or can be further oxidised to
sulphinate (SO2") and sulphonate (SO3’) derivatives. Hyperoxidation to sulphinate
and can be reversed by sulfiredoxin (Srx), whereas oxidation to sulphonate groups
are irreversible in most proteins. Disulphide bonds can be reduced by the
thioredoxin or glutathione systems.



1.2.2 H20: as a signalling molecule

Low concentrations of H20> have been shown to be important for a number of cellular
processes, such as wound healing and cell migration (Suzuki and Mittler, 2012; van der
Vliet and Janssen-Heininger, 2014). H>O: reacts slowly with thiols, however it is able to
oxidise specific cysteine residues due to differences in their local environment. For
example, due to the pH of the cytosol (6.8-7.2), the majority of cysteine thiols are
protonated, and unable to react with H>O> (D'Autréaux and Toledano, 2007). However,
cysteine thiols that exist in a local environment which lowers their pKa, allows them to
become susceptible to oxidation (Morgan and Veal, 2007). This requirement provides a
degree of specificity. Additionally, although H20: is able to diffuse through membranes
and aquaporin channels, its enzymatic production and degradation allows for a degree of

spatial regulation to be achieved (Forman et al., 2010).

Protein tyrosine phosphatases (PTPs) have an active site motif, CXsR, in which the
cysteine residue exists as a thiolate at neutral pH (pKa 4.7-5.4) (Cho et al., 2004). PTP’s
are therefore a target of oxidation by H>O», which results in redox-dependent inactivation
(Tonks, 2005). For example, PTP1B becomes oxidised to form a sulphonamide derivative
following exposure to H202 (Salmeen et al., 2003). In addition, Cdc25C, LMW-PTP and
PTEN (phosphatase and tensin homolog) form disulphide bonds in response to H.O> (Lee
et al., 2002; Cho et al., 2004; Veal et al., 2007). PTPs dephosphorylate Tyr residues
resulting in the inactivation of MAPKS. Therefore, the inhibition of PTP activity by H>O>
results in an overall increase in ligand-stimulated Tyr phosphorylation, thereby
facilitating signal transduction (Veal et al., 2007).

The abundant glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
is also highly reactive to H.O> (Peralta et al., 2015). GAPDH converts glyceraldehyde-3-
phosphate (G3P) to 1,3-biphosphoglycerate in the glycolytic pathway (Nicholls et al.,
2011). In addition, GAPDH is involved in a number of cellular processes, such as;
apoptosis, transcriptional regulation of gene expression and DNA repair (Nicholls et al.,
2011; Sirover, 2011). As a protective mechanism against irreversible oxidation, GAPDH
undergoes reversible protein S-thiolation by glutathionylation in response to H202 (Grant
et al., 1999; Shenton et al., 2002).

Whilst low levels of H20 have been shown to stimulate advantageous responses; in most

cases, the target proteins/cysteine thiols that are regulated by H-O> have not yet been
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identified. A few of the best characterised examples of proteins whose activity is
regulated by H20»-induced oxidation of cysteine thiols will be discussed in more detail

below.
1.2.3 Adaptive responses to H202

The adaptive mechanisms activated in response to intermediate levels of H.O> allow the
growth and survival of organisms in oxidative conditions. These mechanisms have been
well characterised in bacteria and yeast cells, and are the best characterised examples of

proteins regulated by cysteine oxidation.

Bacteria encounter a high range of environmental stresses, and have evolved a number of
mechanisms in order to adapt. In E. coli, the OxyR TF binds to gene promoter regions,
and upon oxidation of its redox-sensitive cysteines (Cys199 and Cys208) in response to
20 nM H20-, undergoes a conformational change that activates the transcription of a
number of genes important for the bacterial oxidative stress response (Tao et al., 1989;
Storz et al., 1990; D'Autréaux and Toledano, 2007).

The H2O: regulation of TFs in yeast is more intricate, requiring other proteins to promote
the oxidation of the target TF. The fungal AP-1 (activating protein-1)-like TFs are
heterodimer or homodimers of Jun, Fos, or activation transcription factor (ATF) basic
region leucine zipper (bZIP) proteins, that bind to the DNA AP-1 binding site (Karin et
al., 1997; Toone and Jones, 1999). AP-1 TFs regulate different target genes and are
involved in a number of cellular process, including proliferation, apoptosis and response
to oxidative stress (Toone and Jones, 1999). In most lab strains of S. cerevisiae, H20:
levels are sensed by the Gpx-like enzyme oxidant receptor peroxidase-1 (commonly
referred to as Orpl or Gpx3). The oxidation of the Orpl catalytic cysteine (Cys36) by
H>0: is resolved to form an intermolecular disulphide bond with the bZIP TF Yapl C-
terminal Cys-rich domain (Cys598), with the aid of Yapl1-binding protein (Ybpl) (Veal et
al., 2003; Bersweiler et al., 2017). This disulphide bond is transposed to form two Yapl
intramolecular disulphides and a conformational change (Delaunay et al., 2002). In the
absence of oxidative stress, Yapl shuttles between the cytosol and nucleus. The
conformational change observed in the presence of H.O>, prevents the interaction of the
nuclear export signal (NES) with the nuclear export protein exportin-1 (Crm1) (Kuge et
al., 2002). Therefore, Yapl accumulates in the nucleus to promote the transcription of

genes important for the oxidative stress response (D'Autréaux and Toledano, 2007). Yapl
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has also been shown to be oxidised by Tsal (thiol-specific antioxidant), a peroxiredoxin,
particularly in strains lacking Ybpl (Veal et al., 2003; Okazaki et al., 2005).

The fission yeast Schizosaccharomyces pombe, have also evolved highly sophisticated
methods to specifically adapt to particular levels of H20». S. pombe have 2 parallel H,O-
responsive pathways (figure 1.4). Exposure to low concentrations of H2O2 (0.07-0.2 mM)
are sensed by thioredoxin peroxidase 1 (Tpx1), and lead to the oxidation and activation of
the TF Papl (Chen et al., 2007). Pap1 is usually exported from the nucleus by Crm1,
however the oxidation of Papl causes the formation of an intramolecular disulphide bond,
accompanied by a conformational change (Calvo et al., 2013a). This conformational
change blocks its NES causing Papl to accumulate in the nucleus. In addition, it promotes
Papl interaction with Prrl, thereby enhancing Pap1l affinity for antioxidant promoters
(Calvo et al., 2012). The heterodimer is then able to interact with gene promoters,
activating the transcription of a set of detoxification and repair genes (such as tpx1, cttl,
srx1, trrl and trx1), to allow for growth in H202 conditions (Veal et al., 2014). As
intracellular H>O> concentrations increase (>1 mM), Tpx1 becomes hyperoxidised and
Pap1l activation is inhibited (Bozonet et al., 2005; Vivancos et al., 2005). Instead, the
Styl p38/JNK-related MAPK (mitogen-activated protein kinase) becomes increasingly
phosphorylated (Quinn et al., 2002). Sty1 phosphorylates Atfl (activating transcription
factor 1), inhibiting its ubiquitin-mediated degradation to improve the stability of the
protein and mMRNA (Lawrence et al., 2007; Day and Veal, 2010). Atfl binds the
promoters of target genes and initiates transcription of distinct, and overlapping, sets of
genes (such as gpx1, gst3, cttl and srx1) to help combat oxidative damage (Veal et al.,
2014).

In the fungal pathogen Candida albicans, the AP1-like TF Capl is the major TF involved
in the regulation of gene expression in response to oxidative stress (Wang et al., 2006;
Znaidi et al., 2009). Similar to S. cerevisiae, the oxidation and activation of Capl in

response to H2O: is dependent on Gpx3 and Ybpl (Patterson et al., 2013).
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Figure 1.4 Adaptive responses to different concentrations of H202 in S. pombe.
Levels of H,O; are sensed by Tpx1. At low levels of intracellular H,O2, Papl
becomes oxidised and accumulates in the nucleus to activate the transcription of a
set of genes involved in the oxidative stress response (trrl, trx1, tpx1, srx1 and cttl).
At higher intracellular H.O> concentrations, Styl becomes phosphorylated. Styl
phosphorylates Atfl promoting its mMRNA and protein stability. This leads to the
increased transcription of distinct and overlapping set of genes important for cell
survival (gpx1, gst3, srx1 and cttl).
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In mammalian cells, the nuclear factor erythroid 2-related factor 2 (NRF2) bZIP TF is
important for antioxidant response gene expression (Taguchi et al., 2011). Under normal
conditions, kelch-like ECH-associated protein 1 (KEAP1) binds NRF2 and an E3
ubiquitin ligase cullin 3 (CULS3), and this complex causes the ubiquitylation and
proteasomal degradation of NRF2 (Kobayashi et al., 2004; Furukawa and Xiong, 2005).
However, in response to increasing levels of ROS KEAP1 redox-sensitive cysteines
become oxidised, leading to a release of NRF2 from the complex. This allows NRF2
levels to increase and translocate to the nucleus to promote antioxidant gene expression
(D'Autréaux and Toledano, 2007; Taguchi et al., 2011; Holmstrom and Finkel, 2014).

1.2.4 Positive signalling at low H202 concentrations

In addition to the up-regulation of anti-oxidant gene expression, low levels of H.O; are
important for a number of cellular responses (Veal and Day, 2011; Finkel, 2011). For
example, H20- gradients (100-200 uM) produced by injured epithelia act as a neutrophil
chemoattractant to aid in wound response (Niethammer et al., 2009; van der Vliet and
Janssen-Heininger, 2014). In addition, by interacting with redox-sensitive targets, H20>
regulates processes such as cell proliferation, apoptosis, energy metabolism and
angiogenesis (Lennicke et al., 2015). The main signalling pathways that are activated by
oxidation and exert a pro-survival response are: the extracellular signal-regulated kinase
(ERK), phosphoinositide 3-kinase (PI3K)/Akt and the nuclear factor (NF)-xB pathways
(Finkel and Holbrook, 2000). Whereas, activation of c-Jun amino-terminal kinase (JNK),
p38 mitogen-activated protein kinase (MAPK) and p53 are mainly linked to apoptosis
(Finkel and Holbrook, 2000).

H20, also modulates the activity of the vascular endothelial growth factor receptor
(VEGFR) 2, which regulates angiogenesis, cell proliferation, survival, migration and
differentiation (Ushio-Fukai and Nakamura, 2008; Kaplan et al., 2011). Another target
for H20., is the epidermal growth factor (EGF) receptor; here oxidation of the active site
Cys797 results in increased tyrosine kinase activity (Paulsen et al., 2011; Sies, 2014).
H20; also increases Akt activation, as well as the activation of MAPK pathways (Ushio-
Fukai et al., 1999; Truong and Carroll, 2013). For example, dimer formation of the
mitogen-activated protein (MAP) kinase kinase kinase (MAPKKK) ASK1 is caused by
exposure to H20», and is important for the ASK1-mediated induction of apoptosis
(Machino et al., 2003; Nomura et al., 2013; Lennicke et al., 2015). In addition, the AMP-
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activated protein kinase (AMPK) has redox-sensitive cysteine residues (Cys130 and
Cys174), which when oxidised inhibits its activity, thereby affecting energy metabolism
(Shao et al., 2014). The serine/threonine-protein kinase ATM also undergoes oxidation in
the presence of H>O3, causing the activation of its activity. ATM is involved in regulation
of the DNA repair process, as well as mitochondrial function and metabolic control (Sanli
et al., 2014; Guo et al., 2010; Alexander et al., 2010).

1.3 Role of 2-Cys Prx in H20:2 sensing and signalling

Peroxiredoxins are abundant antioxidant enzymes. In addition to detoxifying H20>, they
have a vital role in H.O> sensing and signalling. Studies using mutant mice, yeast, worms
and flies also indicate that Prx are important for maintaining genome stability, protecting
against cancer and promoting longevity (Oldhova et al., 2008; Huang et al., 2003; Lee et
al., 2003; Neumann et al., 2003). In response to H20-, peroxiredoxins also display a
chaperone function (Jang et al., 2004), with the S. cerevisiae peroxiredoxin Tsal shown
to protect against protein aggregation (Jang et al., 2004; Weids and Grant, 2014). There
are 3 proposed functions of peroxiredoxins in H2O signalling: to act as a barrier to
increasing intracellular concentrations of H20, to act as a direct redox transducer in H202

signalling, and to promote the oxidation of thioredoxins.
1.3.1 The 3 classes of peroxiredoxins

There are 3 classes of peroxiredoxins: typical 2-Cys Prx, atypical 2-Cys Prx and 1-Cys
Prx. In each class, the peroxidatic cysteine becomes oxidised by H>O> to form a sulphenic
acid group (Cys-SOH). In 2-Cys Prx, the peroxidatic cysteine sulphenic acid group reacts
with a resolving cysteine in an adjacent Prx molecule (typical), in the same Prx (atypical),
or in another protein, to form a disulphide bond (figure 1.5) (Choi HJ, 1998; Ellis and
Poole, 1997). Prx dimers interact non-covalently to form decamer molecules (Harris et
al., 2001; Kitano et al., 1999; Wood et al., 2003b). In mammalian cells 6 isoforms of Prx
are expressed with different subcellular localisations: four typical 2-Cys Prx (I-1V), an
atypical 2-Cys Prx (V) and a 1-Cys Prx (V1). Prx I, Il and VI demonstrate mainly
cytosolic localisation, Prx 111 is localised to the mitochondria, and Prx 1V is mostly
detected in the ER. Finally, Prx V is localised to the cytosol, mitochondria and
peroxisomes (Rhee et al., 2012).
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Figure 1.5 Mechanism of peroxiredoxins. [A] Typical 2-Cys Prx. The
peroxidatic cysteine becomes oxidised by H>O to form a sulphenic acid group
and H20O. This resolves to form a disulphide bond with a resolving cysteine in an
adjacent Prx molecule to form a homodimer structure. Oxidised Prx are reduced
by the thioredoxin system. [B] Atypical 2-Cys Prx. Atypical Prx function as
monomeric proteins; a disulphide bond is formed between the peroxidatic
cysteine and resolving cysteine within the same Prx molecule. [C] 1-Cys Prx. 1-
Cys Prx only have a peroxidatic cysteine. The resolving cysteine is supplied by

a different protein.
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1.3.2 Peroxiredoxins as antioxidants

Prx have a conserved arginine residue within their active site which reduces the pKa of
the peroxidatic cysteine (Wood et al., 2003b). This stabilises its thiolate form thus
increasing its affinity for H.O. making them efficient at reacting to low levels of H.O>
(D'Autréaux and Toledano, 2007). Typical 2-Cys Prx reduce H20> to H20, and the
oxidised peroxidatic cysteine condenses with a resolving cysteine in another Prx to form a
homodimer structure. Typical 2-Cys Prx also form redox-dependent large oligomeric
structures which further increase the reactivity of the peroxidatic cysteine (Parsonage et
al., 2005).

1.3.3 Peroxiredoxins as chaperone proteins

Eukaryotic 2-Cys Prx contain GGLG and YF motifs which make them susceptible to
hyperoxidation of the peroxidatic cysteine. This is due to structural features that slow
disulphide formation (Wood et al., 2003b). Disulphide bond formation requires a
structural transition from a folded state to a locally unfolded state, whereas
hyperoxidation occurs in the fully folded state (Nelson et al., 2013). Reducing the rate of
disulphide formation results in increased lifetime of the C,-SOH intermediate, increasing
the possibility of reacting with a second peroxide at high levels of H2O, (Wood et al.,
2003a; Nelson et al., 2013). This results in hyperoxidation to a sulphinic group (SO2") and
potentially further oxidation to a sulphonic group (SOz’). The sulfinylation of a
peroxidatic cysteine can be reduced by sulfiredoxin (Srx1), whereas sulfonylation is
irreversible (Woo et al., 2003; Biteau et al., 2003). Thus, the hyperoxidation of Prx
converts it to a thioredoxin-resistant form, thereby inhibiting its peroxidase activity.
Different Prx display different sensitivities to hyperoxidation; for example, mammalian
mitochondrial Prx3 is more resistant than the cytoplasmic Prx1 and Prx2 (Cox et al.,
2009; Haynes et al., 2013; Peskin et al., 2013; Veal et al., 2017).

The hyperoxidation of Prx is important for cell survival under acute stress conditions, and
is proposed to have 3 roles (figure 1.6). Firstly, the inactivation of the peroxidase activity
of the highly abundant and reactive Prx allows intracellular H2O- levels to rise and to
oxidise alternate redox-sensitive signalling proteins important for cell survival; also
known as ‘The Floodgate Model” (Wood et al., 2003a). Secondly, the hyperoxidation of
Prx to a thioredoxin-resistant form frees the cellular pool of reduced thioredoxin to reduce

other substrates, e.g. methionine sulfoxide reductase (Mxrl) and other protein disulphides
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that may form in response to high levels of H2O (Day et al., 2012). Finally, the
hyperoxidation of Prx promotes its chaperone and signalling activities. In response to heat
or H2Oz, Prx form oligomeric high molecular weight (HMW) structures similar to heat
shock proteins (HSPs) (Schroder et al., 2000; Jang et al., 2004). Indeed, deletion of Tsal
in S. cerevisiae cells results in reduced thermotolerance and increased aggregation of
proteins (Jang et al., 2004; Weids and Grant, 2014; Veal et al., 2017). Additionally, in
cells lacking Srx the H2O2-induced HMW structures remain for longer (Jang et al., 2004).
It has therefore been proposed that hyperoxidation of Prx promotes its chaperone activity
(Jang et al., 2004). Additionally, it has been shown that hyperoxidised Prx interact with
Hsp70 and Hsp104 to promote the disaggregation of misfolded proteins (Hanzén et al.,
2016; Jang et al., 2004). Interestingly, hyperoxidised Prx have a conserved role in
circadian rhythms (Olmedo et al., 2012; Cho et al., 2014; Veal et al., 2017). Recently, it
has been discovered that peroxisomal acetyl-CoA oxidase (Pox1) converts light to H>0>
to be sensed by Tsal, ultimately resulting in accumulation of the TF Msn2 in the nucleus
(Bodvard et al., 2017). Increases in hyperoxidised Prx have also been observed during
ageing; for example, the increased hyperoxidation of Tsal during replicative ageing of
yeast (Molin et al., 2011; Nystrom et al., 2012; Veal et al., 2017).
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Figure 1.6 Proposed roles for Prx hyperoxidation: H20:2 signalling, thioredoxin
activity and increased chaperone activity. The floodgate model hypothesises that
hyperoxidation allows 2-Cys Prx to act as floodgates; buffering low levels of H20,
but permitting the accumulation of higher levels of H2O; in order to allow active
H>0> signalling. Alternatively, the hyperoxidation of Prx has also been
demonstrated to be important for increasing chaperone activity, leading to the partial
repair of the damage caused by oxidative stress. Finally, the floodgate mechanism of
Prx hyperoxidation could be to allow thioredoxin the opportunity to reduce oxidised
proteins, other than Prx. This is important as oxidation of protein thiols can alter
protein structure leading to loss of function and protein damage.
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1.3.4 Peroxiredoxins as signal transducers

In addition to the detoxification of H.O, peroxiredoxins have peroxidase-independent
functions in signal transduction. Peroxiredoxins have been proposed to promote H>0>
signal transduction by acting as direct redox transducers, where they directly oxidise
target proteins via the formation of intermolecular disulphide bonds (figure 1.7) (Veal et
al., 2004; Jarvis et al., 2012; Sobotta et al., 2014).

As previously mentioned (section 1.2.3), in S. cerevisiae cells H20- is sensed by Gpx3
which directly oxidises the TF Yapl via a redox-relay mechanism (Delaunay et al.,
2002). In S. pombe, Tpx1 forms mixed disulphides with Sty1, a p38/JNK-related MAPK
signalling protein in response to a range of H.O> concentrations, including those at which
its thioredoxin peroxidase activity is inactivated by hyperoxidation of the peroxidatic
cysteine (Veal et al., 2004). Indeed, the resolving cysteine of Tpx1 is dispensable for the
H20,-dependent activation of Styl, suggesting that the role of Tpx1 in activation of Styl

is independent from its thioredoxin peroxidase activity.

In mammalian cells, the Prx, Prx1 (one of the mammalian orthologues of Tpx1) has been
found to directly interact with ASK1 (apoptosis signal-regulating kinase) (Jarvis et al.,
2012). ASK1 is the eukaryotic MAPKKK (mitogen-activated protein kinase kinase
kinase) which activates the p38 and JNK kinases in response to stress. A disulphide-
exchange intermediate has also been observed between the mammalian Prx2 and the TF
STATS3 (Sobotta et al., 2014). Prx2 oxidises STAT3 resulting in the formation of
disulphide-linked STAT3 oligomers which attenuate transcriptional activity (Sobotta et
al., 2014). Prdx1 has also been found to interact with PTEN, a protein with phosphatase
activity, to inhibit tumorigenesis (Cao et al., 2009). As well as the MAPK phosphatases
MKP-1 and MKP-5 (Turner-lvey et al., 2013).
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Figure 1.7 Peroxiredoxins as signal transducers. The peroxidatic cysteine of 2-
Cys Prx reacts with H>O> to form a sulphenate group, which resolves to form a
disulphide with another 2-Cys Prx molecule. Oxidised Prx oxidise and activate the
transcription factors Yapl (S. cerevisiae), Styl (S. pombe), ASK1 and STAT3
(mammalian) leading to gene transcription. Reduced thioredoxins reduce oxidised
peroxiredoxins thereby inactivating their signal transducing ability. In addition,
thioredoxins reduce TFs thereby inhibiting further gene expression, and
thioredoxins reduce downstream signalling proteins. It is therefore hypothesised
that the promotion of thioredoxin oxidation may be another regulatory mechanism
for signal transduction.
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1.3.5 Peroxiredoxins promote the oxidation of thioredoxins

Another role for Prx, is to promote the oxidation of thioredoxin or thioredoxin-like
proteins. For example, in S. pombe no Tpx1-Papl disulphide complex has been reported
(Bozonet et al., 2005; Vivancos et al., 2005). It is the thioredoxin peroxidase activity of
Tpx1 that is essential for the activation of the AP-1-like TF Papl in response to low H20-
concentrations (figure 1.8) (Brown et al., 2013). Exposure to low concentrations of H>O>
(0.07-0.2 mM) cause the oxidation of Tpx1, which promotes the oxidation and activation
of Pap1l via the thioredoxin-like protein 1 (TxI1) (Bozonet et al., 2005; Vivancos et al.,
2005; Brown et al., 2013). Whereas Tpx1 is the main substrate of thioredoxin (Trx1),
TxI1 is the main reductant of Papl. Therefore, to sustain Papl oxidation at low levels of
H>0, the reduction of Papl by TxI1 must be inhibited. Tpx1 is therefore important to
competitively inhibit the direct reduction of the oxidised form of Papl by TxI1 (Brown et
al., 2013). As expected, the peroxidase defective mutant tpx1©%%S S. pombe cells, in
which the resolving cysteine is replaced by serine, display increased sensitivity to H20».
Although S. pombe expressing tpx1©1% retain the ability to promote H>O,-dependent
Sty1 activation, they are unable to promote the oxidation of Papl. Previous work in our
lab has established that this is because the thioredoxin peroxidase activity of Tpx1 is
essential to promote the oxidation of thioredoxin proteins. However, genetic loss of the
txl1 gene rescued the HoO2 sensitivity of tpx1°1%% indicating that the main role of the
thioredoxin peroxidase activity of Tpx1 in H20> resistance is to promote TxI1 oxidation
(Brown et al., 2013). In addition, PrxIV promotes disulphide formation in the ER of
mammalian cells, thereby promoting the oxidation of thioredoxin (Tavender and Bulleid,
2010).
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Figure 1.8 Tpx1 promotes the oxidation of TxI1. The 2-Cys Prx Tpx1
forms a direct disulphide with the Styl MAPK. This requires only the Tpx1
peroxidatic cysteine and leads to the phosphorylation and activation of TF
Atfl. No Tpx1-Papl complex has been detected in S. pombe. The activation
of the TF Papl requires both the Tpx1 peroxidatic and resolving cysteine, and
relies on the promotion of the oxidation of thioredoxin-like protein 1 (TxI1).
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1.4 Maintaining protein thiol oxidation in subcellular compartments

1.4.1 Maintaining protein thiol oxidation in the ER

The formation of disulphide bonds is an important factor of protein folding and function.
Cells therefore have specialised compartments to promote the formation of disulphide
bonds, such as the endoplasmic reticulum (ER). The ER maintains an oxidative
environment and has specialised oxidoreductases in order to aid oxidative folding (Oka
and Bulleid, 2013). Similar to the cytosol, the main redox buffer of the ER is glutathione.
However, levels of oxidised glutathione are much higher due to the absence of
glutathione reductases in the ER, resulting in a low GSH:GSSG ratio (1:1 to 3:1)
(Margittai et al., 2015; @stergaard et al., 2004). In addition, oxidoreductases in the ER
have a much lower reduction potential, compared to thioredoxin, meaning their mode of
action is to exchange a disulphide with a substrate protein opposed to reducing an existing
disulphide (Chambers et al., 2010).

The protein disulphide isomerase (PDI) family catalyse the formation of disulphide bonds
in the ER. PDI proteins contain a thioredoxin-like fold and the CXXC motif active site.
They are able to catalyse thiol-disulphide exchange reactions by promoting disulphide
bond formation, breaking disulphide bonds, and rearranging non-native disulphide bonds
to native ones (Oka and Bulleid, 2013). Following disulphide bond formation PDI are re-
oxidised by ER oxidoreductin 1 (Erol). Erol is essential for PDI activity (Frand and
Kaiser, 1998). Erol also has the CXXC motif and uses FAD as a cofactor to transfer
electrons from PDI to Oz (Tu and Weissman, 2002). Erol activity results in the formation
of H2O3, therefore its activity is tightly regulated by a negative feedback loop (Gross et
al., 2006; Baker et al., 2008).

2-Cys peroxiredoxins and glutathione peroxidases are also localised to the ER in order to
detoxify H.O>. In mammalian cells, PrxIV is localised to the ER and couples the
breakdown of H2O: to disulphide bond formation in PDI (Tavender et al., 2010) (Zito et
al., 2010). Additionally, GPx7 and GPx8 are ER-localised in mammalian cells. These
proteins have direct roles in disulphide bond formation by interacting with Erol, and have
been shown to promote disulphide bond formation in substrates in the presence of PDI
and H>O> (Nguyen et al., 2011).
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1.4.2 Maintaining protein thiol oxidation in the mitochondria

Another subcellular compartment important for oxidative protein folding is the
mitochondrial intermembrane space (IMS) (Sideris and Tokatlidis, 2010). The majority of
mitochondrial proteins are synthesised by cytosolic ribosomes, and then transported in an
unfolded state to the mitochondria by chaperone proteins, such as the S. cerevisiae Hsp70
and Hsp90 (Neupert and Herrmann, 2007). Upon reaching the mitochondria, the unfolded
precursors are imported across the outer membrane (OM) via the TOM complex
(Milenkovic et al., 2007). Proteins are localised to specific mitochondrial compartments
by targeting signals recognised by import machinery; for example, matrix-targeted
proteins are imported across the inner mitochondrial membrane (IMM) by the Tim22
complex (Chatzi et al., 2016; MacPherson and Tokatlidis, 2017).

Glutathione is able to freely diffuse between the cytosol and the mitochondrial IMS via
Porin channels resulting in a reducing environment (Kojer et al., 2012). The IMS
therefore also contains oxidative folding machinery known as the Mia pathway (Banci et
al., 2009; Chacinska et al., 2004). The oxidoreductase Mia40/Tim40 is bound to the IMM
at its N-terminus and has a CPC active site motif (Chatzi et al., 2013). Mia40 forms a
mixed disulphide intermediate with the imported preprotein and its CX9C motif, and
initiates protein folding (Banci et al., 2009). The IMS protein is released fully folded, and
this introduction of disulphide bonds traps the protein in the IMS (Banci et al., 2010).
Mia40 is recycled by a thiol-disulphide exchange reaction with the flavin adenine
dinucleotide (FAD)-linked sulfthydryl oxidase Erv1. Finally, Erv1 is recycled by
cytochrome c (Allen et al., 2005; Lionaki et al., 2010).

In addition to oxidative protein folding, mitochondria are major sources of ROS
production. Therefore, as a protective mechanism many antioxidants are also localised to
the mitochondria (Toledano et al., 2013). The copper-zinc binding protein SOD1 is
localised to the IMS of the mitochondria. The manganese-SOD2 enzyme is also localised
in the matrix (Chatzi et al., 2016). Additionally, a number of glutathione peroxidase,
glutaredoxins and thioredoxins are localised to the mitochondria. For example, in S.
cerevisiae Gpx1 is localised to the OM, and Gpx2 is localised on the matrix-side of the
IM to protect against lipid peroxidation (Avery and Avery, 2001; Ukai et al., 2011). Gpx3
is localised to the IMS and promotes Mia40-dependent oxidative folding (Vogtle et al.,
2012; Kiritsiligkou et al., 2017). Grx2 is localised to the IMS and the matrix (Porras et al.,
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2006; Porras et al., 2010). Trx3, Trr2 and Prx1 are also localised to the matrix (Pedrajas
et al., 1999; Pedrajas et al., 2010). Trx1 and Trrl are localised to the IMS (Chatzi et al.,
2016).

1.4.3 Maintaining protein thiol oxidation in the cytoplasm

The cytosol has a reducing environment. This is mainly due to the high abundance of the
low-molecular weight redox buffer glutathione (GSH) (Lopez-Mirabal and Winther,
2008). Under normal growth conditions the GSH:GSSG ratio is approximately 3000:1
(Dstergaard et al., 2004). The cytosolic proteins are also maintained in a reduced state by
the thioredoxin and glutaredoxin systems, which utilise NADPH as the electron donor.

However, as a by-product of normal cellular metabolism, ROS are produced in
subcellular compartments such as mitochondria, peroxisomes and ER, and reach the
cytosol. In addition to the glutathione system there are a range of redox enzymes which
are up-regulated following increases in H202 levels, and are equipped to remove ROS:
catalase, SOD, glutathione peroxidases and peroxiredoxins (Lopez-Mirabal and Winther,
2008).

1.5 Detection of intracellular levels of H2O: in vivo

To gain a better understanding of H>O> signalling, it is important to be able to monitor
real-time intracellular H202 concentration changes in vivo. Original small molecular
fluorescent probes recruited to visualise ROS in cells, such as 2°,7’-dichlorofluorescin
diacetate (DCFDA), have been widely used but frequently lack specificity to particular
oxidants, and can promote further oxidation in cells (Guo et al., 2014). The Pf3-Ac
(acetylated peroxyflour-3), and other probes of the monoboronate family, have been
commonly used to detect intracellular H2O>. For example, the Nuclear Peroxy Emerald 1
(NucPE1) probe has been used to detect differences in nuclear H,O: levels in wild-type
C. elegans (Dickinson et al., 2011). Additionally, the Peroxy Orange 1 probe has been
utilised to investigate H>O: levels in C. elegans in which important ageing-related genes
had been knocked down (Fu et al., 2015).

The advantage of using these small fluorescent probes is that they will only react with
H20- once activated by esterase inside the cell (Dickinson et al., 2010). Additionally, the
irreversibility of these probes means that they don’t impact on thioredoxin or glutathione

oxidation in the cell. However, disadvantages of these include prone to photo-bleaching
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by visible light, and a lack ratio-metric properties (Lukyanov and Belousov, 2014).
Researchers therefore cannot tell if levels of the probe are equal throughout all cells, and
if a high reading equates to a high concentration of intracellular H>Oz, or a high quantity
of probe within the cell. In order to monitor real-time changes, efforts have shifted to the
use of genetic fluorescent redox sensors, specifically HyPer for H2O (Belousov et al.,
2006). The main challenge in designing a tool to detect levels of H.O; in vivo is the
demonstration of appropriate levels of selectivity and specificity (Lukyanov and
Belousov, 2014).

1.5.1 The use of HyPer in the detection of in vivo levels of H202

The HyPer sensor was synthesised by insertion of the circularly permutated yellow
fluorescent protein (cpYFP) into an OxyR domain (the prokaryotic H.O2-sensing
protein). HyPer has 2 excitation peaks at 420 nm and 500 nm, and an emission peak at
516 nm (Belousov et al., 2006). It has a number of advantages: sensitivity to H2O2,
reversible, ratio-metric read-out, a fast reaction rate constant, no mammalian interacting
proteins, and can be targeted to sub-cellular compartments (Lukyanov and Belousov,
2014; Belousov et al., 2006; Markvicheva et al., 2011; Bilan et al., 2013; Elsner et al.,
2011). However, it also has a number of disappointing attributes. Firstly, due to its
midpoint potential of -185 mV, HyPer can only be used in reducing environments such as
the cytosol (Lukyanov and Belousov, 2014; Belousov et al., 2006). Secondly, the open
barrel structure of HyPer causes a pH sensitivity; a shift of 0.2 pH units is sufficient to
alter the mean ratio to the same degree as a full reduction or oxidation event (Lukyanov
and Belousov, 2014; Roma et al., 2012; Wang et al., 2013). GFP fluoresce via their
chromophore groups which contain a Tyr residue that switched between a protonated
(neutral) or deprotonated (anionic) state (Lukyanov and Belousov, 2014). The open barrel
structure of HyPer means that a change in pH can lead to chromophore protonation
(Elsliger et al., 1999). It is therefore recommended that the use of HyPer should be
accompanied with use of the pH-sensitive SHyPer (HyPer-C119S) as a control
(Lukyanov and Belousov, 2014). However, throughout the literature this is often not the

case.

HyPer has been used as an in vivo H202 sensor in C. elegans. It has been used to report
that H20> levels were high during development, undergo decline during adulthood, and
increase again throughout ageing (Knoefler et al., 2012). An alternate study also found

27



that H2O- levels increase with age; and additionally, that this is delayed following dietary
restriction (Back et al., 2012).

The importance of careful interpretation and characterisation of reporters was recently
exemplified by the use of circularly permutated yellow fluorescent protein (cpYFP) as a
Oz sensor in C. elegans. This came under scrutiny when a paper described that
‘mitoflashes’ observed in early adulthood predicts lifespan (Shen et al., 2014). A
responding paper demonstrated that the changes in the cpYFP fluorescence observed,

were due to fluctuations in pH, and not levels of superoxide (Schwarzlénder et al., 2014).
1.5.2 The use of roGFP in detection of glutathione redox potential and H20:2

Reduction-oxidation GFP (roGFP) sensors introduced redox-sensitive cysteines directly
into the GFP. Oxidation of these cysteines results in the change of the chromophore
protonation state, and a change in excitation band from 400 nm to 490 nm. The roGFP2
sensor contains cysteine residues at S147 and Q204, and the mutations C48S and S65T
(Hanson et al., 2004; Dooley et al., 2004). Similar to HyPer, it has also been described as
pH sensitive, however its ratio-metric readout is pH stable (Gutscher et al., 2008). The
use of a ratio-metric read-out is also preferable as it prevents other imaging artefacts, such
as saturation, and allows the comparison between intracellular compartments (Lukyanov
and Belousov, 2014).

The roGFP2 sensor has been manipulated to specifically detect H.O>, by fusion with
Orpl (Gpx3) (Gutscher et al., 2009). Orp1 reacts with H.O2, and following oxidation
Orpl uses the roGFP2 as its reducing substrate, subsequently oxidising roGFP2 and
causing a change in fluorescence. This was designed based on the mechanism of H>O»-
induced activation of Yapl by Orp1/Gpx3 as a method to increase sensitivity to H>O>
(Delaunay et al., 2002).

The roGFP2 sensor has also been developed to detect glutathione redox potential in yeast
and mammalian systems, by fusion with glutaredoxin (Morgan et al., 2011). This method
was conducted to investigate in vivo glutathione reductase and glutathione coupling. The
Grx1-roGFP2 sensor was successfully used in Drosophila, to find that cytosolic
glutathione redox homeostasis in vivo appears maintained with age, but mitochondrial
EcsH is more variable (Albrecht et al., 2011). Another group also used roGFP to monitor
glutathione in C. elegans and predicted that glutathione had a smaller effect as a cellular

redox buffer than previously thought (Romero-Aristizabal et al., 2014).

28



1.5.3 Improving the specificity of H202 sensor for C. elegans

When using the HyPer sensor in C. elegans, the lowest dose of extracellular H20> to be
detected was 0.5 mM (Back et al., 2012). It has been previously reported in the literature
that HyPer is able to detect H2O> concentrations as low as 5 uM (Belousov et al., 2006).
This difference in detection levels is predicted to be due to the cuticle of the C. elegans.
The cuticle acts as a barrier to protect it from its environment (Back et al., 2012). This is
also echoed in other papers, where the concentrations of reactants exposed to C. elegans
are much higher than used on the dissected tissue of Drosophila (Albrecht et al., 2011,
Romero-Aristizabal et al., 2014).

It has been estimated that the lowest steady-state H,O> levels in mammalian cells is
around 1 nM, but can rise to as much as 500-700 nM (Ezerina et al., 2014). It is vital that
genetic sensors are sensitive enough to detect these ranges in order to elucidate the
signalling properties of H2O». The intracellular detection limit of the HyPer and roGFP2-
Orpl is only around 100 nM (Ezerina et al., 2014). To address this, the fusion of roGFP2
to other substrates has been considered. The 2-cys peroxiredoxins are more sensitive to
H20, than Orpl, and predicted to be able to detect very low nanomolar concentrations
(Sobotta et al., 2013; Low et al., 2007). It has therefore been proposed that the fusion of
roGFP2 to PRDX-2 could provide a highly sensitive and specific sensor for H20-
(Ezerina et al., 2014). Despite this, there are still limitations to consider when using
genetic probes in vivo; such as how the probes affect the systems they are in, and only the
use of a steady state read-out. For example, by providing oxidisable cysteines the HyPer
and Orp1-roGFP2 tools have antioxidant activity and compete with signalling proteins

and other peroxiredoxins for H.O. (Lukyanov and Belousov, 2014).
1.6 Summary and Aims

1.6.1 S. pombe and C. elegans as models for investigating H20:2 signalling

The ease of genetic manipulation of the S. pombe and C. elegans organisms make these
models highly suitable for studying H>O> signalling. S. pombe have one 2-Cys Prx, Tpx1,
which has already been successfully manipulated to elucidate mechanisms and beneficial
adaptive responses to H>O> (Veal et al., 2014; Brown et al., 2013). The tpx1A and the
peroxidase defective tpx1°16% cells are sensitive to H.02. Access to S. pombe gene

deletion libraries has made high-throughput screening a quick and cost-effective method
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to screen thousands of genes. Genetic screening techniques also remove the bias toward

more abundant proteins, often encountered when using proteomic approaches.

Additionally, the low cost, short generation time, lifespan and sequenced genome, make
the nematode worm C. elegans an attractive model for investigating the biology of ageing
(Olsen et al., 2006). The transparency of C. elegans also allows for the use of
sophisticated in vivo imaging techniques. The use of C. elegans as a model for studying
peroxiredoxins has already revealed many important insights. The C. elegans genome
contains 2 typical 2-Cys Prx: a cytosolic PRDX-2 and the mitochondrial PRDX-3.
PRDX-2 has been characterised to have tissue-specific roles; whereas intestinal PRDX-2
protects against both H>O2 and arsenite stress, the expression of PRDX-2 in other tissues
limits resistance to arsenite, and inhibits expression of the phase Il detoxification genes
(Olahova et al., 2008). The prdx-2 mutant worms possess multiple phenotypes: reduced
peroxide resistance, developmental delay, reduced growth and lower fecundity, reduced
lifespan, reduced insulin secretion and contain twice as much glutathione as N2 worms
(Isermann et al., 2004; Olahova et al., 2008; Olahovéa and Veal, 2015).

1.6.2 Aims

Whilst high concentrations of H>O. cause cellular damage that is observed in many
diseases and in ageing, low levels of H20- can initiate positive signalling responses that
are important for maintaining normal health and longevity. How organisms sense and use
H20- to signal these positive responses is therefore of great medical interest.
Nevertheless, identifying target proteins that mediate responses to low levels of H20>
remains challenging, partly because proteomic approaches to identify H2O- targets are
biased towards abundant proteins, and also because they are unable to determine whether
detected oxidation events are functional. Additionally, in order to study the different H20-

responses it is important to be able to monitor in vivo changes in intracellular H2O».

Detecting intracellular H2O> levels in vivo has been problematic in the past due to
limitations on the specificity and sensitivity of small molecular fluorescent probes.
Research efforts have therefore shifted towards using genetic fluorescent redox sensors in
order to monitor real-time changes in H2O2 concentrations. With this in mind, the first

objective of this project was:
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e to examine Prx-coupled roGFP2 as a new genetic in vivo H>O> sensor in C.
elegans, and to determine whether transgenic animals expressing N-

roGFP2::prdx-2 can be used to detect small changes in intracellular H20- levels.

The localisation of Prx to the mitochondria has been observed in a number of model
organisms. In addition, mutant Prx display a number of mitochondrial defects; such as,
the impaired ETC and altered mitochondria morphology of tpx1A cells (Latimer, Day,
Brown and Veal, unpublished). The recent discovery that in S. cerevisiae cells, Gpx3 is
localised to the mitochondrial IMS, and that here it has an important role in protein
homeostasis and redox regulation revealed some interesting insights (Vogtle et al., 2012;
Kritsiligkou et al., 2017). A pool of Papl and Styl has also previously been detected in
the mitochondria of S. pombe cells (Di et al., 2012; Latimer thesis, 2017). This led to the
hypothesis that a pool of Tpx1 may also be present in the mitochondria of S. pombe cells,
and may have an important role in mitochondrial function. Therefore, the second

objective of this project was:

e to test whether a pool of Tpx1 is localised to the IMS, and whether this may be
involved in supporting mitochondrial function and the activation of Papl.

Finally, 2-Cys Prx have multiple roles in promoting H2O> signal transduction; such as,
acting as direct redox transducers, or by promoting the oxidation of thioredoxins. The
peroxidase defective tpx1°1%°% S. pombe cells are sensitive to H20, and unable to promote
the oxidation of thioredoxin; H2O> resistance however, is restored by the subsequent loss
of txI1. With this in mind, the third objective of this project was a non-hypothesis driven

approach to find new regulators of H2O> signalling, by:

e using high-throughput genetic screening in peroxiredoxin mutant S. pombe in
order to identify other thioredoxin-regulated proteins and downstream genes

involved in mediating H20: signal transduction.
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Chapter 2
Chapter 2. Materials and Methods

2.1 Fission yeast techniques

2.1.1 S. pombe strains and growth conditions

The Schizosaccharomyces pombe strains used in this study are listed in table 2.1. Cells
were grown at 30 °C in either standard rich media YES5S (0.5 % (w/v) yeast extract, 3 %
(w/v) glucose, 225 mg/l adenine, histidine, leucine, uracil and lysine hydrochloride, 2 %
Difco Bacto Agar), or Edinburgh minimal media (EMM; 14.7 mM potassium hydrogen
phthalate (CsHs04K), 15.5 mM di-sodium hydrogen orthophosphate (NazHPQ4), 93.5
mM ammonium chloride (NH4ClI), 2 % (w/v) glucose, 20 ml/I salts (0.26 M magnesium
chloride (MgCl2.6H20), 4.99 mM calcium chloride (CaCl2.2H20), 0.67 M potassium
chloride (KCI) and 14.1 mM di-sodium sulphate (Na2SQOz4)), 1 ml/I vitamins (4.2 mM
panthothenic acid, 81.2 mM nicotinic acid, 55.5 mM inositol and 40.8 uM biotin), 0.1
ml/lI minerals (80.9 mM boric acid, 23.7 mM magnesium sulphate (MnSQ3), 13.9 mM
zinc sulphate (ZnS0O4.7H20), 7.40 mM iron chloride (FeCl,.6H20), 2.47 mM molybdic
acid, 6.02 mM potassium iodide (KI), 1.6 mM copper sulphate (CuSO4.5H20) and 47.6
mM citric acid), 2 % (w/v) Difco Bacto Agar). EMM was supplemented with required
amino acids for selective growth, and when applicable; 15 puM thiamine was added to
repress nmt promoter activity. S. pombe cultures were grown aerobically using an orbital
shaker at 180 rpm until mid-log phase (ODsgs = 0.3-0.5) and harvested by centrifugation
at 3000 rpm for 1 min.
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Strain Genotype Construction Source

NT4 h* ade6-M210 leul-32 ura4-D18 Laboratory

stock

NT5 h™ ade6-M210 leul-32 ura4-D18 Laboratory

stock

SW61 h™ ade6-M210 leul-32 S. Whitehall

Potl h™ ade6-M210 leul-32 ura4-D18 P. Banks
matl_m-cyhS smtO rpl42::cyh(R)

(sP56Q) Nat::POT1::HpHMX

Ural h™ade6-M210 leul-32 ura4-D18 P. Banks
matl_m-cyhS, smtO
rpl42::cyhR(sP56Q) ural::NATMX

Ura5 h™ade6-M210 leul-3 ura4-D18 P. Banks
matl_m-cyhS, smtO
rpl42::cyhR(sP56Q) ura5::NATMX

JR42 h* ade6 leul-32 ura4-D18 (Brown et al.,
tpx1::urad* tpx1°16%S:LEU2 2013)

JR68 h* ade6-M210 leul-32 ura4-D18 (Brown et al.,
tpx1::urad* tpx1":LEU2 2013)

EV76 h™ ade6 leul-32 ura4-D18 (Brown et al.,
tx11::kan™4 2013)

JB92 h* ade6 leul-32 ura4-D18 (Brown et al.,
tpx1::urad* tpx1°1%%:LEU2 2013)
tx11::kan™*

VXO0O0 h* ade6-M210 leul-32 ura4-D18 Laboratory
tpx1::urad* stock

EV45 h* ade6 leul-32 ura4-D18 (Veal et al.,
tpx1::urad”® 2004)
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JB99 h™ ade6 leul-32 ura4-D18 - J. Brown
tpx1::urad™ tpx1*:LEU2
tx11::kan™*

WH10-14 h* ade6-M216 leul-32 ura4-D18 - (Chung et al.,
grxl::kan" 2004)

cox4rfp:hyg | h* ade6-M210 leul-32 ura4-D18 Emily Holmes Kind gift
his7-366 cox4rfp:kan with kanamycin Caroline

in 428 Wilkinson
background

HL16 h* ade6-M210 leul-32 ura4-D18 - H. Latimer
tim40egfp::urad*

DRG21 h90 ade6.210 leul.32 ura4-D18 - (Gupta et al.,
pkal-13Myc-kanMx® 2011a)

SP870 h90 ade6.210 leul.32 ura4-D18 - (Gupta et al.,

2011a)

KS84 h™ ade6-704 leul-32 ura4-D18 - (Mundt et al.,
csn5::urad 2002)

AMC348 h™ ade6-704 leul-32 ura4-D18 - (Mundt et al.,
csn1-cMyc:kanMx® 2002)

AMC350 h™ ade6-704 leul-32 ura4-D18 - (Mundt et al.,
csn5-cMyc: :kan“X® 2002)

ZU10 h-ade6-M210 leul-32 ura4-D18 JR68 transformed | This study
tpx1::urad* tpx1*:nat“x® with natMX6

ZU11 h-ade6-M210 leul-32 ura4-D18 JR42 transformed | This study
tpx1::urad* tpx1°169S:natM*e with natMX6

ZU12 h™ ade6-M210 leul-32 ura4-D18 VX000 This study

tpx1::nat“x®

transformed with
natMXx6
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ZU13 h? ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study
tpx1::urad* tpx1¢169:natM*e
cgi121::kanM*4

ZU14 h* ade6-M210 leul-32 ura4-D18 VX0O0 This study
tpx1::natMx® transformed with

natM X6

ZU16 h? ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study
tpx1::urad* tpx1¢169:natM*e
spn4::kan“*4

ZU17 h? ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study
tpx1::urad* tpx1©1695:natM*e
uds1::kan™X4

ZU18 h? ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study
tpx1::urad* tpx1©1695:natM*e
SPBC83.19c::kanM*4

ZU19 h? ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study
tpx1::urad* tpx1©1695:natM*e
SPAC11G7.01::kanM*4

ZU20 h? ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study
tpx1::urad* tpx1©1695:natM*e
pusl:kan“X4

ZU21 h? ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study
tpx1::urad* tpx1¢169:natM*e
cgi121::kanM*4

ZU22 h? ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study

tpx1::urad* tpx1¢169:natM*e

cgi121::kanM*4
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ZU23 h? ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study
tpx1::urad* tpx1¢169:natM*e
cgi121::kanM*4

ZU24 h? ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study
tpx1::urad* tpx1¢169:natM*e
cgi121::kanM*4

ZU25 h? ade6-M210 leul-32 ura4-D18 ZU11 x cgil21A | This study
tpx1::urad* (Bioneer)

ZU26 h? ade6-M210 leul-32 ura4-D18 ZU11 x cgil21A | This study
tpx1::ura4* cgi121::kan™*4 (Bioneer)

ZU27 h? ade6-M210 leul-32 ura4-D18 ZU11 x cgil21A | This study
tpx1::urad* tpx1¢169:natM*e (Bioneer)
cgi121::kanM*4

ZU28 h? ade6-M210 leul-32 ura4-D18 ZU11 x cgil21A | This study
tpx1::urad* tpx1¢169:natM*e (Bioneer)

ZU29 h? ade6-M210 leul-32 ura4-D18 ZU11 x ZU13 This study
tpx1::ura4* cgi121::kan"*4

ZU30 h? ade6-M210 leul-32 ura4-D18 ZU11 x ZU13 This study
tpx1::urad* tpx1¢169:natM*e

ZU31 h? ade6-M210 leul-32 ura4-D18 ZU11 x ZU13 This study
tpx1::urad* tpx1¢169:natM*e

ZU40 h? ade6-M210 leul-32 ura4-D18 ZU11 x WH10-14 | This study
tpx1::urad* tpx1©1695:natM*e
grxl::kan'

ZU41 h? ade6-M210 leul-32 ura4-D18 ZU11 x WH10-14 | This study
tpx1::urad*

ZU42 h? ade6-M210 leul-32 ura4-D18 ZU11 x WH10-14 | This study

tpx1::urad™
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ZU53

h? ade6-M210 leul-32 ura4-D18
tpx1::urad”®

ZU11 x WH10-14

This study

ZU54

h? ade6-M210 leul-32 ura4-D18
tpx1::urad* tpx1©1695:natM*e

grxl::kan"

ZU11 x WH10-14

This study

ZU55

h? ade6-M210 leul-32 ura4-D18
tpx1::urad* tpx1¢169:natM*e

grxl::kan"

ZU11 x WH10-14

This study

ZU56

h? ade6-M210 leul-32 ura4-D18
tpx1::urad”®

ZU11 x WH10-14

This study

ZU57

h? ade6 leul-32 ura4-D18

tpx1::natM*® csn5::urad*

KS84 x ZU14

This study

ZU59

h* ade6 leul-32 ura4-D18
tpx1::ura4* tpx1°19%:LEU2

txI1::kan™4

EV76 x JR42

This study

ZU60

h* ade6 leul-32 ura4-D18
tpx1::urad* tpx1°1%%:LEU2

txI1::kan™4

EV76 x JR42

This study

ZU61

h™ ade6 leul-32 ura4-D18
tpx1::urad* tpx1°1%%:LEU2

txI1::kan™4

EV76 x JR42

This study

ZU62

h™ ade6 leul-32 ura4-D18
tpx1::urad* tpx1°16%S:LEU2

txI1::kan™4

EV76 x JR42

This study

ZUe67

h™ ade6-M210 leul-32 ura4-D18

tpx1::natV*® ssm4::kan™*

Isolate from SGA

This study

ZU68

h™ ade6-M210 leul-32 ura4-D18

tpx1::nat“X® lys9::kan™*

Isolate from SGA

This study
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ZU69 h™ ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study

tpx1::natM*® csn5::kan™*

ZU70 h™ ade6-M210 leul-32 ura4-D18 Isolate from SGA | This study

tpx1::natV*® pkal::kan™*

ZU72 h™ ade6-M210 leul-32 ura4-D18 ZU12 x pkalA This study
tpx1::natV*® pkal::kan™* (Bioneer)

ZU73 h™ ade6-M210 leul-32 ura4-D18 ZU12 x pkalA This study
tpx1::natV*® pkal::kan™* (Bioneer)

ZU74 h™ade6-M210 leul-32 ura4-D18 ZU12 x pkalA This study
tpx1::natV*® pkal::kan™* (Bioneer)

Table 2.1 S. pombe strains used in this study
2.1.2 Yeast mating

Haploid S. pombe strains were mated by mixing growing cells of opposite mating types
(h* and h") on EMM % G (EMM with NHClI replaced with 5.91 mM sodium glutamate)
agar plates. Strains were mixed with 10 pl sterile nH20 and incubated at 25 °C for 72 h,
or until tetrad formation (visible using a light microscope). Tetrads and spores were then
separated from vegetative cells by manual dissection using a Singer micromanipulator, or

spores selected using a random sporulation protocol.
2.1.3 Tetrad dissection

Following tetrad formation, a scraping of mated cells were resuspended in 100 pl H20,
vortexed and 10 ul resuspension was dropped down a YESS plate. The plate was dried at
37 °C before asci were isolated using a Singer micromanipulator and aligned in grid
formation. Asci were dissected following ~3 h incubation at 37 °C, with each spore being
separated in a line of four. Plates were incubated at 30 °C until visible colonies formed.
Genotypes of the strains were determined by patching colonies onto the appropriate
selection plates.

2.1.4 Random sporulation
A scraping of mated cells were resuspended in 100 pl 0.5 % (v/v) glusulase

(PerkinElmer) and incubated overnight at 30 °C. Following this, 42.5 pl 100 % ethanol
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(EtOH) was added and the mix was incubated at room temperature for 20 mins to kill
vegetative cells. Cells were spread onto EMM agar plates supplemented with the
appropriate amino acids, or YESS plates supplemented with the appropriate antibiotics,
and incubated at 30 °C until visible colonies formed. Genotypes of strains were

determined by patching colonies onto the appropriate selection plates.
2.1.5 Yeast genomic DNA extraction

A scraping of cells were transferred to an microfuge tube containing 30 pl 0.2 % (w/v)
SDS. Samples were vortexed for 15 s, boiled at 100 °C for 2 mins, and spun in a

microcentrifuge at 13,000 rpm for 1 min. 1 pl of supernatant was used per PCR reaction.
2.1.6 Chemical transformation of DNA into S. pombe

Cells were inoculated from plate into 100 ml YES5S and incubated at 30 °C with agitation
overnight. Cells were diluted to ODsgs = 0.15 and further incubated until reached mid-log
phase (ODsgs = 0.4-0.5). Exponentially growing cells were pelleted by centrifugation at
2000 rpm for 3 mins, washed with 20 ml H20O, resuspended in 500 pl H20 and pooled
into a microfuge tube. Cells were collected by centrifugation in a microcentrifuge at 2000
x rpm for 3 mins and washed in H20 and spun again. Pellets were resuspended in 500 pl
H>0, pooled and spun in a microcentrifuge at 7000 rpm for 30 s. Pellets were washed in 1
x Lithium acetate/Tris-EDTA (1 x LIAc/TE) (10 mM Tris-HCI (pH 7.5), 1 mM EDTA
(pH 8.0), 100 mM lithium acetate (pH 7.0)), spun once more and resuspended in 1 ml
LiAc/TE. Cells were mixed with 2 pl salmon sperm DNA (10 mg/ml) (Invitrogen) and 1-
2 ng transforming plasmid (Table 2.2) or PCR-generated DNA and incubated at room
temperature for 10 mins. 260 pl polyethylene glycol/LiAc/TE (PEG/LIAC/TE) (40 %
(v/v) PEG-4000, 10 mM Tris-HCI pH8, 1 mM EDTA pH8, 0.1 M lithium acetate pH7.5)
was added and mixed gently. Samples were incubated at 30 °C with agitation for 1 h. 43
ul dimethyl sulphoxide (DMSO) was added and samples were heat shocked at 42 °C for 5
mins. Cells were collected by centrifugation in a microcentrifuge at 7000 rpm for 30 s.
Cells were washed with 1 ml H20, pelleted again and resuspended in 200 ul H2O.
Transformed cells were selected either based on complementation of an auxotrophic
marker (by plating onto EMM agar supplemented with appropriate amino acids), or on
the basis of antibiotic resistance (by incubating in 1 ml YES5S at 30 °C overnight, before
plating onto YES5S agar supplemented with 0.1 mg/ml clonNAT (clonNAT nourseothricin
(HKI,jena)) (Goldstein and McCusker, 1999), and incubated at 30 °C for 4 — 5 days).
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Plasmid Source

pRepl (Maundrell, 1993)
pReplTpxl (Veal et al., 2004)
pReplTpx1¢169S (Veal et al., 2004)
pReplFlagTpxl (Veal et al., 2004)
pReplFlagTpx1¢16% (Veal et al., 2004)
pReplcsn5 E. Veal unpublished
pRep4iflagtxIl (Brown et al., 2013)
pRep41-GFPpapl (Toone et al., 1998)
pRS316 Laboratory stock
pRS316-up40-cyb2-Gpx3-myc (Kritsiligkou et al., 2017)
pFAGa-natM X6 Laboratory stock

Table 2.2 Plasmids used in this study.
2.1.7 Cell size analysis

Cell size was quantified using the CASY Cell Counter + Analyser System, Model TT
(Scharfe system): 4 ul exponentially growing cells were added to 10 ml filter sterilised
CASYton solution for measurement.

2.2 Phenotypic Tests

2.2.1 High-throughput genetic screening

High-throughput genetic screening was conducted by The High Throughput Screening
Facility (HTSF) in the Faculty of Medical Sciences at Newcastle University.

2.2.1.1 Synthetic Genetic Array (SGA)

ZU10, ZU11 and ZU12 strains were systematically crossed with the S. pombe haploid
non-essential deletion mutant library (3,400 strains, Geneticin deletion library (G418))
(Bioneer) (Kim et al., 2010) to generate synthetic genetic arrays, using the BM3 colony
pinning robot (S&P Robotics). The query strains (ZU10, ZU11, ZU12), and the S. pombe
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haploid non-essential deletion mutant library were freshly pinned into a 768 format onto
YESS plates (0.5 % (w/v) yeast extract, 0.115 % (w/v) YE5S amino acid powder, 2 %
(w/v) Difco Bacto agar, 3 % (w/v) dextrose) supplemented with either 0.1 mg/mi
clonNAT, or 0.1 mg/ml G418 respectively, and incubated at 30 °C for 3 days. Strains
were pinned onto the same EMM 1/2G agar plate (11 plates in total) and incubated at 25
°C for 3 days for sporulation. Vegetative cells were killed by incubating the plates at 42
°C for an additional 3 days. Spores were subsequently re-pinned onto YESS agar and
incubated at 30 °C for 4 days. To select for double mutants, cells were re-pinned onto
YESS containing 0.1 mg/ml clonNAT and incubated at 30 °C for 2 days, and finally
pinned onto YESS containing 0.1 mg/ml clonNAT and 0.1 mg/ml G418, and incubated at
30 °C for 2 days (figure 2.1).

2.2.1.2 SGA Analysis

Images of the final plate were taken using the splmager software. Cell density is
quantified from the photographs using the image analysis tool Colonyzer. The SGA data
was analysed using the R visualisation tool; fitness of the double mutant strains was
represented as a 2D scatter plot. Fitness was ordered by genetic interaction score. Each
Bioneer deletion strain is crossed with ZU10, ZU11 and ZU12 in quadruplet within each
SGA screen, and each SGA was conducted at least twice. The entire S. pombe deletion
library is spotted over 11 rectangular agar plates, and around the periphery of each plate
the mug134A strain is spotted 76 times to act as a control for the increased space and
nutrients around the edge of the plate.

2.2.1.3 Quantitative Fitness Analysis (QFA)

QFA analysis was undertaken on the double mutant strains generated from the tpx1©1%%
SGA using the Beckman Coulter Biomek FX robot (5 out of 11 plates). Cells were pinned
to inoculate 200 pl liquid cultures (YESS + 6.5ug/ml clonNAT + 6.5 pg/ml G418) in a 96
well plate and incubated at 30 °C until grown to saturation. Liquid cultures were diluted
10 x and incubated at 30 °C for another 16 h. Cells were then pinned in a 384 format onto
YESS agar containing 6.5 pg/ml clonNAT, 6.5 pg/ml G418 and either no stress, 250 uM
tBOOH, 500 uM H20- or 750 uM H203, and incubated at 30 °C for 60 h (figure 2.1). The
tpx1A SGA did not undergo QFA.

2.2.1.4 QFA Analysis
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QFA plates were imaged at 15 different time points over 60 h (around once every 260
mins) using the splmager software. Cell density was quantified using the image analysis
tool Colonyzer. The QFA R package was used for analysing the QFA data: sensitivity of
the double mutant strains to the exposed stress is represented as an overall 2D scatter plot,
additionally, growth curves of each individual strain were plotted. Fitness was ordered by
genetic interaction score. To account for reproducibility strains were tested in
quadruplicate within the QFA, and an average fitness score was calculated. This QFA

was conducted once.
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QFA

v
96 well Inoculate liquid cultures
plate + grow to saturation @ 30 °C
YESS+NAT+G418
v
96 well Dilute liquid cultures
plate + grow @ 30°C for16 h
YESS+NAT+G418
v
lonies pinned i Colonies photographed
co 0111esfp11111i[s m 384 every 4 h until saturated
orma YESS+NAT+G418
+ stress

timecourse photographs of each spot are
converted into quantitative measures of cell
density + observed growth curves

GIS = genetic interaction

Fitness of mutant on
YESS

YESS + stress

Fimess of mutant on

Figure 2.1 SGA and QFA Methodology. SGA: Using the BM3 colony pinning robot,
query strains were systematically crossed with the S. pombe haploid non-essential
deletion mutation library (Biooneer) and photographed to determine strain fitness
compared with wild-type. QFA: Using the Beckman Coulter Biomek FX robot, the
double mutant strains (SGA) were grown in liquid cultures and spotted onto agar plates
containing different stress reagents. Cells were photographed over 60 h and their fitness
with and without exposure to stress was measured. Image analysis: The genetic
interaction score (GIS) was calculated by comparing mutant SGA strain fitness to wild-
type strains fitness (SGA), or with and without exposure to stress (QFA).
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2.2.2 Halo Tests

Cultures grown overnight at 30 °C in YE5S were diluted back to ODsgs = 0.1 and further
incubated at 30 °C with agitation until reaching an ODsgs = 0.3 - 0.5. 15 pl 1.7 mM H20;
or 15 ul 0.8 M tBOOH was pipetted onto a small circle of filter paper and placed in the
centre of a dried YESS plate. 30 pl of cells was then pipetted in a line towards the centre
of the plate. Plates were dried on the bench and incubated at 30 °C for 2 days.

2.2.3 Spot Tests

Cells grown overnight at 30 °C in YE5S were diluted back to ODsgs = 0.1 and further
incubated at 30 °C with agitation until reaching an ODsgs = 0.3 — 0.5. Exponentially
growing cells (cells doubling every 2-3 h) were diluted back to the most dilute and
serially diluted before spotting onto freshly prepared agar plates. To compare growth on
different agar, cells were routinely spotted onto YE5S, EMM supplemented with the
appropriate amino acids, and 3 % glycerol plates (0.5 % (w/v) yeast extract, 3 % (v/v)
glycerol, supplemented with 225 mg/l adenine, histidine, leucine, uracil, lysine). To test
stress sensitivities cells were also spotted onto YESS agar plates containing varying
concentrations of the oxidising reagents hydrogen peroxide (H202) (Sigma-Aldrich).
Plates were incubated at 30 °C, or 37 °C, as indicated, for 2-4 days and imaged at 24 h

intervals.
2.3 C. elegans Techniques

2.3.1 C. elegans strains

The Caenorhabditis elegans strains used in this study are listed in table 2.3.
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Strain Genotype Source
N2 WT Laboratory stock
EB277 | [N-roGFP2::prdx-2 rol-6] Nisha Hirani and
(75-1) Colin Dolphin
EB276 | [C-roGFP2::prdx-2 rol-6] Nisha Hirani and
(76-2) Colin Dolphin
EB278 | [C-roGFP2::prdx-3 rol-6] Nisha Hirani and
(77-1) Colin Dolphin
PS6192 | syls268 [myo-3p::TOM20::mRFP] (50 Kind gift of Amir
(EB254) | pg/ul) + unc-119 (50 ng/ul) Sapir
EB253 | prdx-2(gk169) syls268 [myo- VE1xPS6192
3p::TOM20::mRFP] (50 pg/ul) + unc-119 | (Olahova,
(50 ng/ul) unpublished)
CB5600 | him-8(e1489) IV. ccls4251 [(pSAK2) myo- | CGC
(EB255) | 3p::GFP::LacZ::NLS + (pSAK4) myo-
3p::mitochondrial GFP + dpy-20(+)] |
EB260 | prdx-2(gk169) him-8(e1489) IV. ccls4251 CB5600xVE1
[(pSAK2) myo-3p::GFP::LacZ::NLS + (Olahova,
(pSAK4) myo-3p::mitochondrial GFP + unpublished)
dpy-20(+)] |

Table 2.3 C. elegans strains used in this study

2.3.2 Growth and maintenance of C. elegans

Strains were maintained on Nematode Growth Media-Lite (NGM-L) agar (2 % (w/v)
NaCl (Sigma), 4 % (w/v) Bacto tryptone (BD), 4 % (w/v) Bacto agar (BD), 3 % (w/v)

KH2PO4 (Biochemika) and 0.5 % (w/v) K2HPO4 (Biochemika)), supplemented with 8 nM
cholesterol (Sigma-Aldrich). Plates were seeded with a thin lawn of E. coli OP50 culture

in the centre of the plate, which had grown shaking overnight at 37 °C in LB broth liquid

media supplemented with 100 pg streptomycin (Sigma-Aldrich). The Escherichia coli

strain used in this study is listed in table 2.4. Seeded plates were dried at room
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temperature for 48 h and were then stored at 4 °C. Approximately 5 adult animals were
transferred to freshly seeded NGM-L plates with a platinum wire pick each week using a
stereo microscope (Leica CLS 50x), and maintained at 15 °C. For the roGFP2 stocks,
only animals that exhibit the rolling phenotype (rol-6) were picked for maintenance and

experimentation.

Name Phenotype Source

OP50 Str' Laboratory stock

Table 2.4 E. coli strains used in this study
2.3.3 Treatment of C. elegans with exogenous reagents

When investigating the effect of exogenous reagents, the M9 containing 0.06 %
levamisole was supplemented with a final concentration of 0, 0.2, 1 and 5 mM H:0>
(Sigma-Aldrich), or 50 mM diamide (Sigma-Aldrich), or 100 mM DTT (Sigma-Aldrich),
or 20 mM N-Ethylmaleimide (NEM) (Sigma-Aldrich).

2.3.4 Starvation of C. elegans

For starvation experiments L4 larval stage were transferred to an unseeded NGM-L plate
and incubated at 15 °C for 1, 4 or 8 hours.

2.3.5 Infection of C. elegans with C. albicans

C. elegans at L4 larval stage were incubated at 25 °C on unseeded NGM-L plates for 1 h,
worms were then moved to Brain Heart Infusion (BHI, Scientific Laboratory Suppliers)
agar plates seeded with wild-type C. albicans (JC747) or, NGM-L plates seeded with
OP50 for 1 h or 24 h. The Candida albicans strain used in the study is listed in table 2.5.

Name Genotype Source
JC747 SN148 Clp30 (da Silva Dantas et
al., 2010)

Table 2.5 C. albicans strain used in this study
2.4 Molecular biology techniques

2.4.1 Polymerase chain reaction
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2.4.1.1 PCR to confirm gene deletion strains

PCR for confirming gene deletion strains were performed using a DreamTaq kit (Thermo
Fisher). 50 ul reaction mixes contained: 1 pl genomic DNA, 1 x buffer, 200 pmol forward
primer (table 2.6), 100 pmol reverse primer, 200 UM dNTP (dATP, dCTP, dGTP, dTTP),
0.5 ul DreamTag DNA polymerase. PCR was performed in a thermocycler using the
programme: 94 °C for 2 min, 94 °C for 30 s, ~50 °C for 30s, 72 °C for 1-3 min (steps 2-4
cycled 44 times), 72 °C for 10 min.

2.4.1.2 PCR for sequencing

PCR for sequencing was performed using High Fidelity PCR system (NEB): 50 pl
reaction mixes contained: 1 x HF buffer, 200 uM dNTPs, 1 ul forward primer (table 2.6),
1 pl reverse primer, 0.5 pl Phusion DNA polymerase, 1 pl genomic DNA. The following
programme was used: 94 °C for 1 min 30 s, 94 °C for 30 s, ~50 °C for 30 s, 72 °C for 2
min (steps 2-4 cycled 44 times), 72 °C for 10 min.

2.4.1.3 PCR to confirm mating type

The mating type of S. pombe strains was confirmed by PCR using a 50 pl Simply Red
(Thermo Fisher) reaction mix (5 pl buffer, 3 pl MgClz, 1 pl 10 mM dNTP, 0.5 pl
enzyme, 38 pl H20, 0.5 pul MTI primer, 0.5 pl MP primer and 0.5 pul MM primer (table
2.6)), using the programme: 94 °C for 2 min, 94 °C for 20 s, 50 °C for 30's, 72 °C for 2
min (steps 2-4 repeated for 35 cycles), 72 °C for 10 mins.

2.4.1.4 PCR amplification of natM X6 cassette

For generation of nourseothricin-resistant (NAT") tpx1* (ZU10) and tpx1¢%% (ZU11)
strains, the natM X6 cassette (1246 bp) was amplified from pFA6a-natMX6 (3704 bp)
using a 100 pl Phusion reaction mix (20 pl 5 x GC buffer, 6 ul MgClz, 1 ul LEUNATF
primer, 1 ul LEUNATB primer (table 2.6), 2 ul 10 mM dNTPs, 1 pl Phusion enzyme, 1
ul plasmid template (pFA6a-natMX6), 5 ul DMSO and 63 pl nH20) (Biolabs) and the
programme: 94 °C for 2 mins, 94 °C for 1 min, 50 °C for 1 min, 72 °C for 3 mins (steps
2-4 repeated for 30 cycles), 72 °C for 20 mins and paused at 4 °C (Goldstein and
McCusker, 1999) was used. This same method was used for generation of the tpx1A
(ZU12) strain, however primers: UraNatF and UraNatR (table 2.6) were used. Primers
were designed so that the natMX6 cassette replaced the leu2* gene (ZU10, ZU11), or
ura4™ gene (ZU12) downstream of the tpx1 locus.
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2.4.1.5 Amplification of IMS targeting sequence

The S. cerevisiae cytochrome b2 inter-membrane space (IMS) targeting sequence (235
bp) was amplified from pRS316up40cytb2GPX3Myc (Kritsiligkou et al., 2017) using
primers (IMSFP, IMSRP) (Table 2.6) designed to introduce an Ndel restriction site
flagging either side of the sequence. The High Fidelity PCR system (NEB) was used: 1 x
buffer, 1 ul IMSFP, 1 pul IMSRP, 200 uM dNTPs, 1 pl Phusion DNA polymerase, 1 pl
pRS316up40cyth2GPX3Myc, with the following programme: 94 °C for 2 min, 94 °C for
305,45 °Cfor 30s, 72 °C for 2 min, 94 °C for 30 s, 55 °C for 30°s, 72 °C for 2 min
(steps 5-7 cycled 44 times), 72 °C for 10 min. The DNA in the PCR reaction was
separated on a 0.7 % (w/v) agarose gel (2.4.3) and the IMS-target sequence (253 bp)

excised and purified, as described previously (2.4.4).
2.4.2 Oligonucleotide primer sequences

Oligonucleotide sequences were synthesised by Sigma-Aldrich. Sequences are listed in
table 2.6.

Primer Oligonucleotide sequence 5°-3’ Source
MTI(738) AGAAGAGAGAGTAGTTGAAG Laboratory stock
MP(739) ACGGTAGTCATCGGTCTTCC Laboratory stock
MM(740) TACGTTCAGTAGACGTAGTG Laboratory stock
Udsl F GACCGATCATTGCAACGTGA Sigma Aldrich
Udsl R CGATTCAATCTCCAACTGGT Sigma Aldrich
Hsrl F GATAGGATCCCCCTTGCAAT Sigma Aldrich
Hsrl R GCCTAAAGATAGCAAAGCAGG Sigma Aldrich
Cgil2l F GCTAAGTCAGTAGCTGGAGT Sigma Aldrich
Cgil21 R GAAGAATCCACACAACGTTCC Sigma Aldrich
SPAC4G9.14 F AACTATCGTCACCATCGG Sigma Aldrich
SPAC4G9.14 R TCGTAAGCCCGACTGAGTAA Sigma Aldrich
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Grx1F TACGTGCTCCACTGACGTAT Sigma Aldrich
Grxl1R GGAGTTGGGAACTCTGACTAATG Sigma Aldrich
XbaTsaC CCCAGTTTCTAGACTAGTGCTTGGA | Laboratory stock
AAAGTACTTC
HindTsaN CCCAGCTAAGCTTATGAGTTTGCAA | Laboratory stock
ATCGGTAAAC
Kanmx4+840R CTAGCGTCACCACTCATTGG Laboratory stock
Sptsa.V6 GCGCATCGATTGGGTGGATGTGCGC | Laboratory stock
Tpx1FPZU GCTCACTTGCTTACTTCATGC Sigma Aldrich
Tpx1RPZU AGCACATTAGCAGACGTC Sigma Aldrich
LEUNATF TCGACTACGTCGTTAAGGCCGTTTCT | Sigma Aldrich
GACAGAGTAAAATTCTTGAGGGAAC
TTTCACCATTATGGGAAATGGTTCA
AGAAGGTATTGACTCGGATCCCCGG
GTTAATTAA
LEUNATB GGAGAACTTCTAGTATATCTACATA | Sigma Aldrich
CCTAATATTATTGCCTTATTAAAAAT
GGAATCCCAACAATTACATCAAAAT
CCACATTCTCTTCAGAATTCGAGCTC
GTTTAAAC
nmtend GCAGCTTGAATGGGCTTCC Laboratory stock
UraNatF CAAATCCCACTGGCTATATGTATGC | Sigma Aldrich
ATTTGTGTTAAAAAAGTTTGTATAG
ATTATTTAATCTACTCAGCATTCTTT
CTCTAAATAGGAATCGGATCCCCGG
GTTAATTAA
UraNatR ATTGACGAAACTTTTTGACATCTAAT | Sigma Aldrich

TTATTCTGTTCCAACACCAATGTTTA
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TAACCAAGTTTTATCTTGTTTGTCTA
CATGGTATTTTAGAATTCGAGCTCGT
TTAAAC

G

Spn4 FP GCATACTTCCCAGCAATCTA Sigma Aldrich
Spn4 RP CCATTCTCAAGGCAATGAAAG Sigma Aldrich
Pusl FP GGAAGGATTAGTCACGGGTT Sigma Aldrich
Pusl RP GAGTGATTCCTTTTAGTGCC Sigma Aldrich
SPAC11G7.01 FP | CCTGGTTCGTAACTTTAAGG Sigma Aldrich
SPAC11G7.01 RP | CAACGCGATTACCAAATTG Sigma Aldrich
Papl F GCTACGGCGGTGTTTAGAA Sigma Aldrich
Papl R GCGTTGATTATATCACGAGG Sigma Aldrich
IMS RP CTCGATTCATATGATCCAGTTTCGGC | Sigma Aldrich
TCGTT
IMS FP CCCAGCTCATATGCTAAAATACAAA | Sigma Aldrich
CCTTTACTAAAAA
T7 TAATACGACTCACTATAGGG Laboratory stock
Pkal FP 1 GATTACTGCTATTGTTGCGG Sigma Aldrich
Pkal FP 2 GAGTGAAAGGCTCAGTATTG Sigma Aldrich
Pkal RP 1 ACGTCACTTGCATTGCAC Sigma Aldrich
Csn5 FP ACAAGGGATTGGCGATTGTG Sigma Aldrich
Csn5 RP CTTTTTAAAGTGGTGTGTCATCG Sigma Aldrich
Kan RP ATCACGCTAACATTTGATTAAAATA | Sigma Aldrich

Table 2.6 Oligonucleotide primers used in this study. Primers containing restriction

enzyme sites are underlined.

2.4.3 Agarose gel electrophoresis
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1 % (w/v) agarose gels prepared in 1 x TAE (40 mM Tris-acetate, 1 mM EDTA [pH 8.0])
with 0.02 % (v/v) ethidium bromide were used to separate DNA. Gels were imaged using

a gel reader (Quantity One programme) or UV lamp.
2.4.4 DNA extraction

DNA bands were excised from agarose gel and extracted using a QIAquick gel extraction
kit (QIAGEN). DNA was de-salted using MilliporeSigma DNA filter paper for 30 min at
room temperature. DNA concentrations were measured using a nanodrop

spectrophotometer (Labtech) at absorbance 260 nm.

2.4.5 DNA sequencing

DNA sequence analysis was performed by GATC BioTech (UK).
2.4.6 Bacterial growth conditions and transformations

E. coli were grown in Luria Broth (LB) (2 % (w/v) Bacto tryptone, 1 % (w/v) Bacto yeast
extract, 1 % (w/v) NaCl [pH7.2]) supplemented with 0.1 mg/ml ampicillin (Sigma-
Aldrich) overnight at 37 °C. For the formation of solid media, 2 % (w/v) Bacto agar was
added.

For propagation of plasmids, competent E. coli with the genotype e74°(mcrA’) A(mcrCB-
hsdSMR-mrr)171 endAl SupE44 thi-1 gyrA96 relA lac recB recJ shcJ umuC ::Tn5 (Kan")
uvrC[F proABlacl®ZAmisTn10(Tet")] (laboratory stock) were used. 100 pl competent
cells were gently added to 1 pl plasmid DNA and incubated on ice for 30 mins. Cells
were heat-shocked at 42 °C for 2 min in a water bath. 1 ml LB was added to the cells,
which were gently mixed then incubated at 37 °C for 1 h. Cells were plated onto LB

plates containing 0.1 mg/ml ampicillin (Sigma-Aldrich) and incubated at 37 °C overnight.
2.4.7 Plasmid DNA extraction

Plasmid DNA was isolated from a 5 ml overnight culture of E. coli cells using the

GenElute Plasmid Miniprep kit (Sigma-Aldrich), following the manufacturer’s protocol.
2.4.8 Cloning an IMS targeting sequence into pRep1Tpx1

2.4.8.1 Restriction endonuclease digestion, phosphatase treatment and DNA ligation

reactions
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The IMS-targeting sequence containing DNA and 3 pg pRepl1Tpx1 were digested in 50
pl reactions with 1 x buffer D (Promega), 0.5 pul BSA (Promega) and 1 pl Ndel (Thermo
Scientific) at 37 °C for 3 h. The Ndel -digested pRep1Tpx1 was then treated with alkaline
phosphatase (1 pl alkaline phosphatase and 10 ul 10 x phosphatase buffer) (NEB) at 37
°C for 1 h then separated on a 0.7 % (w/v) agarose gel from which the digested band was
excised, purified and de-salted, as described previously (2.4.4). The IMS fragment was
cleaned up using a QIAquick nucleotide removal kit (QIAGEN) and de-salted for 30 mins
at room temperature. Ligation reactions were set up in 20 pl volumes with a molar ratio
of 1 vector (50 ng):5 insert fragment (1 x T4 ligase buffer, 50 ng digested pRep1Tpx1, 50
ng digested IMS fragment, 1 pl T4 ligase (Promega)) and incubated at 15 °C overnight
(figure 2.2)

2.4.8.2 SURE competent cell transformation

For cloning, plasmid transformation was performed using SURE competent cells
(200238, Agilent). 100 pl competent cells were gently mixed with 1.7 pl B-
mercaptoethanol and incubated on ice for 10 min. The 20 pl ligation mix was then gently
added to each tube and incubated on ice for a further 30 min. Cells were heat-pulsed at 42
°C in a water bath for 45 s, and incubated on ice for a further 2 min. 900 pl pre-heated (42
°C) LB media was added and samples were incubated at 37 °C for 1 h with shaking.
Samples were plated onto an LB plates containing 0.1 mg/ml ampicillin (Sigma-Aldrich)

and incubated at 37 °C overnight.
2.4.8.3 Checking transformation colonies

Colonies were grown in 5 ml LB+Amp at 37 °C overnight and plasmids extracted as
described previously (2.4.7). 1 ug plasmid DNA was digested in 30 pl reactions with 1 x
buffer H (Promega), 0.3 pl BSA (Promega), 1 ul Pstl and 1 pl BamHI (Thermo
Scientific) at 37 °C for 1 h. Digested plasmids were run on a 0.7 % (w/v) agarose gel and
imaged using a gel reader (Quantity One programme) or UV lamp. To confirm fragment
orientation the plasmids presenting expected fragment sizes were sequenced (2.4.5)
(figure 2.2).
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IMS targeting sequence

235bp
Ndel Ndel
pRS316-up40-cyb2- pRS316-up40-cyb2- — 6bo 6 bp
Gpx3-myc Gpx3-myc MSRP IMS targeting sequence
6046bp 6046 bp 235bp
o)
pRepl1Tpxl _ Nde Ndel Ndel Ndel
9500bp pReplTpxl IMS targeting sequence
9500 bp 235bp

Pstl

pReplTpx1l

B! Patl
pRepl
pRepl Tpx1 7600 bp
+
Pstl BamHI

T2k IMS txI*
(253bp)  (700bp)

Figure 2.2 Cloning an IMS targeting sequence into pRep1Tpx1. [A] Amplification
of IMS targeting sequence. The S. cerevisiae cytochrome b2 mitochondrial inner
membrane space targeting sequence (235 bp) (red) was amplified from pRS316-up40-
cyb2-Gpx3-myc (black) using primers IMSFP and IMSRP, designed to introduce Ndel
restriction sites (blue) and flanking ends (yellow). [B] Ndel digestion of pRep1Tpx1
and IMS fragment. pRep1Tpx1 and the IMS fragment were digested with the Ndel
enzyme (Thermo Scientific) at 37 °C for 3 h. The plasmid also underwent AP
treatment to prevent re-ligation. [C] Ligation of Ndel digested pRep1Tpx1 and IMS
fragment. Ligation reactions were set up with a vector:fragment 1:5 ratio and
incubated at 15 °C overnight. [D] BamHI and Pstl digestion of generated plasmids.
To check the position and orientation of generated plasmids; plasmids were extracted
from E. coli and digested with BamH]1 and Pstl at 37 °C for 1 h. Digested plasmids
were run on 0.7 % agarose gel and bands visualised using a gel reader. Plasmids
exhibiting expected fragment sizes; 7.6 kb and 2.1 kb (as opposed to 1.8 kb) were
sequenced, for example clone 3.
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2.5 Protein Analysis

2.5.1 Examination of levels of Styl phosphorylation in S. pombe

Overnight cultures grown in 100 ml YES5S at 30 °C with agitation, were diluted to ODsgs
= 0.15 and further incubated until reached mid-log phase (ODsgs = 0.4-0.5). Cells were
treated with 6 mM H.O; for 0, 10, 20 mins at 30 °C with agitation. 25 ml of exponentially
growing cells were added to 25 ml ice and pelleted by centrifugation at 3000 x rpm for 1
min. Pellets were snap frozen in liquid nitrogen (N2). Pellets were washed and
resuspended in 200 pl ice-cold PLB (150 mM NacCl, 0.5 % (v/v) Nonidet P-40 (IGEPAL),
10 mM imidazole, 50 mM Tris-HCI pH 7.5) containing protease inhibitors (1 pg/ml p-
leupeptin, 1 pg/ml pepstatin A, 1 % (v/v) aprotinin, 0.5 mg/ml phenylmethylsulfonyl
fluoride (PMSF)) and phosphatase inhibitors (0.2 % (v/v) sodium vanadate (NasVVOzs), 5
% (v/v) sodium fluoride (NaF)). Samples were then added to 750 pl of 0.5 mm ice cold
glass beads (Biospec products) in a 1 ml ribolyser polypropylene tube (Greiner Bio-One)
and cells were disrupted using a mini Beadbeater-16 (Biospec products); 15 s disruption,
incubated on ice for 1 min and bead beaten again for 15 s. Tubes were pierced with a red
hot needle, and cell lysate collected in an microfuge tube by centrifugation of 3000 rpm
for 1 min. Cell lysate was clarified by centrifugation in a microcentrifuge at 13000 rpm
for 10 mins at 4 °C. The supernatant was transferred to a fresh microcentrifuge tube.
Protein concentrations were measured using the Coomassie blue reagent (Pierce) and
absorbance at 595 nm. The remainder of the lysate was mixed with 2 x SDS loading
buffer with p-mercaptoethanol (0.5 % (w/v) bromophenol blue, 10 % (w/v) SDS
(Biochemika), 50 % (v/v) glycerol (BDH), 10 % (v/v) -mercaptoethanol, 625 mM Tris-
HCI pH 6.8). Samples were stored at -80 °C.

2.5.2 Preparation of whole cell lysates
2.5.2.1 Protein oxidation analysis using NEM and AMS

Overnight cultures grown at 30 °C with agitation, were diluted to ODsgs = 0.15 and
further incubated until reached mid-log phase (ODsgs = 0.4-0.5). Exponentially growing
cells (ODsgs 0.5 = 1x107 cells/ml) were treated with various concentrations of H202, or
tBOOH, for different time periods, as stated in figure legends. Cells were added to an
equal volume of 20 % (w/v) trichloroacetic acid (TCA). Cells were pelleted by

centrifugation at 3000 rpm for 1 min and snap frozen in liquid N2. Cell pellets were
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thawed and resuspended in 200 pl 10 % (w/v) TCA and transferred to a ribolyser
polypropylene tube (Greiner Bio-One). 750 ul of 0.5 mm glass beads (Biospec products)
were added, and samples were bead beaten in a mini Beadbeater-16 (Biospec products)
for 15 s, incubated on ice for 1 min and bead beaten again for 15 s. An additional 500 pl
10 % (w/v) TCA was added and precipitated protein samples were transferred to
microfuge tubes by piercing the ribolyser polypropylene tube (Greiner Bio-One)tube with
a red hot needle, and centrifugation at 2000 rpm for 1 min. Samples underwent
centrifugation in a microcentrifuge at 13000 rpm for 10 mins at 4 °C. Followed by 3
cycles of acetone washes: resuspension in 200 ul acetone, vortex for 15 s, centrifugation
in a microcentrifuge at 13000 x rpm for 1 min. Following the final acetone wash, samples
were air dried at room temperature for 10 min. Pellets were resuspended in 20 pl TCA
buffer (1 % (w/v) SDS, 1 mM EDTA, 100 mM Tris-HCI pH 8), supplemented with 25
mM AMS (4-acetamido-4’-maleimidylstilbene-2,2’-disulphonic acid), or 200 mM NEM
(N-Ethylmaleimide)) and incubated at 25 °C for 30 min, followed by incubation at 37 °C
for 5 min. Insoluble material was pelleted by centrifugation in a microcentrifuge at 13000
rpm for 3 mins and the supernatant was transferred to a fresh microfuge tube. Protein
concentration of whole cell lysate was determined using a Pierce BSA protein assay Kit
(Thermo Scientific). Equal volumes of supernatant was mixed with 2 x SDS loading

buffer without s-mercaptoethanol. Samples were stored at -80 °C.
2.5.2.2 Protein oxidation analysis of glutathionylated residues

Cultures were grown overnight at 30 °C with agitation, were diluted to ODsgs = 0.15 and
further incubated until reached mid-log phase (ODsgs = 0.4-0.5). 50 ml cells were treated
with 1 mM tBOOH for 10 mins at 30 °C. 2 ml cells were added to an equal volume of 20
% (w/v) TCA and pelleted by centrifugation at 3000 x rpm for 1 min, and snap frozen in
liquid N2. Samples were treated as described in 2.5.2.1, however following acetone
washes, pellets were resuspended in 20 pl TCA buffer (1 % (w/v) SDS, 1 mM EDTA,
100 mM Tris-HCI pH 8) supplemented with 25 mM NEM and incubated at 25 °C for 20
mins. Samples underwent centrifugation in a microcentrifuge at 13000 x rpm for 3 min
and supernatant was transferred to a fresh microfuge tube. An equal volume of 20 %
(w/v) TCA was added and samples were incubated on ice for 30 min. Samples underwent
centrifugation in a microcentrifuge at 13000 x rpm for 15 mins. 300 pl acetone was
added, samples were vortexed and spun again in a microcentrifuge at 13000 rpm for 5

mins. Pellets were resuspended in TCA buffer supplemented with 50 mM DTT, vortexed
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vigorously and incubated at 37 °C for 1 h. An equal volume of 20 % (w/v) TCA was
added and samples were incubated on ice for 30 min. Samples then underwent
centrifugation in a microcentrifuge at 13000 rpm for 15 min. Pellets were resuspended in
300 pul acetone, vortexed and underwent centrifugation in a microcentrifuge at 13000 rpm
for 5 mins. Pellets were resuspended in 20 pl TCA buffer supplemented with 25 mM allyl
methyl sulphide (AMS) and vortexed vigorously. Samples were incubated at 25 °C for
30 mins, followed by incubation at 37 °C for 5 min. Samples underwent centrifugation in
a microcentrifuge at 13000 x rpm for 3 min and the supernatant was transferred to a fresh
microfuge tube. Equal volumes of supernatant was mixed with 2 x SDS loading buffer
without S-mercaptoethanol. Protein concentration was determined using a Pierce BSA

protein assay kit (Thermo Scientific). Samples were stored at -80 °C.
2.5.2.3 Protein oxidation using IAA (Papl oxidation assay)

Overnight cultures grown at 30 °C with agitation, were diluted to ODsgs = 0.15 and
further incubated until reached mid-log phase (ODsgs = 0.4-0.5). Exponentially growing
cells were treated with various concentrations of H,O> for different time periods and were
added to an equal volume of 20 % (w/v) TCA. Cells were pelleted by centrifugation at
3000 x rpm for 1 min and snap frozen in liquid N2. Samples were treated as described in
2.5.2.1, however following acetone washes, pellets were resuspended in 30 pl
iodoacetamide (IAA) buffer (100 mM TrisHCI pH8, 1 % (w/v) SDS, 75 mM IAA) and
incubated at 25 °C for 20 mins. Samples underwent centrifugation in a microcentrifuge at
13000 x rpm for 3 mins and supernatant was transferred to a fresh microfuge tube.
Samples were treated with alkaline phosphate (AP) at 37 °C for 1 h. Equal volumes of
supernatant were mixed with 2 x SDS loading buffer without s-mercaptoethanol. Protein
concentration was determined using a Pierce BSA protein assay kit (Thermo Scientific).

Samples were stored at -80 °C.
2.5.3 Mitochondrial Isolation and Subfractionation

Protocols adapted from Bonnefoy (Chiron et al., 2007) and a mammalian cells method
(Bruni et al., 2013).

2.5.3.1 Isolation of S. pombe mitochondria
S. pombe were grown overnight in 500 ml YE5S at 30 °C to an ODsgs = 1.0 in a 1 L flask.

Cells were collected by centrifugation at 2000 g for 10 min at room temperature. Pellets
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were washed with 100 ml dH>0, collected by centrifugation at 4000 rpm and resuspended
in 25 ml 10 mM ethylenediaminetetraacetic acid (EDTA). Cells were treated using a
weight per volume ratio of 1:3 ml pre-warmed (37 °C) digestion buffer (1.2 M sorbitol,
10 mM sodium citrate, 0.2 mM EDTA, pH 5.8) supplemented with 0.3 % (v/v) -
mercaptoethanol (Sigma-Aldrich), 1 mg/ml zymolyase 100T (AMS Biotechnology) and 1
mg/ml from Trichoderma harzianum lytic enzymes (Sigma-Aldrich), and incubated at 37
°C for 30 mins, with agitation every 5 mins. Digestion was monitored by adding 1 ul 10
% (w/v) SDS to 9 pl cells, preparing slides and viewing lysed cells under a microscope.
Cells were transferred to ice (4 °C) for at least 5 min to stop the digestion reaction. Cells
were pelleted by centrifugation at 2000 g for 15 mins at 4 °C then resuspended in 4 ml
homogenization buffer (HB) (0.6 M mannitol, 1 mM EGTA, 10 mM Tris-HCI pH7.4)
supplemented with 0.1 % (w/v) BSA and 5 mM PMSF. Protoplasts were broken using 10
strokes of the glass homogenizer (2 ml at a time) and incubated on ice. A ‘total’ sample
was obtained by adding 200 pl HB with 0.1 % (w/v) BSA and 5 mM PMSF to un-
resuspended material from the previous step, centrifugation in a microcentrifuge at 2,500
g rpm for 3 min at 4 °C and resuspension in 100 pl lysis buffer. Following
homogenization, samples underwent centrifugation at 2,500 g for 10 min at 4 °C. The
supernatant was transferred to a pre-chilled microfuge tube. The pellet was resuspended
in 1 ml HB with 0.1 % (w/v) BSA and 5 mM PMSF, transferred to the glass
homogenizer, and underwent another 10 strokes of homogenization. Samples underwent
centrifugation in a microcentrifuge at 2500 g for 10 min at 4 °C. The supernatant was
pooled with the previous supernatant sample, and the pellet was resuspended in 800 pl
HB with 0.1 % (w/v) BSA and 5 mM PMSF for a final round of homogenization. The
pooled supernatants underwent centrifugation in a microcentrifuge at 12,000 g for 10 min
at 4 °C, and the supernatant transferred to a fresh microfuge tube. The mitochondrial
pellet was resuspended in 600 pl HB with 0.5 % (w/v) BSA. Both the supernatant sample
and the resuspended mitochondrial pellet sample underwent centrifugation in a
microcentrifuge at 12000 g for 5 mins at 4 °C. 1 ml was taken from the supernatant
sample as the ‘cytosolic’ fraction. The mitochondrial pellet was resuspended in 100 pl
HB. The protein concentration of fractions was measured using a Bradford assay. A
fraction corresponding to 60 ng ‘unshaved’ mitochondrial material was retained at this
point. To shave the mitochondria, 7.5 pug of proteinase K (Sigma-Aldrich) diluted 1:20 in
10 mM Tris-HCI pH 7.4 buffer, was added to 1.5 mg mitochondrial protein and incubated

on ice for 30 mins. 5 mM PMSF was added, and the sample underwent centrifugation in a
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microcentrifuge at 12,000 g for 5 mins at 4 °C. The shaved mitochondrial pellet was
resuspended in 130 pl HB containing 0.5 % (w/v) BSA and 5 mM PMSF, centrifuged
again, and resuspended in 150 ul HB. 60 pg shaved mitochondria was taken as a ‘shaved
mitochondrial’ fraction. Samples were prepared using 4 x Laemmli sample buffer
(BioRad). Gels were loaded equally, with 50 pg mitochondrial protein per gel. If not
continuing to the mitochondrial subfractionation protocol, samples and raw material were

snap frozen in liquid N2 and stored at -80 °C.
2.5.3.2 Subfractionation of S. pombe mitochondria

The shaved mitochondrial material underwent centrifugation in a microcentrifuge at
11,000 g for 5 mins at 4 °C. The pellet was resuspended in 500 pl 10 mM Tris-HCI pH
7.4 and split into 2 microfuge tubes in a ratio of 1:3 (125 ul mitoplast: 375 pl shaved
mitoplast fractions). 0.6 ug proteinase k was added to the ‘shaved mitoplast’ fraction.
Both fractions were incubated on ice for 30 mins, and 5 mM PMSF added. An equal
volume of 2 x HB was added to each sample, and samples underwent centrifugation in a
microcentrifuge at 12000 g for 10 mins at 4 °C. Each pellet (shaved and unshaved) were
resuspended in 400 pl HB containing 0.5 % (w/v) BSA, centrifuged in a microcentrifuge
at 12,000 g for 5 min at 4 °C, and resuspended in HB. If preparing an ‘inner membrane’
fraction, 100 pl of sample resuspended in HB underwent centrifugation in a
microcentrifuge at 12,000 g for 5 mins at 4 °C. The pellet was gently resuspended in 1 ml
100 mM Na2CO3z and incubated on ice for 30 mins. Sample underwent centrifugation at
100,000 g for 15 mins at 4 °C, and the pellet was resuspended in HB. Samples were
prepared using 4 x sample buffer (Laemmli). Gels were loaded equally, and with 50 g
mitochondrial protein per gel. Samples and raw material were snap frozen in liquid N2
and stored at -80 °C.

2.5.4 SDS-PAGE and Western blotting

Proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Samples were loaded onto a 2 % stacking gel with an appropriate
percentage resolving gel (UK, 1970) and ran at 200 V for approximately 1 hin 1 x SDS
running buffer (19.2 mM glycine, 0.1 % SDS, 25 mM Tris-HCI pH 8).

Proteins were then transferred to a 0.45 uM nitrocellulose membrane (GE Healthcare) in
1 x transfer buffer (25 mM Tris-HCI pH 8.0, 19.2 mM glycine, 20 % (v/v) methanol) at
100 V for 1-3 h. The membrane was blocked using 10 % (w/v) BSA (Sigma) in 1 x TBST
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(20 mM Tris-HCI pH 7.6, 137 mM NacCl, 0.1 % (v/v) Tween-20 (Sigma)), and when
appropriate, with phosphatase inhibitors (5 % (v/v) NaF and 0.2 % (v/v) NazVVOy), for 30
min at room temperature. The membrane was incubated on a rocking platform with gentle
agitation overnight at 4 °C, with a primary antibody diluted with TBST containing 5 %
(w/v) BSA (and if appropriate, phosphatase inhibitors (5 % (v/v) NaF and 0.2 % (v/v)
NasVOa)). The antibodies used in this study are listed in Table 2.7. The membrane was
washed 4 times with 1 x TBST for 5 min and incubated with the corresponding secondary
antibody (Sigma-Aldrich) diluted 1:2000 in 5 % (w/v) BSA in 1 x TBST for 1 h at room
temperature. The membrane was again washed 4 times with 1 x TBST for 5 min. The
membrane was treated with enhanced chemiluminescence (GE healthcare) and developed
using X-ray film (Fujifilm). For re-probing, membranes were treated with stripping buffer
(62.5 mM Tris.HCI pH6.7, 2 % (w/v) SDS, 0.1 M g-mercaptoethanol) at 50 °C for 30 min
with agitation. Following this, membranes were washed 4 times with 1 x TBST for 10
mins, blocked with 5 % (w/v) BSA for 30 min at room temperature, and re-probed with a

fresh primary antibody overnight at 4 °C.

Antibody (species raised in) Source (Catalogue Number) Dilution
Primary
Arg8 3-173 (rabbit) (Steele et al., 1996) 1:4000
Cyt ¢ (mouse) From Francesco Bruni, Newcastle 1:1000

University (Abcam, ab13575)

GFP (rabbit) Thermo Fisher Scientific (A6455) 1:1000
Hog1 (rabbit) Santa Cruz Biotechnology (sc-9079) 1:1000
Myc (mouse) Santa Cruz Biotechnology (C0907) 1:1000
Pap1l (rabbit) From Nic Jones and Caroline Wilkinson, | 1:1000
University of Manchester (custom-made
by donors)
p-p38 (rabbit) Cell Signalling Technology (92115) 1:1000
SO2s3 (mouse) (Tomalin et al., 2016) 1:1000
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Tomm20 (rabbit) Santa Cruz Biotechnology (FL-145) 1:2000
Tpx1 (rabbit) (Day et al., 2012) 1:1000
Tubulin (mouse) (Asakawa et al., 2006) 1:1000
Secondary

Anti-rabbit HRP-conjugated Sigma-Aldrich (A6154) 1:2000
Anti-mouse HRP-conjugated Sigma-Aldrich (A4416) 1:2000

Table 2.7 Antibodies used in this study
2.6 Microscopy

2.6.1 Fluorescence microscopy
2.6.1.1 S. pombe cell size, morphology and nuclei staining

1 ml of exponentially growing cells were pelleted by centrifugation at 7,000 x rpm for 30
s, and resuspended in 1 ml dH20. Cells were pelleted again, and resuspended in 30 pl
dH20. 2 pl cells were spread onto Poly-L-lysine coated slides using a pipette tip, and left
to dry. For nuclei (DNA) staining; 15 ul Vectashield mounting medium (containing 1.5
mg/ml DAPI (4’-6-diamidino-2-phenylindole) (Vector laboratories)) was also pipetted
onto the slides. Slides were covered with a glass cover slip and sealed using nail varnish.
DIC and DAPI (excitation at 450-490 nm wavelength) images of cells were captured
using a Zeiss Axioscope fluorescence microscope with a 63 x oil immersion objective and

Axiovision digital imaging software.
2.6.1.2 Examination of C. elegans by fluorescent microscopy

Microscope slides were made by pipetting a drop of molten 2.5 % (w/v) agarose between
2 slides to form a pad. Once set, worms were picked and transferred into 5 pl M9 (6 %
(w/v) Na2HPO4 (BDH), 3 % (w/v) KH2PO4 (Biochemika), 5 % (w/v) NaCl (Sigma), 0.25
% (w/v) MgSO4 (BDH)) containing 0.06 % (w/v) levimasole (Sigma-Aldrich) for

immobilisation, and covered with a coverslip.
2.6.2 Confocal microscopy

Confocal microscopy was conducted in collaboration with the Newcastle University

Biolmaging Unit.
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2.6.2.1 Imaging mitochondria and Papl in S. pombe

Exponentially growing cells expressing Cox4-RFP and Pap1-GFP were harvested by
centrifugation at 3,000 x rpm for 2 min. Cells were washed in 1 ml phosphate-buffered
saline (PBS), underwent centrifugation at 7,000 x rpm for 30 s and were resuspended in
100 pl PBS. Glass slides and coverslips were prepared by washing in 70 % (v/v) ethanol.
5 ul Poly-L-lysine was used to coat slides and air dried. 2 pl cells was added to the slides,
as well as a drop of Prolong Diamond Antifade Mount (Thermo Fisher). Mounted cells
were covered with a glass cover slip and sealed using nail varnish. GFP fluorescence,
RFP fluorescence and DIC images of cells were captured using the Leica TCS SP2 UV
AOBS confocal microscope with a 60 x oil immersion objective and digital imaging

software. Images were prepared using ImageJ.
2.6.2.2 Imaging mitochondria in C. elegans

Slides were prepared as described in 2.6.1.2. L4 larval stage worms (EB254, EB253,
EB255, EB260) were imaged using a Nikon A1R inverted confocal microscope, using a
20 x oil immersion lens, and the Elements software package. Resonant z-stack (0.12
pum/px), GFP fluorescence (488 nm, eGFP wavelength), RFP fluorescence (568 nm,
TRITC wavelength) and TD images were captured. Images were exported using NIS-

Elements Viewer (Nikon) and prepared using ImageJ.
2.6.2.3 Measurement of roGFP2 oxidation in C. elegans

Worms were imaged at L4 larval stage unless stated otherwise. Slides were prepared as
described in 2.6.1.2, and worms were treated as described in 2.3.3-2.3.5. Images were
captured using a Nikon A1R inverted confocal microscope, using a 20 x oil immersion
lens, and the Elements software package. Levels of oxidised probe (roGFP2%) were
captured at 407 nm, and levels of reduced probe (roGFP2") were captured at 488 nm,
along with TD images. Resonant (~1.751 um per slice) or Galvano (1 slice) images were
obtained of the anterior intestinal cells depending on the experiment. Wild-type worms
(N2) were imaged to remove background signal or autofluorescence. Thresholds were set
using 5 mM H202 and 20 mM NEM to avoid signal saturation. The software NIS
Elements Viewer and Volocity (PerkinElmer) were used to analyse the images obtained
and create a ratio channel. A mean ratio (roGFP2%/roGFP2"%) of the left intestinal cell

and the right intestinal cell were generated separately, and then averaged, to avoid

63



interference of the lumen. Two-tailed T-tests were performed to calculate p-values to

check variance of results.
2.7 Experimental replication

All experiments were performed at least twice unless otherwise stated.
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Chapter 3

Chapter 3. Validation of the N-roGFP2::prdx-2 genetic in vivo
H.O> sensor to detect endogenous changes in intracellular
H20:

3.1 Introduction

To understand how endogenous H20> affects cell growth, migration and ageing, it is
important to be able to monitor changes in H202 concentrations, in real-time, in vivo. The
lowest steady state H>O> level in mammalian cells is estimated to be around 1 nM, but
can rise to 500-700 nM (Stone and Yang, 2006). To study endogenous signalling events,
it is vital that sensors are specific and sensitive enough to detect these low levels. Small
molecular fluorescent probes have been widely used but frequently lack specificity to
H202 (Guo et al., 2014). As described in section 1.1.4 and 1.5, the genetically encoded
sensor HyPer has been used in C. elegans to detect H20> levels during development and
ageing (Knoefler et al., 2012; Back et al., 2012). Additionally, fusion of roGFP2 to Orpl
(roGFP2-Orp1l) has been used to detect H.O: levels in cells and Drosophila; however,
detection limit may only be around 100 nM H20> (Gutscher et al., 2009; Albrecht et al.,
2011; Ezerina et al., 2014). In addition, the original HyPer sensors are highly pH-
sensitive (Lukyanov and Belousov, 2014).

The specificity and sensitivity of peroxiredoxins to react with nanomolar levels of H.0>
has been predicted to generate a highly sensitive and specific tool for H.O> detection
(Ezerina et al., 2014). Indeed, the fusion of thiol peroxidases (for example Tsa2) with
roGFP2 have recently been demonstrated to offer highly improved H>O> sensitivity
compared to previous genetic sensors (Roma et al., 2017). We have tested whether the
fusion of a roGFP2 sensor to the highly abundant and H20.-sensitive peroxiredoxin 2
(PRDX-2), in C. elegans, is able to act as a genetic tool to detect very low, endogenous
concentrations of H.O> (figure 3.1, (Meyer and Dick, 2010)). The roGFP2::prdx fosmid
constructs were generated by our collaborators via recombination of the roGFP2 domain
to replace a RT-Cassette at the N- or C-terminus of PRDX-2, or the C-terminus of PRDX-
3 (as described in (Hirani et al., 2013)). Constructs were microinjected with the co-

marker pRF4 into gravid N2s. The resulting rolling lines were analysed via single worm
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lysis, and PCR, to confirm the presence of the roGFP2 insert (Hirani et al., 2013). Here |
have investigated whether these animals can be used as a genetic tool to detect in vivo
changes in intracellular H20- levels, with the view to investigate whether there are
differences between the levels of H20: in different cells or in response to different

conditions.
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Figure 3.1 Mechanism of the N-roGFP2::prdx-2 as a H202 sensor. [A] Structure
and proposed mechanism of N-roGFP2::prdx-2. H20, oxidises the peroxidatic
cysteine of PRDX-2 to form a sulphenic group, which resolves to form an
intermolecular disulfide bond. PRDX-2 then uses roGFP2 as a reductant, subsequently
oxidising the roGFP2 domain resulting in a shift in fluorescent intensity. [B]
Fluorescent intensities of roGFP2. The reduced form of the sensor has peak
fluorescence intensity at 488 nm, whereas the oxidised form is detected around 405
nm (Meyer and Dick, 2010).

66



3.2 Results

3.2.1 N-roGFP2::prdx-2 and C-roGFP2::prdx-2 reporters are expressed in the

cytosol, whereas the C-roGFP2::prdx-3 reporter has mitochondrial expression

First, we examined the in vivo expression pattern of N-roGFP2::prdx-2, C-roGFP2::prdx-
2 and C-roGFP2::prdx-3 reporters. L4-stage worms were picked for confocal microscopy,
and z-stack images of GFP fluorescence were captured and compiled to generate detailed

3D images (figure 3.2).

N-roGFP2::prdx-2

X roGFP2 PRDX-2

C-roGFP2::prdx-2

PRDX-2 roGFP2

Intestine
A

C-roGFP2::prdx-3

Figure 3.2 N-roGFP2::prdx-2, C-roGFP2::prdx-2 and C-roGFP2::prdx-3
reporters are expressed in multiple C. elegans tissues. Fluorescent and light
imaging of L4 C. elegans expressing either the N-roGFP2::prdx-2 [A], C-
roGFP2::prdx-2 [B], or the C-roGFP2::prdx-3 [C] reporters. A representation of a
3D image obtained by resonant z-stack images of GFP fluorescence using
confocal microscopy. Arrows indicate tissues with GFP expression.
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Expression of the N-roGFP2::prdx-2 and C-roGFP2::prdx-2 reporters was detected in the
cytosol of a range of tissues (figure 3.2A, 3.2B). This is consistent with previous reports
that the prdx-2 promoter driving the expression of each construct is active in the pharynx,
nervous system, tail, reproductive system, intestine, vulva and muscle tissue of C. elegans
(Hunt-Newbury et al., 2007). As well as immunostaining technique that has detected

endogenous PRDX-2 protein in the cytoplasm of these tissues (Olahova et al., 2008).

Expression of the C-roGFP2::prdx-3 reporter was also detected in the pharynx, nervous
system, vulva and intestine (figure 3.2C). However, PRDX-3::GFP appeared to be present
in distinct punctate structures in contrast to the N-roGFP2::prdx-2 or C-roGFP2::prdx-2
reporters, consistent with the expected localisation of PRDX-3 in the mitochondrial
matrix and the localisation of endogenous PRDX-3, revealed by immunostaining with

specific antibodies (Olahova PhD thesis).

Notably, the C-roGFP2::prdx-2 reporter gave “blob”-like patterns in comparison to the N-
roGFP2::prdx-2 reporter (figure 3.2B). This expression pattern has been observed
previously using PRDX-2::YFP (Hirani et al., 2013). A similar result has also been
recorded by another group who observed large “blob”-like patterns when inserting the
GFP domain before the stop codon of a gene, compared to inserting the GFP domain after
the start codon of the same gene (Craig et al., 2013). In light of these issues with other C-
terminal translational fusions of PRDX-2, we selected the N-roGFP2::prdx-2 reporter for

further experiments.

3.2.2 Maintenance at different temperatures did not affect the oxidation/reduction

ratio of N-roGFP2::prdx-2 in the anterior intestine

In order to examine whether the N-roGFP2::prdx-2 C. elegans could be used as a tool to
detect in vivo levels of H>O», a number of studies were conducted. Although
GFP+PRDX-2 was expressed from the prdx-2 promoter, and expressed in a range of
tissues through-out the worm, we chose to begin to conduct our quantitative analysis on
the 2 anterior intestinal cells. As the 2 anterior intestinal cells are large, easy to
distinguish, and express robust inducible defences against rises in reactive oxygen species

these made for viable candidates for testing (An and Blackwell, 2003).

First, we investigated whether the maintenance of the N-roGFP2::prdx-2 worms at
different temperatures would affect the ratio of oxidised-reduced probe

(roGFP2*/roGFP2"), Worms grow at a faster rate and have increased mitochondria, and
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mitochondrial activity, at 25 °C (Labrousse et al., 1999). We therefore hypothesised that
this may cause a significant change in the levels of intracellular H>O; that might be
detected by the altered oxidation state of the N-roGFP2::prdx-2 reporter. To test this, the
N-roGFP2::prdx-2 worms were maintained at 15 °C, 20 °C or 25 °C for several
generations. The anterior intestinal cells of L4-stage worms were imaged at 407 nm
(roGFP2%), and 488 nm (roGFP2"), and a mean ratio of roGFP2*/roGFP2"! was
calculated using Volocity analysis software (figure 3.3). No significant change in the
roGFP2%/roGFP2" ratio was detected between maintaining worms at 15 °C, 20 °C, or
25 °C. Nevertheless, all subsequent experiments were carried out with worms that had

been maintained at 15 °C.
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Figure 3.3 Effect of temperature, NEM and H20:2 treatment on the ratio of
roGFP2°/roGFP2 in anterior intestinal cells. [A] Images of worms taken at
407 nm and 488 nm were used to generate a Rainbow image reflecting the ratio
of oxidised-to-reduced probe (roGFP2%/roGFP2"") (red=highest and blue=lowest
level of H20>). [B] C. elegans expressing the N-roGFP2::prdx-2 reporter were
maintained at either 15 °C, 20 °C or 25 °C for multiple generations. Volocity
software was used to generate a mean ratio of roGFP2%/roGFP2" across the
anterior intestinal cells.
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To begin calibrating the reporter and providing a baseline for relative ratio measurement,
we also examined whether treatment with 0.2 mM H202, or 20 mM NEM, which
alkylates free thiols preventing disulphide formation, caused a change in the
roGFP2%/roGFP2" ratio. However, no significant change in roGFP2%/roGFP2" ratio
was observed between the 0.2 mM H20., or 20 mM NEM treatment groups, suggesting
that neither treatment caused an alteration in the redox state of the PRDX-2+roGFP2

fusion.
3.2.3 The oxidation of N-roGFP2::prdx-2 is specific for H20:

It was important to establish mean ratio values for the complete reduction, and complete
oxidation of the reporter, so that relative H.O: levels could be more accurately assessed
(Lukyanov and Belousov, 2014). To address this, and to determine whether the N-
roGFP2::prdx-2 reporter is specific for H.O2, worms were exposed to a selection of
reagents in situ, immediately prior to examination by confocal microscopy (figure 3.4).
These reagents and concentrations had previously been demonstrated to: cause the
maximal oxidation (diamide), or maximal reduction (DTT) of thiols of a roGFP probe in
C. elegans (Romero-Aristizabal et al., 2014), or to block oxidation (NEM) of a
roGFP::Orpl probe in Drosophila (Albrecht et al., 2011).
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Figure 3.4 5 mM H20: significantly increased the ratio of
roGFP2°%/[roGFP2rd, whereas treatment with diamide, or DTT did not alter
the ratio of roGFP2°%/roGFP2" relative to NEM, (** = p<0.01 (T-test)).
Mean ratio of roGFP2%/roGFP2"™ across the anterior intestinal cells following
treatment with various oxidants (diamide, H20.), a reductant (DTT), or an
alkylating agent (NEM). Only treatment with 5 mM H20: significantly increased
the roGFP2%/roGFP2"™ ratio relative to 20 mM NEM (** = p<0.01 (T-test)), and
relative to 50 mM diamide or 100 mM DTT (*** = p<0.001) (T-test)).
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However, only treatment with 5 mM H20> caused a significant increase in the
roGFP2%/roGFP2" ratio, relative to treatment with 20 mM NEM (p<0.01). No
significant change in roGFP2%/roGFP2" ratio was observed following treatment with 50
mM diamide, or 100 mM DTT relative to NEM. This suggested that the N-
roGFP2::PRDX-2 probe was specifically oxidised in response to H20.. Therefore, 5 mM
H202 and 20 mM NEM treatments, were incorporated in subsequent experiments as

controls for a high oxidation ratio value, and a baseline ratio value, respectively.

3.2.4 Treatment with 1 or 5 mM extracellular H202 causes an increase in the

oxidation/reduction ratio of N-roGFP2::prdx-2 in the anterior intestine

To investigate the concentration of extracellular H2O>, required to produce a change in
the roGFP2%%/roGFP2" ratio of anterior intestinal cells, worms were exposed to different
concentrations of H20, ranging from 0.2 mM — 5 mM (figure 3.5). These concentrations
were chosen as PRDX-2 has been reported to be oxidised to disulphide by only 0.2 mM
H202, with hyperoxidised PRDX-2 not detected until 1 mM, and becoming fully
hyperoxidised at 5 mM H»O; (Olahova et al., 2008). Additionally, treatment with 0.2 mM
or 1 mM H0O: is sublethal to wild-type worms, however worms are killed following
prolonged exposure to 5 mM (Olahova et al., 2008). No significant difference was
observed in roGFP2/roGFP2" ratio in response to exposure to 0.2 mM Hz0z, in
comparison to NEM. This result was also observed previously (figure 3.3). However,
treatment with 1 mM or 5mM extracellular H202 caused a significant increase in
roGFP2%/roGFP2" ratio relative to NEM (p<0.05). Notably, there was no significant
increase in the oxidation of the sensor in animals exposed to 5 mM rather than 1 mM
H20o.
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Figure 3.5 Exposure to 1 or 5 mM extracellular H202 was required to cause
an increase in the ratio of roGFP2°/roGFP2" in anterior intestinal cells,
relative to NEM, (* = p<0.05 (T-test)). Mean ratio of roGFP2*/roGFP2"d
across the anterior intestinal cells following treatment with a range of H.O>
concentrations, or 20 mM NEM. Only the treatment with 1 or 5 mM H20> gave a
statistically significant change in the ratio of roGFP2%/roGFP2" (* = p<0.05 (T-
test)).
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3.2.5 Starvation of C. elegans did not affect the oxidation/reduction ratio of N-

roGFP2::prdx-2 in the anterior intestine

C. elegans activate similar transcriptional responses to fasting and peroxide (Blackwell et
al., 2015; Goh et al., 2018). For instance, work in our lab has shown that the
transcriptional regulator NHR-49 activates a protective transcriptional response in
response to either peroxide or fasting (Goh et al., 2018). Moreover, ROS signals have
been proposed to mediate some of the effects of dietary restriction on lifespan
(Schmeisser et al., 2013). We therefore tested whether increases in intracellular H20-
could be detected in worms that were starved (without E. coli) for 1, 4 or 8 hours (figure
3.6). 4-8 h is long enough to activate fmo-2 in response to fasting which is why these time
periods were chosen (Goh et al., 2018). However, no significant change in
roGFP2%/roGFP2" ratio of anterior intestinal cells was detected following any starvation
period. This suggests that fasting does not cause as substantial an increase in intestinal

H20, as treatment of C. elegans with 1 mM extracellular H>Ox.
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Figure 3.6 Fasting for up to 8 hours did not alter the ratio of
roGFP2%/roGFP2" in anterior intestinal cells. Worms were moved onto
unseeded NGM-L plates for 1, 4 or 8 hours, and then picked for confocal
microscopy analysis. No significant difference in the ratio of
roGFP2%/roGFP2"d of anterior intestinal cells was observed following
starvation up to 8 hours.
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3.2.6 Consistent differences in the oxidation/reduction ratio of N-roGFP2::prdx-2

could not be detected between larval stages

HyPer has previously been used in C. elegans to detect increases in intracellular H20-
levels during larval development (Knoefler et al., 2012). To determine whether we could
observe obvious changes in intracellular H202 levels during development, worms of
different larval stages (L2-L4) were imaged using confocal microscopy (figure 3.7). For
this analysis, whole body images of the worms were taken at 407 nm and 488 nm, and
roGFP2%/roGFP2" ratio ‘rainbow’ images were generated using Volocity software. The
roGFP2%/roGFP2" ratio ‘rainbow’ images reveal a colour coded system; red pixels
indicate high roGFP2°/roGFP2" ratio values, and blue pixels represent the lowest.
Individual images revealed differences in endogenous H20- levels between different
tissues throughout the worm. The blue appearance of the anterior intestinal cells
(indicating low levels of H20,) was observed in all larval stages tested. From our
qualitative analysis we could not identify consistent differences within or between groups

of different larval stage worms.
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Figure 3.7 No consistent qualitative differences were observed between C.
elegans expressing N-roGFP2::prdx-2 at different larval stages (L2, L3,
L4). C. elegans expressing the N-roGFP2::prdx-2 reporter were maintained at
15 °C. L2, L3 or L4-stage worms were picked for confocal microscopy
analysis. No consistent qualitative differences in intensity (roGFP2°/roGFP2"
ratio) were observed between groups of worms at different larval stages.
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3.2.7 Exposure to the fungal pathogen C. albicans causes an increase in the

oxidation/reduction ratio of N-roGFP2::prdx-2 in the anterior intestine

ROS have an important role in innate immunity (as described in section 1.2.4). In
mammalian cells, the NOX and DUOX (dual oxidases) enzymes produce H202 which is
used to kill pathogens (Bedard et al., 2007). Although C. elegans lack dedicated immune
cells (macrophages and neutrophils) it does share a primitive innate immune response
which includes a DUOX enzyme that seems to be important in response to infection
(Bedard et al., 2007). C. elegans encode the DUOX enzyme BLI-3, which is required for
normal cuticle formation (Thein et al., 2009). Interestingly, bli-3(im10) mutant worms are
more susceptible to infection by Candida albicans than wild-type worms; although it is
possible that this increased susceptibility to infection of bli-3(im10) worms is due to

defective cuticle formation (van der Hoeven et al., 2015).

The infection of C. elegans with Enterococcus faecalis has been demonstrated (using an
amplex red assay) to cause an increased production of H20- that is proposed to help
defend against infection (Chavez et al., 2007). To confirm this finding using a genetic
H20> sensor, and to determine whether we could detect an increase in
roGFP2%/roGFP2" ratio following infection with C. albicans, the N-roGFP2::prdx-2
reporter worms were transferred to unseeded plates for 1 h to remove any contaminating
E. coli, then transferred to plates seeded with either E. coli or C. albicans (figure 3.8). No
significant increase in roGFP2/roGFP2" ratio was observed between 1 h incubation
with E. coli and 1 h incubation with C. albicans. However, notably a significant increase
in roGFP2°/roGFP2"™ ratio was observed following 1 hour incubation with C. albicans,
relative to 24 hour incubation with E. coli (p<0.05). Additionally, the roGFP2°/roGFP2"
ratio was substantially increased following incubation with C. albicans for 24 hours
(relative to 1 or 24 hour incubation with E. coli (p<0.01)). This data provides evidence
that the infection of C. elegans, with the fungal pathogen C. albicans, results in an

increase in H»O> levels in anterior intestinal cells.
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Figure 3.8 A substantial increase in the ratio of roGFP2°/roGFP2"d was
detected in anterior intestinal cells following 24 h infection with the fungal
pathogen Candida albicans, compared with E. coli (** = p<0.01 (T-test)). C.
elegans expressing the N-roGFP2::prdx-2 reporter were maintained at 25 °C.
L3/L4-stage worms were moved onto unseeded NGM-L plates for 1 hour, and
then moved onto either NGM-L agar seeded with E. coli, or BHI agar seeded
with C. albicans, for 1 or 24 hours. L4-stage worms were then picked for
confocal microscopy analysis. A significant increase in the ratio of
roGFP2%/roGFP2" was detected following 24 h infection with C. albicans,
compared with E. coli (** = p<0.01 (T-test)). The increase in mean ratio from 1
h C. albicans infection to 24 h was also significant (* = p<0.05 (T-test)).

80



3.3 Discussion

In this chapter we investigated whether the N-roGFP2::prdx-2 reporter is able to act as a
genetic in vivo H20> sensor to detect endogenous changes in intracellular H.O> levels.
Our data suggests that N-roGFP2::prdx-2 shows some specificity for H>Oz, but is
insufficiently sensitive to detect low levels of H.O: or differences in endogenous levels
between tissues. Preliminary testing revealed that the N-roGFP2::prdx-2 reporter was
expressed in the cytosol of a range of C. elegans tissues consistent with published PRDX-
2::GFP expression and PRDX-2::YFP expression (Hunt-Newbury et al., 2007; Hirani et
al., 2013). Additionally, we found that this expression is altered by fusion of roGFP2 to
the C-terminus of prdx-2. Altered expression of proteins following fusion of a GFP
domain to the C-terminus of a protein had been noted before and therefore use of C-

terminal translational fusions of PRDX-2 was not conducted (Craig et al., 2013).

Analysis of the 2 anterior intestinal cells only allowed us to generate mean ratio values
for a specific structure of the worm. Each cell was analysed separately and a mean
roGFP2%/roGFP2" ratio calculated to ensure that values from the intestinal lumen did
not affect results. This, however, means that we did not collect mean roGFP2%/roGFP2"e
ratio values for other cell types in the worm. Additionally, analysis of intestinal cells
could become problematic in studies of aged worms due to the accumulation of

autofluorescence from lipofuscin (Clokey and Jacobson, 1986).

Advantages of using the prdx-2 promoter include allowing us to express a sensitive H20-
sensor in multiple cellular compartments, without the complication of saturation.
Recently, genetic H2O> sensors have been further developed to avoid interference with
cells redox balance. For example, the Morgan lab have developed roGFP2-Tsa2ACr in
which the H>O2-sensing proteins resolving cysteine is removed (Roma et al., 2017). Our
sensor has not accounted for this. Additionally, we are unsure of to what extent PRDX-2
forming oligomeric structures in response to H202 impacts our results. This concern has

been previously highlighted in the literature (Ezerina et al., 2014).

As we could not detect any significant changes in H20- levels of the anterior intestine in
response to changes in temperature, larval stage, or low extracellular H2O>
concentrations, we concluded that the N-roGFP2::prdx-2 reporter was not sensitive
enough to detect the low endogenous changes in H2O> levels in response to these stimuli.

However, our sample sizes were relatively small (n=~7), and it is possible that small
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changes in H>O; levels may have only been detected when examining a large group of
worms; particularly as evidence for heterogeneity in clonal populations of C. elegans
exists (Wu et al., 2006). Larger sample sizes would be required to provide definitive

results.

It can also be argued that the inability to detect a change in roGFP2%/roGFP2" ratio
following starvation for 8 hours is not surprising as the N-roGFP2::prdx-2 reporter was
unable to detect an increase in roGFP2°/roGFP2" ratio following treatment with 0.2
mM extracellular H>O>. However, it could also indicate that fasting uses an alternate
signal to activate NHR-49 opposed to peroxide. Previous experimentation revealed that 5-
10 mM tBOOH induced similar activation of fmo-2 as fasting (Goh et al., 2018).
Therefore, the apparent absence of a detectable increase in H20> in these 2 intestinal cells
could be indicative of a separate mechanism being used to activate NHR-49 in response

to fasting.

The yeast cells C. albicans are pathogenic to C. elegans and often used as a model for
innate immunity (Pukkila-Worley et al., 2011). Excitingly, we were able to detect large
changes in roGFP2/roGFP2" ratio in response to infection. Due to the established
inability of the N-roGFP2::prdx-2 reporter to detect low changes in endogenous H>O>
levels, this result indicates a substantial increase in H2O: levels in the anterior intestine
following infection. However, to test whether the increase in intestinal H20- levels in
response to C. albicans is robust, this experiment requires replication with a larger sample
size, and with the appropriate controls (exposure to 5 mM H202 and 20 mM NEM).
Additionally, it is unclear whether the increase in H2O> is produced as a defence
mechanism as part of the C. elegans host response, or as a mechanism of C. albicans to
cause damage and invade host tissue. This could be determined by measuring the
roGFP2%/roGFP2" ratio following exposure of the worms to heat-killed C. albicans;

which are avirulent.

We also established that the roGFP2°/roGFP2" ratio of the N-roGFP2::prdx-2 reporter
IS resistant to exposure to the oxidant diamide, and the reductant DTT, highlighting a
specificity for high levels of H,O>. We determined that a significant increase in
roGFP2%/roGFP2™® ratio is observed in L4-stage worms following exposure to 1 mM
H20>. It would be of great interest to determine in future work whether ageing affects the
capacity of C. elegans to buffer against rises in intracellular H,O2. As the HyPer sensor
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has been published to detect exogenous levels of 0.5 mM H20,, we therefore cannot
conclude that the N-roGFP2::prdx-2 reporter is more sensitive than the HyPer sensor
(Back et al., 2012).

We also determined a potential limit of the roGFP2%/roGFP2" ratio, as observed
between exposure of 1 mM and 5 mM H20,. We propose that this is due to PRDX-2
beginning to become hyperoxidised at 1 mM H20», and therefore inhibiting further
coupled oxidation of the sensor as H2O> concentration increases. PRDX-2 has been
detected to undergo hyperoxidation in response to 1 mM H.O2, and to become fully
hyperoxidised in response to 5 mM H»0> (Olahova et al., 2008). To confirm whether N-
roGFP2::prdx-2 is or isn’t hyperoxidised with similar sensitivity to endogenous PRDX-2,
a western blot of N-roGFP2::prdx-2 worms exposed to 0.2, 1 or 5 mM H,O; and blotting
for PRDX-25°°" should be conducted.

To conclude, the N-roGFP2::prdx-2 in vivo H202 sensor shows some specificity for H2Oo,
but was unable to detect small changes in intracellular H2O; in response to stimuli such as
changes in temperature, larval stages and starvation, or differences in endogenous levels
between tissues. However, the N-roGFP2::prdx-2 reporter is a reliable method to detect
large changes in intracellular H20- levels, following events such exposure to extracellular

H>0,, or infection.
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Chapter 4

Chapter 4. Investigating the role of cytosolic family 2-Cys Prx

in mitochondrial function

4.1 Introduction

The mitochondrial sub-compartments, the IMS and the matrix, have a reducing
environment (as discussed in section 1.4) (Kaludercic et al., 2014). However, thiols are
highly susceptible to oxidation due to the high level of ROS produced as a by-product of
the mitochondrial respiratory chain (Go and Jones, 2008; Murphy, 2009). In addition, the
majority of mitochondrial proteins are synthesised by cytosolic ribosomes and imported
in an unfolded state into the mitochondrial sub-compartments. Once in the IMS for
example, oxidative protein folding occurs via the Mia pathway further contributing to
H20, production (Banci et al., 2009). Oxidative stress affects mitochondrial activity, such
as protein import by arresting the ADP/ATP carrier (AAC) of the Tim22 pathway (Curran
SP, 2004). Therefore, maintenance of ROS homeostasis is extremely important and
mitochondria possess their own antioxidant enzymes, such as SOD, Gpx and Prx (as
discussed in section 1.4) (Toledano et al., 2013). Interestingly, most eukaryotes have a
mitochondrial matrix-targeted 2-Cys Prx that is targeted to the matrix, whereas S. pombe
express a single 2-Cys Prx gene encoding a Prx, Tpx1, that does not include a matrix-
targeting sequence, and which immunostaining suggests is predominantly cytoplasmic
(Day et al., 2012).

Previous studies of mutant yeast and worms lacking, Tpx1 (S. pombe) or the cytosolic 2-
Cys Prx PRDX-2 (C. elegans), have revealed a number of phenotypes. These include an
increased sensitivity to H2O> of tpx1A, and therefore a role for Tpx1 in transcriptional
responses to H>O; (Veal et al., 2004). As well as both Tpx1 and PRDX-2 being important
for stress-induced activation of p38-related MAPK (Veal et al., 2004; Olahova et al.,
2008; Latimer and Veal, 2016). Tpx1 is also required for H>O»-induced activation of the
TF Papl (as described in 1.2.3) (Bozonet et al., 2005; Vivancos et al., 2005). In addition,
unpublished work by the Veal lab has revealed that S. pombe tpx1A cells have an
impaired electron transport chain, as well as altered mitochondria morphology (Latimer,

Day, Brown and Veal, unpublished). Notably, prdx-2(gk169) mutant C. elegans, lacking
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the single orthologue of mammalian Prx1 and 2, PRDX-2, also have evidence of a
mitochondrial defect, with a reduced electrochemical gradient across the inner
mitochondrial membrane, and fragmented mitochondrial network (Oldhové and Veal,
unpublished). Although it is possible that deletion of a cytosolic Prx might indirectly
cause mitochondrial defects, the discovery that a pool of Styl (Di et al., 2012) and a
significant portion of Papl (Latimer thesis, 2017), that are both activated by Tpx1, are co-
purified with mitochondria led to the hypothesis that a pool of Tpx1 might be present in

the mitochondria, and important for mitochondrial function.

In parallel, the discovery that a pool of the thioredoxin peroxidase, Gpx3 is present in the
mitochondrial IMS (Vogtle et al., 2012; Kritsiligkou et al., 2017) of S. cerevisiae raised
the possibility that activation of Yapl and Papl might involve a mitochondrial pool of the
sensor peroxidases, GPx3 and Tpx1. Moreover, gpx3A mutant S. cerevisiae also have
mitochondrial defects, including aberrant mitochondrial morphology, lower inner
membrane potential, and defective protein import capacity which are rescued by
expression of a Gpx3 targeted to the IMS by fusion to the IMS-targeting sequence of
cytb2 (Kritsiligkou et al., 2017).

The aim of this chapter was to investigate further the basis for the mitochondrial defects
of tpx1A mutant S. pombe and prdx-2(gk169) mutant C. elegans, and to test the
hypothesis that a pool of mitochondrially targeted Tpx1 might be important for Tpx1’s
H20»-signalling functions.

4.2 Results

4.2.1 tpx1A mutant S. pombe and prdx-2(gk169) mutant C. elegans have

mitochondrial defects

4.2.1.1 prdx-2(gk169) C. elegans have fragmented mitochondria compared with wild-
type C. elegans

To determine whether loss of PRDX-2 affects mitochondrial morphology, wild-type
(WT) and prdx-2(gk169) L4 stage larvae, expressing a matrix-targeted GFP (mtGFP)
(EB225 and EB260 respectively), or an RFP-tagged TOMM-20 (EB254 and EB253

respectively) were analysed by confocal microscopy (as described in 2.6.2.2).

Wild type C. elegans displayed complex mitochondrial networks (figure 4.1A and 4.1B).

However, the mitochondrial networks in prdx-2(gk169) mutant worms were fragmented
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(figure 4.1C and 4.1D). This data provides clearer evidence of fragmented mitochondria
in peroxiredoxin mutant worms, supporting the additional unpublished work of the Veal
lab, which also identified disrupted mitochondrial morphology in prdx-2(gk169) worms
by fluorescence microscopy, as well as reduced electrochemical gradient across the

mitochondrial inner membrane.

mtGFP TOMM-20+RFP

WT (N2)

prdx-2 (gkl169)

Figure 4.1 The effect of loss of PRDX-2 on mitochondrial morphology
compared with wild-type C. elegans. Comparison of wild-type and prdx-
2(gk169) mutant L4 larval stage C. elegans that had been maintained at 15
°C expressing [A and C] mitochondrial matrix-targeted GFP expressed from
the myo-3 promoter (mtGFP) (EB255 and EB260), or [B and D] a
mitochondrial outer membrane protein (TOMM-20) tagged with RFP
(TOMM-20+RFP) (EB254 and EB253) by confocal microscopy at 488 nm
(mtGFP) and 568 nm (TOMM-20+RFP).
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4.2.1.2 tpx1A mutant S. pombe have reduced growth on non-fermentable carbon

source

To test whether the altered mitochondrial morphology of tpx1A mutant cells might also
correlate with a reduced mitochondrial activity, we compared the growth of tpx1A and
tpx1* cells on media containing glucose as a carbon source (YES5S), or glycerol (3 %
glycerol) as a carbon source. Cells are unable to utilise glycerol to generate energy by
fermentation. Therefore, on plates containing glycerol in place of glucose, cells rely on
their mitochondrial activity to generate the energy required for growth (Matsuzawa et al.,
2010). As previously reported, the growth of tpx1A cells on YE5S is impaired in
comparison to wild-type tpx1™ cells (figure 4.2) (Jara et al., 2007; Paulo et al., 2014).
However, this growth defect was exacerbated on plates containing glycerol instead of

glucose, consistent with Tpx1 being required for mitochondrial activity.

YESS (3 % glucose) YESS (3 % glycerol)

tpx1™ (SW61)

tpx1A (VXO0O0)

Figure 4.2 Growth of wild-type and tpx1A mutant on
fermentable and non-fermentable carbon sources. Growth of
serially diluted, exponentially growing tpx1™ (SW61) and tpx1A
(VXOO0). Cells spotted onto rich media supplemented with 3 %
glucose (YE5S) and media supplemented with 3 % glycerol (3 %
glycerol). Imaged after 3 days (YE5S) and 13 days (3 % glycerol).
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4.2.2 Papl is localised to the mitochondria and this localisation is dependent on the

presence of Tpx1in S. pombe
4.2.2.1 Tpx1 and Pap1l are localised to S. pombe mitochondrial intermembrane space

In order to investigate the location of the mitochondrial pool of Tpx1, or Papl, previously
detected (Latimer thesis, 2017) a mitochondrial isolation and sub-fractionation protocol
was optimised from established S. cerevisiae, or mammalian cell, mitochondrial sub-
fractionation protocols (as described in 2.5.3). Mitochondria were isolated from cells
expressing GFP-tagged Tim40 and then treated with proteinase k in order to shave any
cytoplasmic proteins that stuck to the outer edge of the mitochondrial outer membrane
(OM). As expected, Tpx1 was detected in the ‘total’ cell extract. Although the majority of
Tpx1 was also detected in the cytosolic fraction, as observed previously (Latimer thesis,
2017) a faint band corresponding to Tpx1 was also detected in the mitochondrial fraction.
This pool of mitochondrial Tpx1 was enriched in the shaved mitochondrial fraction,
further indicative of mitochondrial localisation (figure 4.3, first panel). Pap1l was also
detected in the ‘total’ cell extract. Interestingly, only a faint band of Papl was detected in
the cytosolic fraction, but, consistent with previous findings (Latimer thesis, 2017), a
lower molecular weight band for Papl was detected in the mitochondrial, and shaved

mitochondrial fractions (figure 4.3, second panel).
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Figure 4.3 Tpx1 and Papl co-purify with mitochondria.
Western blot analysis with anti-Tpx1, anti-GFP, anti-Pap1 and anti-
Arg8 antibodies, of fractionated cell lysate from S. pombe cells
expressing GFP-tagged Tim40 (HL16) (T = total cell lysate, C =
cytosolic fraction, M = mitochondrial fraction, SM = shaved
mitochondria). The a-Arg8 antibody recognises the S. pombe
mitochondrial protein Argl (M), but also cross-reacts with an
unknown cytosolic protein (C) of a different molecular weight.
Arrow heads indicate specific protein bands. * indicates non-
specific band.



The mitochondrial inner membrane protein Tim40 was detected in the ‘total’ cell extract,
in the mitochondrial fraction, and in the shaved mitochondrial fractions (figure 4.3, third
panel). The absence of Tim40+GFP from the cytosolic fraction suggests that the isolation
of mitochondria was effective. This conclusion was also supported by the detection of
only the higher molecular weight anti-Arg8 cross-reactive protein (C) in the cytosolic
fraction, whereas the lower molecular weight (M) Arg8 (the mitochondrial protein Argl)
was, as expected, confined to the mitochondrial fractions (figure 4.3, fourth panel)
(Dujeancourt et al., 2013; Kiihl et al., 2011). Nevertheless, a very low amount of the anti-
Arg8 cross-reactive cytosolic protein (C) was detected in the mitochondrial fractions.
This contamination of cytosolic proteins appears to be higher in the ‘shaved
mitochondria’ fraction (SM) than in the mitochondrial fraction (M). It therefore remains
possible that the detection of Tpx1 in the mitochondrial fractions could be due to some
contamination of mitochondrial fractions with cytosolic proteins. Moreover, it was
possible that, rather than representing a mitochondrial pool, Tpx1 co-purified with

mitochondria was found on the outer surface of the outer membrane.

Therefore, to investigate this further, the extraction was repeated to determine whether
Tpx1 and/or Papl were detected in internal mitochondrial compartments. In addition, the
protocol was expanded to include additional mitochondrial sub-fractionation steps, in
order to determine in which mitochondrial compartment Tpx1 or Papl may be present. In
this sub-fractionation experiment, and the following isolation experiments, it is important
to note that the ‘total” cell extract was taken after nucleic proteins had been removed and

will now be referred to as ‘nuclear-free cell lysate’.

As previously observed (figure 4.3), Tpx1 was predominantly detected in the cytosolic
fraction (figure 4.4, first panel). Tpx1 was also detected in the shaved mitochondrial
fraction, indicative of a pool of Tpx1 that is protected from the proteinase K by crossing
the OM into the mitochondria. Interestingly, this band is lost following mitoplasting
(from which the OM was removed by treatment with 10 mM Tris-HCI). No band for
Tpx1 is detected in the mitoplast fraction, shaved mitoplast fraction, or the inner
membrane fraction. The reduction in protein levels following the mitoplasting step is

indicative of the loss of a mitochondrial intermembrane space protein.
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Figure 4.4 Tpx1 and Papl are present in the mitochondrial
intermembrane space. Western blot analysis, with anti-Tpx1, anti-
Papl, anti-GFP, anti-Cytochrome c and anti-Arg8 antibodies, of sub-
fractionated cell lysate from S. pombe cells expressing GFP-tagged
Tim40 (HL16) (NFCL = nuclear free cell lysate, C = cytosolic
fraction, SM = shaved mitochondria, MP = mitoplast, SMP = shaved
mitoplast, IM = inner membrane). Anti-Arg8 detects the S. pombe
mitochondrial protein Argl (M), and cross-reacts with a higher
molecular weight unknown cytosolic protein (C). Arrow heads
indicate specific protein bands. * indicates non-specific band.
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In this experiment Papl was not detected in the nuclear free cell lysate (figure 4.4, second
panel), likely due to the removal of the nucleic proteins in the sample. A low level of
Papl was detected in the cytosolic fraction; it is noteworthy that when blotting for Pap1,
the cytosolic Papl consistently appears to have a higher molecular weight than the
mitochondrial Papl. This is consistent with previous research in which pap 14 cells are
loaded alongside wild-type S. pombe cells (Latimer thesis, 2017). Additionally, both
bands shift in size when Papl-pk is blotted. As seen previously (figure 4.3), Papl was
detected in the shaved mitochondrial fraction (figure 4.4, second panel). Slightly less
Papl is detected following the mitoplasting step (from which the OM was removed by
treatment with 10 mM Tris-HCI). Detection of Papl was lost following protease-
treatment (shaving) of the mitoplast which is expected to degrade IMS proteins, and no
Papl was detected in the mitochondrial inner membrane fraction. This banding pattern is
indicative of an IMS-targeted protein. The detection of Pap1l in the mitoplast fraction, that
is then lost following protease treatment, is likely due to Papl sticking to the outside of
the IM.

Tim40GFP (a mitochondrial inner membrane protein) was detected in the nuclear free
cell lysate (figure 4.4, third panel). The Tim40 band is also detected in the shaved
mitochondrial fraction, the mitoplast fraction, the shaved mitoplast fraction, and the inner
membrane fraction. No Tim40 was detected in the cytosolic fraction; indicating no cross-
contamination of the mitochondrial proteins with the cytosol. Additionally, the detection
of only the higher molecular weight anti-Arg8 cross-reactive protein (C) in the cytosolic
fraction, as well as only the lower molecular weight (M) Arg8 (the mitochondrial protein
Argl) band in the mitochondrial and mitoplast fractions (figure 4.4, fifth panel) also

indicates a clean separation of cellular fractions.

As a control we examined the distribution of Cytochrome-c, a highly conserved protein,
which is localised exclusively in the IMS (Kuhlbrandt, 2015) (figure 4.4, fourth panel).
As expected, consistent with its IMS-localisation, Cytochrome-c was detected in the
nuclear free cell lysate, Cytochrome-c was not detected in the cytosolic fraction, but was,
instead, enriched in the shaved mitochondria fraction. Cytochrome-c was also detected in
the mitoplast and shaved mitoplast fractions. Despite its IMS localisation, Cytochrome-c
is anchored to the mitochondrial inner membrane (Ott et al., 2002). It is therefore possible

that Cytochrome c is protected from loss during mitoplast shaving.
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4.2.2.2 Papl requires Tpx1 for mitochondrial localisation

The increased H20: sensitivity of S. pombe tpx1A cells appears to be largely due to an
inability to oxidise the transcription factor Papl (Bozonet et al., 2005; Vivancos et al.,
2005). The detection of Tpx1 and Papl in the IMS led to the hypothesis that IMS
localisation of both proteins might be vital for Pap1 oxidation and activation. To test the
hypothesis that one of Tpx1’s roles in the oxidation of Pap1l might be to promote the
localisation of Papl to the IMS we examined the effect of loss of Tpx1 on Papl

localisation.

To determine whether the presence of Tpx1 is required for the mitochondrial localisation
of Pap1; mitochondrial isolations of cells lacking Tpx1 (tpx1A), and of cells wild-type for
Tpx1, but expressing pk-tagged Papl (Papl-pk) were conducted. Blotting for pk-tagged
Papl results in a size shift due to the pk-tag; this allowed for clearer distinction between
detection of Papl and non-specific bands.

As seen previously (figure 4.3, figure 4.4), cells wild-type for Tpx1 detected Tpx1 in the
nuclear free cell lysate and cytosolic fraction, and a smaller pool of Tpx1 in the
mitochondrial fraction (figure 4.5, first panel). Whilst Papl was detected in the cytosolic
fractions of both tpx1A and Papl-pk strains, levels of Papl in the cytosolic fraction of the
tpx1A strain appear increased (figure 4.5, second panel). Interestingly, Papl is detected in
the mitochondrial fraction of the Papl-pk strain, but is lost in the tpx1A mitochondrial
fraction. Perhaps the lack of Papl mitochondrial localisation is the reason for the

increased levels of cytosolic Papl in the tpx1A strain.
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Figure 4.5 Papl requires Tpx1 for mitochondrial localisation.
Western blot analysis with anti-Tpx1, anti-Papl, anti-Cytochrome ¢ and
anti-Arg8 antibodies of fractionated cell lysate from S. pombe cells
lacking Tpx1 (tpx1A (VXOO0)), or expressing pk-tagged Papl (Papl-pk)
(NFCL = nuclear free cell lysate, C = cytosolic fraction, M =
mitochondrial fraction). Anti-Arg8 detects the S. pombe mitochondrial
protein Argl (M), and cross-reacts with a higher molecular weight
cytosolic protein (C). Arrow heads indicate specific protein bands. *
indicates non-specific band. Experiment conducted once.



In both strains, the blotting for Cytochrome-c revealed no contamination of the cytosolic
fraction with mitochondrial proteins. However levels of cytochrome c appear higher in
tpx1A cells. It is important to note that the tpx1A and papl-pk strains are not isogenic. 50
pg mitochondrial material is loaded onto each gel so this difference in results is unlikely
due to unequal loading. It is unclear however whether this result is real or due to
inefficient transferring. Finally, the detection of only the higher molecular weight anti-
Arg8 cross-reactive protein (C) in the cytosolic fraction, as well as only the lower
molecular weight (M) Arg8 (the mitochondrial protein Argl) band in the mitochondrial
fraction of tpx1A also indicates a clean separation of cellular fractions (figure 4.5, fourth
panel). However, in the mitochondrial fraction of the Papl-pk strain a small amount of

contamination of cytosolic proteins (C) is observed.

4.2.2.3 The Tpx1 resolving cysteine (169) is not required for Tpx1 or Papl

localisation to the mitochondria

As Tpx1 appears to be required for Papl import into the mitochondria we wanted to
investigate whether specifically the Tpx1 resolving cysteine (169) is necessary for Papl
interaction with mitochondrial protein import machinery. The tpx1©1%% mutant is unable
to support the activating oxidation and nuclear localisation of Papl as it is unable to
promote the oxidation of TxI1 (as described in 1.3.5) (Brown et al., 2013). However,
tpx1°16% is able to promote the formation of non-native disulphide forms. Mitochondrial
isolation experiments were performed on S. pombe cells expressing wild-type tpx1*, or on

cells expressing Tpx1 with a mutated resolving cysteine, tpx1¢1%% cells.

As previously (figures 4.3, 4.4 and 4.5), a small portion of both wild type Tpx1 and
Tpx1©1%S was detected in the mitochondrial fraction (figure 4.6, first panel). tpx1©16%
cells appear to have a lower level of Tpx1°1% in the nuclear free cell lysate than wild-
type cells. However, have a larger pool of Tpx1°16% |ocalised to the mitochondria. As
seen previously (also observed in figure 4.4), Papl is not detected in the nuclear free cell
lysate for tpx1™* or tpx1¢1%% cells, but is detected in the cytosolic fractions of both strains
(figure 4.6, second panel). Excitingly, Papl is detected in the mitochondrial fraction of
both tpx1* and tpx1°6% cells.
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Figure 4.6 Effect of substitution of resolving cysteine of Tpx1 on
the mitochondrial pools of Tpx1 and Papl. Western blot analysis
of fractionated cell lysate from S. pombe cells wild-type for Tpx1
(tpx1* (JR68)), or expressing the Tpx1 trapping mutant (tpx1©16%
(JR42)) with anti-Tpx1, anti-Pap1, anti-Cytochrome c, anti-Tomm20
and anti-Arg8 antibodies (NFCL = nuclear free cell lysate, C =
cytosolic fraction, M = mitochondrial fraction). Anti-Arg8 detects the
S. pombe mitochondrial protein Argl (M), and cross-reacts with a
higher molecular weight cytosolic protein (C). Arrow heads indicate
specific protein bands. * indicates non-specific band. Experiment
conducted once.



In both the tpx1* and the tpx11%% strains, the mitochondrial proteins Cytochrome-c and
Tom20 were detected in the nuclear free cell lysate and in the mitochondrial cell fractions
as expected (figure 4.6, third and fourth panels). The lack of both proteins in the cytosolic
fractions revealed that there is no detectable contamination of the cytosolic fraction with
mitochondrial proteins. In addition, detection of the higher molecular weight anti-Arg8
cross-reactive protein (C) in the cytosolic fraction, as well as only the lower molecular
weight (M) Arg8 (the mitochondrial protein Argl) band in the mitochondrial fraction also

indicates a clean separation of cellular fractions.

In both the Cytochrome-c and Tom20 panels (figure 4.6, third and fourth panels), banding
appears more intense in the tpx1°1%% mitochondrial fraction, compared to the tpx1*
mitochondrial fraction. Due to this observation, it is possible that a higher concentration
of proteins were loaded in the tpx1©% mitochondrial sample. This could therefore
explain the increase in the mitochondrial levels of Tpx1©%%S and Pap1 observed in the

tpx1°16% strain.

4.2.3 From confocal microscopy analysis it is unclear whether Papl is localised to

the mitochondria and whether this localisation is dependent on the presence of Tpx1

To investigate the localisation of Pap1 further, we investigated the localisation of a Pap1-
GFP fusion, ectopically expressed in wildtype or tpx1A cells expressing an RFP-tagged
form of the mitochondrial protein Cox4 using confocal microscopy.

As expected, the distribution of Cox4RFP was consistent with its presence in complex
mitochondrial networks (Matsuyama et al., 2006) (figure 4.7A, middle panels). As,
Papl1GFP was expressed from a multicopy plasmid, levels of GFP-tagged Papl
expression varied between cells but in general when the signals from the 2 fluorescent
channels were merged (figure 4.7A, right panels), most GFP and RFP fluorescence was
apparently present in distinct cell locations. However, a few cells, particularly those with
lower levels of Pap1GFP expression appear yellow in colour suggesting co-localisation of
Papl with Cox4.
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Figure 4.7 Confocal microscopy analysis of wild type and tpx1A S. pombe
expressing RFP-tagged Cox4 and GFP-tagged Papl. Examination of the
localisation of Papl in exponentially growing S. pombe cells either wild-type
for Tpx1 (tpx1™) [A], or lacking Tpx1 (tpx1A) [B] expressing RFP-tagged Cox4
and transformed with pRep41Pap1GFP. White arrows indicate co-localisation
of Tpx1 and Pap1.
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Examination of the distribution of Cox4RFP in tpx1A cells suggested that mitochondria
were more fragmented in tpx1A cells (figure 4.7B, middle panels). As in the tpx1™* cells,
Papl1GFP was found diffuse across the cell, with Pap1GFP levels more concentrated in
certain areas (figure 4.7B, left panels). The absence of yellow, colocalization of the RFP
and GFP signals, suggests that there was no PaplGFP present in the mitochondria of any
of tpx1A cells (figure 4.7B, right panels). However, given that co-localisation of both
proteins was only observed in a small subset of tpx1* cells, it is unclear whether this
reflects an essential requirement for Tpx1 in mitochondrial localisation of a pool of Pap1.

4.2.4 Targeting Tpx1 to the mitochondrial intermembrane space can rescue the

growth, and H20:2 resistance of tpx1A mutant S. pombe cells

4.2.4.1 Targeting a low level of Tpx1 to the mitochondrial intermembrane space can

rescue the growth of tpx1A mutant S. pombe cells on minimal media

In S. cerevisiae, targeting Gpx3 to the mitochondrial IMS by fusion of an 18 amino acid
IMS-targeting sequence present in the cytB2 protein, rescued the morphology and
function of the mitochondria of the gpx3A cells, indicating that the IMS-based Gpx3 is
important for normal mitochondrial function (Kritsiligkou et al., 2017). In order to test
whether the IMS-based Tpx1 pool might be important for mitochondrial function or cell
responses to H>O», we investigated whether targeting a peroxiredoxin to the mitochondria
could rescue the cell growth defect or H20> resistance of tpx1A cells. Although there have
been no investigations of IMS-targeting sequences in S. pombe, studies in yeast and
human cells indicate that the processes involved in IMS-targeting are highly conserved
(\Vogtle et al., 2009). Therefore, we generated a plasmid expressing, from the thiamine-
repressible nmtl promoter, one (pReplcytb2IMS+Tpx1) or two
(pRepl2xcyth2IMS+Tpx1) copies of the IMS targeting sequence from the S. cerevisiae
cytb2 protein fused to the N-terminal end of Tpx1 (as described in 2.4.8). Plasmids were
expressed in S. pombe tpx1* and tpx1A cells and maintained with or without the presence

of thiamine to control the expression levels of Tpx1 and cyth2Tpx1.

Although, as expected, the overexpression of Tpx1 (pRep1Tpx1) did not affect the
growth of tpx1™ cells, the growth of tpx1™ cells expressing Tpx1 with one IMS targeting
sequence (pReplcytb2IMS+Tpx1) was greatly reduced with fewer viable colonies than
expected given the OD-based spotting of equal numbers of cells compared with the vector

control. However, this reduction in growth was not observed in tpx1* cells expressing
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Tpx1 with two IMS-targeting sequences (pRep12xcytb2IMS+Tpx1). Moreover, these
colonies were smaller indicating a cell cycle defect. As expected, the tpx1A cells
transformed with the empty vector (pRepl) had a severe growth defect when compared
with the growth of tpx1* cells transformed with the same vector (pRepl) (figure 4.8, top
panel). The growth defect of tpx1A cells was rescued by ectopic expression of Tpx1
(pRep1Tpx1), as expected, but was not improved by either of the constructs expressing
Tpx1 fused to the cytb2 IMS-targeting sequence (pReplcytb2IMS+Tpx1 or
pRep12xcyth2IMS+Tpx1).
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Figure 4.8 The effect of expression of wild-type and IMS-
targeted Tpx1 on the growth of wild-type and tpx1A mutant S.
pombe. Examination of the growth of exponentially growing S.
pombe tpx1™ (NT4) or tpx1A (EV45) cells transformed with the
expression vector pRepl, pRep1Tpx1, pReplcytb2IMS+Tpx1 or
pRep12xcyth2IMS+Tpx1. Plates were incubated at 30 °C and the
images presented were scanned after 6 days. Cells were
transformed, maintained and spotted as indicated on plates
containing thiamine (+T).
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As high levels of cytb2Tpx2 appear to be toxic to cells we sought to reduce the
expression of cytb2Tpx1 by observing growth in the presence of thiamine; which
represses the nmt promoter under which Tpx1 or cytb2Tpx1 are expressed. As observed
previously, the growth of tpx1™ cells expressing the empty vector (pRepl), or
overexpressing Tpx1 (pReplTpx1) exhibit normal growth on minimal media (figure 4.8,
lower panel). This was unaffected by targeting Tpx1 to the IMS with one IMS targeting
sequence (pReplcytb2IMS+Tpx1). However, targeting Tpx1 to the IMS with two IMS
targeting sequences (pRep12xcytb2IMS+Tpx1) slightly reduced growth on minimal
media. For tpx1A cells, a growth defect is observed in cells expressing the empty vector
(pRep1l), as expected (figure 4.8, lower panel). The growth defect was not rescued by the
overexpression of Tpx1 (pRep1Tpx1). Interestingly, growth of tpx1A cells was improved
by targeting Tpx1 to the IMS with one IMS targeting sequence (pReplcytb2IMS+Tpx1).
However, targeting Tpx1 to the IMS with two IMS targeting sequences
(pRep12xcytb2IMS+Tpx1) resulted in a growth defect.

From these observations it seems that although targeting a high level of Tpx1 to the IMS
may be toxic to cells, our data is consistent with low levels of IMS-targeted Tpx1

restoring growth.

4.2.4.2 Targeting Tpx1 to the mitochondrial intermembrane space can rescue the

H20:2 resistance of tpx1A mutant S. pombe cells

Tpx1 mutant cells are sensitive to H2O> due to signalling defects including impaired
H>02-induced activation of Papl and Styl (Veal et al., 2004; Bozonet et al., 2005). In
order to investigate whether targeting Tpx1 to the mitochondria could rescue the H.O>
resistance of tpx1A cells, cells were also spotted onto minimal media agar supplemented
with a range of H>O> concentrations. The ability of low levels of IMS-targeted Tpx1 to

improve the growth of tpx1A cells was confirmed (figure 4.9).
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tpx1* cells expressing Tpx1 targeted to the IMS using one IMS targeting sequence
(pReplcytb2IMS+Tpx1) displayed increased sensitivity to H2O2. As expected, the growth
of tpx1A cells expressing the empty vector (pRepl) was severely inhibited at the lowest
concentration of H,O2 compared to tpx1* cells (figure 4.9, top panel). Additionally, the
H.0- resistance of tpx1A cells was rescued to wild-type tpx1™ levels following the
overexpression of Tpx1 (pReplTpx1). Excitingly, the growth of tpx1A cells expressing
Tpx1 targeted to the IMS (Replcytb2IMS+Tpx1 or pRepl2xcyth2IMS+Tpx1) displayed
increased H20- resistance up to 0.1 mM H20», when compared with tpx1A cells

transformed with the empty vector (pRepl).

In the presence of thiamine, the growth and H2Ox resistance of tpx1™* cells is unaffected
by the overexpression of Tpx1, or the targeting of Tpx1 to the IMS (figure 4.9, bottom
panel). The tpx1A cells transformed with the empty vector (pRepl) were sensitive to the
lowest concentration of H203, as seen previously. The H2O> resistance of tpx1A cells was
not rescued by the overexpression of Tpx1 (pReplTpx1). Targeting Tpx1 to the IMS
(pReplcytb2IMS+Tpx1 or pRepl2xcyth2IMS+Tpx1) in tpx1A cells no longer improved
H>0> resistance compared with cells transformed with the empty vector (pRepl). This
result indicates that targeting Tpx1 to the IMS using an 18 amino acid IMS-targeting
sequence is able to slightly improve the H2O- resistance of tpx1A cells.

4.2.4.3 The targeting of S. cerevisiae Gpx3 to the mitochondrial intermembrane

space does not rescue the growth of tpx1A mutant S. pombe cells

We also investigated whether targeting Gpx3, which supports Yap1l activation in S.
cerevisiae (Delaunay et al., 2002), to the IMS of S. pombe cells (the S. pombe homologue
of Gpx3 is Gpx1) would affect growth of tpx1A cells. We examined the growth and H.O;
resistance of tpx1™ and tpx1A cells transformed with the S. cerevisiae empty vector
pRS316, or a plasmid engineered to express Gpx3 with an IMS targeting sequence
(PRS316up40cyth2GPX3Myc).
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Targeting a pool of Gpx3 to the IMS (pRS316up40cytb2GPX3Myc) in tpx1* cells
resulted in fewer viable cells compared to tpx1* cells transformed with the empty vector
(pRS316) (figure 4.10). As expected, the growth of tpx1A cells was impaired in
comparison with tpx1*. The growth of tpx1A cells containing
pRS316up40cyth2GPX3Myc appeared to be reduced still further than vector control
cells, indicating that the growth defect may be exacerbated by expressing Gpx3 with an
IMS targeting sequence. Therefore, it appears that the targeting Gpx3 to the
mitochondrial IMS is toxic to S. pombe, regardless of the presence of Tpx1 (figure 4.10).
Moreover, targeting Gpx3 to the mitochondrial intermembrane space did not increase the

H>0: resistance of tpx1A S. pombe cells.
4.3 Discussion

In this chapter, | have provided further evidence of the mitochondrial defects previously
observed in peroxiredoxin mutant tpx1A S. pombe and prdx-2(gk169) C. elegans. In
addition, I have confirmed the presence of a mitochondrial pool of the peroxiredoxin
Tpx1, and established that this pool appears to be sub-localised to the IMS. Although my
mitochondrial fractionation data also supports the IMS localisation of Pap1, and suggest
that this may require Tpx1, this would require further confirmation given the presence of
multiple Pap1 bands on westerns and the absence of clear co-localisation of PaplGFP and
a mitochondrial protein, Cox4RFP, when examined by confocal microscopy. However,
intriguingly, my data suggests that the targeting of a low level of Tpx1 to the IMS of
tpx1A S. pombe cells may cause a slight increase in the H.O resistance of these cells,
which could indicate that IMS-targeted expression of Tpx1 is able to restore H20,-

induced Pap1 activation to these cells.

The clear reduction in growth of S. pombe tpx1A cells on a non-fermentable carbon
source is indicative of defects in mitochondrial respiratory activity. This data, in
conjunction with the unpublished work revealing an impaired mitochondrial electron
transport chain, and disrupted mitochondrial morphology in tpx1A S. pombe cells
(Latimer thesis, 2017), provides evidence for an important role of Tpx1 in S. pombe
mitochondrial function. This, in combination with the images obtained of fragmented
mitochondria in peroxiredoxin mutant S. pombe and C. elegans by confocal microscopy,
and the reduction in electrochemical gradient across the C. elegans mitochondrial inner

membrane (previous unpublished work of the Veal lab), supports the theory that these
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presumed cytosolic peroxiredoxins are required for normal mitochondrial function. This
is not the first example of cytosolic peroxiredoxins found to have a role in cellular sub-
compartments. For example, Gpx3 has a role in redox homeostasis and oxidative protein
folding in the IMS in S. cerevisiae (Kritsiligkou et al., 2017).

Excitingly, our sub-fractionation data revealed the IMS localisation of Tpx1. This finding
is similar to the detection of Gpx3 in the IMS of S. cerevisiae cells (Vogtle et al., 2012;
Kritsiligkou et al., 2017). Due to the presence of oxidative protein folding machinery, and
the high levels of ROS produced by the ETC, a H.O> detoxification system is required in
the IMS (Daithankar et al., 2012). In S. cerevisiae, Gpx3 is targeted to the IMS by an
IMS-targeting sequence and has a vital role in redox regulation of this sub-compartment
(Kritsiligkou et al., 2017). In addition to acting as an antioxidant, Gpx3 interacts with the
Mia40 oxidative protein folding machinery as an oxidoreductase. gpx3A cells display
reduced mitochondrial matrix import and mitochondrial morphological defects similar to
the S. pombe tpx1A (Kritsiligkou et al., 2017). We therefore propose a similar role for
Tpx1 in maintaining redox homeostasis of the IMS compartment.

In addition, our analysis of the cellular localisation of Papl revealed low cytosolic protein
levels, and instead defined a pool of Papl in the mitochondria of wild-type cells.
Mitochondrial sub-fractionation experiments further revealed the likely localisation of
Papl to the IMS. We speculate that the reason for the reduction in mobility observed in
the bands for mitochondrial Pap1, compared with cytosolic Papl, could be due to the
cleavage of an IMS targeting sequence, and therefore a reduction in molecular weight.
Additionally, we speculate that localisation to the IMS facilitates the oxidation and

activation of Papl.

Analysis of the localisation Papl in tpx1A cells, whilst requiring confirmation, revealed
that the mitochondrial localisation of Pap1l may be dependent on the presence of Tpx1.
Levels of Papl were reduced in the mitochondria of tpx1A cells, and accompanied by an
increase in cytosolic Papl. Additionally, the confocal microscopy analysis suggested a
possible co-localisation with mitochondria in some tpx1* cells, which was lost in tpx1A
cells. These findings however require further investigation for confirmation. Repetition of
the mitochondrial isolations and confocal microscopy analysis is necessary. Analysis of
Pap1l localisation in in tpx1* or tpx1A cells by immunostaining has previously been
published (Bozonet et al., 2005; Brown et al., 2013; Calvo et al., 2013b). Results reflect

108



that Papl is unable to translocate to the nucleus in response to H20- in tpx1A cells. If the
localisation of Papl to the IMS is required for its activation and oxidation, and this IMS

localisation is inhibited by the deletion of Tpx1, this model fits with the published data.

To test our hypothesis that the localisation of Tpx1 and Pap1l to the IMS facilitates the
oxidation and activation of Pap1, we tested the growth and H2O> resistance of tpx1* and
tpx1A cells expressing IMS-targeted Tpx1. The growth of tpx1A cells was only improved
in cells expressing one copy of the IMS targeting sequence in the presence of thiamine.
Contrastingly, the H2O resistance of tpx1A cells was slightly improved in all cells
targeting Tpx1 to the mitochondria in the absence of thiamine. This potentially indicates
that a very low level of mitochondrial Tpx1 may improve the growth of tpx1A cells,
whereas a high level of mitochondrial Tpx1 is required to increase H2O; resistance. This
however requires extensive further study. For instance, although the reduced growth and
H>0: resistance of cells expressing the IMS-targeted Tpx1 suggests that Tpx1 localisation
or function has been affected by addition of the cyth2 IMS-targeting sequence,
mitochondrial sub-fractionation of these strains is required to confirm that Tpx1 was
successfully targeted into the IMS. Mitochondrial sub-fractionation is also required to
determine whether in strains expressing 1 cytb2 IMS-targeting sequence, or 2 cytb2 IMS-
targeting sequences, all Tpx1 is targeted to the IMS, and therefore rescued cell growth or
H20:> resistance is not due to a small pool of cytoplasmic Tpx1. Importantly, it would also
be necessary to examine the localisation and H202-induced oxidation of Papl in these
cells before any conclusions as to whether this IMS-targeted form was able to support
H202-induced activation of Papl. Similarly, future investigations should examine whether
mitochondrial phenotypes, such as; electron transport chain function, mitochondrial

morphology are rescued by expression of cytb2-Tpx1.

Targeting Gpx3 to the IMS in gpx3A S. cerevisiae cells rescues mitochondrial import
defects and mitochondrial morphology (Kritsiligkou et al., 2017). The overexpression of
Gpx1, the S. pombe homologue of Gpx3, increases the H20- resistance of S. pombe
(Vivancos et al., 2004). However, here, like Tpx1, the targeting of S. cerevisiae Gpx3 to
the IMS was toxic to wild-type and tpx1A S. pombe cells. Mitochondrial sub-fractionation
of these strains is required to confirm that Gpx3 was successfully expressed and targeted
into the IMS. Additionally, it is important to test whether the overexpression of wild-type

Gpx3 improves the growth or H20O; resistance of tpx1A.
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Based on the data presented, we propose that pools of Tpx1 and Papl are present in the
IMS. We propose that the compartmentalisation of Tpx1 and Papl to the IMS may
facilitate the oxidation and activation of Papl, but this would require further

investigation. We speculate that the role of Tpx1 in the mitochondrial intermembrane
space may be similar to the role of Gpx3 in S. cerevisiae; that Tpx1 may act here maintain

redox homeostasis.
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Chapter 5

Chapter 5. High through-put genetic screening of tpx1 mutants

revealed new candidate H20: regulated proteins

5.1 Introduction

How organisms sense and use low levels of H2O> to signal positive responses, such as;
cell growth, division and migration, is of great medical interest. However, identifying
target proteins that respond to H20- has so far been challenging; partly because proteomic
approaches to identify H>O, targets are biased towards abundant proteins, and also
because they are unable to determine whether oxidation events are functional. The
quantitative redox proteomic technique oxidative isotope-coded affinity tags (OXICAT)
has been used in a number of model organisms to identify abundant H.O; regulated
proteins (Baker et al., 2015; Leichert et al., 2008; Brandes et al., 2011; Menger et al.,
2015; Kumsta et al., 2011). In addition, two-hybrid analysis has also been used as a
method to identify novel thioredoxin targets (Brodegger et al., 2004; Vignols et al.,
2005). As well as mechanism-based proteomic screens that use resolving cysteine
mutants to identify redox targets (Nakao et al., 2015). In this chapter we have aimed to
take a high throughput genetic approach to identify new targets of H>Oz/thioredoxin, that
may not have been detected by proteomic methods, based on the discovery that the
thioredoxin peroxidase activity of the single 2-Cys Prx, Tpx1, plays an important role as

an H20,-dependent inhibitor of thioredoxin family proteins (Brown et al., 2013).

Tpx1 is essential for transcriptional responses to H>O; (as discussed in section 1.2.3) and
has multiple roles in promoting H2O: signal transduction (as discussed in sections 1.3.4
and 1.3.5). In cells exposed to H2O>, Tpx1 disulphides are the major substrate for
thioredoxin. We have demonstrated that, under these circumstances, as thioredoxin
reductase activity is limiting, the thioredoxin peroxidase activity of Tpx1 results in both
thioredoxin family members, Trx1 and the thioredoxin-like protein 1, TxI1, becoming
completely oxidised (Day et al., 2012; Brown et al., 2013). TxI1 is the main reductant of
Papl, therefore, the Tpx1-dependent oxidation of TxI1, promotes sustained oxidation of
Pap1 to its active form. The discovery that deletion of the txI1 gene however, rescues the

H.0- resistance and Pap1 oxidation of the tpx1°1% demonstrates that the main, essential
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role of the thioredoxin peroxidase activity of Tpx1 in H2O: resistance is to promote TxI1
oxidation (Brown et al., 2013). Hence, we proposed that if the failure to oxidise
thioredoxin, that regulates the activity of many proteins (section 1.3.5), contributes to the
sensitivity of tpx1A and tpx1°1%% mutant cells to peroxides, then loss of Trx or Trx-target
genes might increase the H.O: resistance of these cells. Accordingly, in this chapter we
tested whether a high through-put genetic screening approach in tpx1¢% or tpx1A
backgrounds could be used to identify other thioredoxin-regulated proteins and/or
downstream genes that are important for cell growth and/or in H20- signalling and stress

conditions.

The S. pombe genome-wide deletion mutant library (Bioneer) has previously been used in
many studies, such as to screen for: global fitness profiling (Han et al., 2010), genes
involved in cadmium tolerance (Kennedy et al., 2008) and genes required for caffeine
tolerance (Calvo et al., 2009). The library has also undergone quantitative fitness analysis
(QFA) to identify suppressors and enhancers of telomere defects (Narayanan et al., 2015).
In this chapter, we set out to generate synthetic genetic arrays (SGA) combining tpx1
mutant alleles (tpx1*, tpx1©%% and tpx1A) with this deletion library. The goal of this
study was to examine and compare the fitness of these SGA, using QFA, on plates
containing peroxide, with the aim of identifying genes encoding proteins that are
regulated by/mediate responses to these stress conditions.

5.2 Results

5.2.1 SGA analysis of the peroxidase defective tpx1©1%°S S. pombe identified 31 genes

important for growth in tpx1¢16%
5.2.1.1 Construction of nourseothricin-resistant tpx1*, tpx1©1%% and tpx1A strains

To allow for antibiotic selection following high through-put genetic screening,
nourseothricin-resistant (NAT") tpx1*, tpx1©%% and tpx1A strains were generated. The
natM X6 cassette, was amplified from the pFA6-natMX6 plasmid with appropriate
flanking sequences, and transformed into cells expressing tpx1* (JR68), tpx1¢1%% (JR42)
or tpx1A (VXOO) (figure 5.1). To test whether the natMX6 cassette had recombined in
the targeted locus, nourseothricin-resistant colonies were screened by patching onto
EMM plates lacking leucine (tpx1*, tpx116%) or lacking uracil (tpx1A), supplementation.

This enabled the identification of colonies unable to synthesise leucine/uracil, and
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therefore indicated homologous recombination of the natMX6 cassette with the LEU2, or
ura4*, gene. Spores tested from 7 tpx1°16% tetrads, and 10 tpx1* tetrads, confirmed that

all spores exhibiting nourseothricin-resistance (NAT") were also Leu" (data not shown).
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LEUNATF

natMX6 cassette

1246bp LE. U2
pFA6Ga-natMX6 pFA6a-natMX6 —> 90 bp 90 bp
3704 bp EUNATB natMX6
1246bp
JR68/42  tpxI Promoter.. | tpxI*/Apx 1169 | LEU2 | .Ipx1P | urad
LE. | navxe | .12
ZU10/11 tpxI Promoter.. | tpxI*/px1€'*S | LE. | natMX6 | .U2 | .pxIP | wra4

UraNatF
natMXe6 cassette
1246bp ur.. a4’
pFA6a-natMX6 pFA6a-natMX6 —> 90 bp 90 bp
3704 bp 3704 bp UraNatR natMX6
1246bp

/

VX00 | wrarr |
1 T~
ufr.. | natMXo6 | a4+

\’
7U12 | ur.. | natMX6 | .adt |

Figure 5.1 Construction of nourseothricin-resistant tpx1* (ZU10), tpx1¢169S
(ZU11) [A] and tpx1A (ZU12) [B] strains. The natMX6 cassette was amplified
from the pFA6a-natM X6 plasmid by PCR. Primers were designed to direct the
natMX6 cassette to recombine out the LEU2 marker (ZU10, ZU11) [A], or the ura4
marker (ZU12) [B] downstream of tpx1 locus. The tpx1* (JR68), tpx1°16% (JR42),
tpx1A (VXOO) starting strains were transformed with the natMX6 cassette and
cells were plated onto YES5S + clonNAT plates for selection. Nat-resistant colonies
were also screened for leu2’/ura4” phenotype where appropriate.
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5.2.1.2 Nourseothricin-resistance is closely linked to the tpx116% mutation

To test for the rate of recombination of the NAT marker and the C169S mutation the
NAT" tpx1* (ZU10) and tpx1©*% (ZU11) strains were backcrossed with their
corresponding starting strains, tpx1* (JR68) or tpx1°16%S (JR42) respectively, and
following dissection spores were patched onto onto rich media containing 0.1 mg/ml
clonNAT, and minimal media supplemented with histidine and adenine to confirm Leu-
genotype.

To test that the natM X6 cassette was closely linked to tpx1, and that loss of the C169S
mutation by recombination with the wild-type allele during meiosis did not occur
frequently enough to be an issue during screening; the NAT" tpx1¢1%% strain (ZU11) was
backcrossed with a tpx1* strain (NT4). Following random sporulation, the NAT" spores
were patched onto rich media with and without 1 mM H-O: to test for a H>.O»-sensitive
phenotype. All 112 of the NAT' colonies tested were unable to grow in the presence of 1
mM H,0; indicative that the tpx1°1%%> mutation had not recombined with the tpx1* from
the NT4 strain (figure 5.2).

YESS + 1 mM H,0, YESS

NT4—»

1-14

NT4—»

99-112

pd \
Figure 5.2 The nourseothricin-resistant phenotype
is closely linked to sensitivity to H202. The NAT'
spores generated by crossing tpx1©6% (ZU11) with
tpx1™ (NT4), were patched onto YE5S agar with and
without 1 mM H2O- for growth analysis.
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5.2.1.3 Replacing the leu2 gene with a natMX6 cassette had no effect on the growth

or H20: sensitivity of tpx1* and tpx1©1%% strains

To confirm that replacing the leu2 gene with a natMX6 cassette had no effect on growth,
or H20; sensitivity, and importantly, to determine the most effective H>O, concentration
to use in the screen to identify mutations that increase the resistance of tpx1°1%%, spot
tests were conducted on the starting tpx1* (JR68) and tpx1°16% (JR42) strains as well as
the generated NAT" tpx1* (ZU10) and tpx1©1%% (ZU11) strains (figure 5.3). A tpx1A
(VXOO) strain and tpx1°16%txI1A (JB92) were also spotted for comparison. As expected,
the tpx1A (VXOO) strain had reduced growth on YES5S, compared to tpx1* and tpx1©16%
strains, and was extremely sensitive to the lowest dose (0.25 mM) of H20>. The two tpx1*
strains (JR68 and ZU10) exhibited similar growth on control plates and similar sensitivity
to H20,. The two tpx1©1%% strains (JR42 and ZU11) also exhibited similar growth on
control plates and sensitivity to H2O. Together these results indicated that replacing a
leu2 marker with a natMX6 cassette did not affect the growth, or H>O> sensitivity.
Moreover, consistent with previous results, at the highest dose of H20O>, the growth of the
tpx1©18%txI1A (JB92) was more severely inhibited than strains expressing wild-type
Tpx1, these cells were not sensitive to the low concentrations of H20- that inhibited the
growth of the tpx1°%% strain, (Brown et al., 2013) and (Brown and Veal, unpublished).

30 °C 0.25 0.5 1
tpx1™ (JR68)
tpx1€19% (JR42)
tpxIA(VXO0O0)
tpx1°1°% 1A (JB92)
tpx17 (ZU10)
tpx1€1995(ZU11)

Figure 5.3 Replacing the leu2 gene with a natMX6 cassette did not
have a significant effect on the growth or H20: sensitivity of tpx1* and
tpx1©16% strains. Analysis of exponentially growing tpx1* (JR68),
tpx1°16% (JR42), tpx1A (VXO0O0), tpx1¢8%txI1A (JB92), and the
nourseothricin-resistant tpx1* (ZU10) and tpx1¢1%% (ZU11) strains pinned
on YESS agar containing the indicated concentrations of H20,.

1.5 mMH,0,

116



5.2.1.4 SGA analysis identified 31 candidate genes important for growth when the

Tpx1 peroxidase activity is removed

To allow for genome-wide mapping of synthetic genetic interactions, the tpx1™ (ZU10)
and tpx1©1%% (ZU11) strains were systematically crossed (in the High Throughput
screening facility (HTSF) at Newcastle University) with 3,400 non-essential gene
deletion strains (Bioneer) to generate synthetic genetic arrays (section 2.2.1.1, figure 2.1).
To identify genes important for growth in the peroxidase defective tpx1©%S, photographs
of the final plates were taken using splmager software, and cell density was calculated
using the image analysis tool Colonyzer (section 2.2.1.2). The fitness of each of the
generated strains on YE5S was compared with the fitness of the deletion gene with tpx1*
to generate a genetic interaction score (GIS). GIS represents the distance of the hit from
the line of best fit; with the highest GIS scores indicating the greatest effect of the
presence of the tpx1©1% mutant allele on growth. Each gene deletion strain was repeated
in quadruplicate within a SGA screen, and from this a mean GIS was generated. This
SGA was conducted on 2 separate occasions, and results presented here represent a mean
of all 8 repeats. Of the genes presenting the highest negative GIS (gene mutants which
have negatively affected the growth of cells expressing tpx1©1%%), the 100 genes with the
highest negative GIS were taken from the first SGA repeat (figure 5.4), and the 100 genes
with the highest negative GIS were taken from the second SGA repeat (figure 5.5), and
compared to compile a list of 31 genes that presented with the lowest GIS in all 8 repeats
(table 5.1).
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Figure 5.4 Fitness of the Bioneer deletion library crossed with tpx1* (x-axis)
plotted against the fitness of the Bioneer deletion library crossed with
tpx1©16% mutation (y-axis) from SGA replicate 1. The red circle represents
gene mutants which have negatively affected the growth of cells expressing
tpx1©16% (candidate hits with the highest negative GIS).
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Figure 5.5 Fitness of the Bioneer deletion library crossed with tpx1* (x-axis)
plotted against the fitness of the Bioneer deletion library crossed with
tpx1©16% mutation (y-axis) from SGA replicate 2. The red circle represents gene
mutants which have negatively affected the growth of cells expressing tpx1©16%
(candidate hits with the highest negative GIS).
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Position| Gene name |Gene Description
5.5 osal olutathione synthetase large and small subunit
6 parl protein phosphatase PP2 A regulatory subunit B-56
6 rad50 DNA repair protein
10 mrell nuclease
14 fepl Iron-sensing transcription factor
16.5 mes4 response regulator
17 hmt2 sulfide-quinone oxidoreductase
19 mms1 E3 ubiquitin ligase complex subunit
27.5 rad>7 RecA family ATPase
28 radl checkpoint clamp complex protein
29.5 ss5b3 DNA replication factor A subunit
32 tom7 mitochondrial TOM complex subunit
32.5 maal mitochondrial aspartate aminotransferase
34 orx] olutaredoxin
40 SPCC4F11.03c |Schizosaccharomyces specific protein
42 ada2 SAGA complex subunit
455 ndel mitochondrial NADH dehydrogenase
45.5 rdl2 mitochondrial thiosulfate sulfurtransferase
47.5 cttl catalase
50 imt2 mannosyltransferase
50.5 mded microtubule-site clamp monopolin complex subunit
50.5 mphl dual specificity protem kinase
50.5 | SPBCI1271.10c |transmembrane transporter
54 latl dihydrolipoamide S-acetyltransferase E2
58 SPAC1782.12¢ |DUF423 protein
63 SPCC297.06¢ |conserved fungal protein
64 dbl2 meiotic chromosome segregation protein
64.5 ddbl damaged DNA bmding protein
74 rads4 [DNA-dependent ATPase
75 kgdl 2-oxoglutarate dehydrogenase
79.5 adnl adhesion defective protein

Table 5.1 Gene names and descriptions for the 31 candidate genes with the
highest negative GIS from 2 independent tpx1¢16% SGA screens. Candidate
genes that had the highest negative GIS (that were detected in the bottom 100
hits), in both replicate screen 1 and replicate screen 2, were compiled.
Candidate genes have been ordered by their average GIS position; with hits that
possess the same average GIS position ordered alphabetically. Genes
highlighted in green indicate that the S. cerevisiae orthologue has previously
been identified as synthetic lethal with tsalA.
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Promisingly, of these 31 genes, orthologues of 6 genes (rad50, mrell, mmsl, rad57, radl
and ada2) had previously been reported to have negative genetic interactions with TSAL
encoding one of the two Tpx1 orthologues in S. cerevisiae (Huang and Kolodner, 2005;
Molin et al., 2011; Hanzén et al., 2016; Pan et al., 2006). The gene deletion with,
consistently, the greatest negative effect on the growth of tpx1©*%%S was glutathione
synthetase (gsal). However, a number of other genes with functions linked to oxidative
stress responses were identified, including the response regulator mcs4 that is required for
activity of the Styl MAPK, a glutaredoxin, grx1, and the catalase, cttl. Several genes
encoding mitochondrial proteins were also found to be important for growth specifically

in the tpx1°1%% packground: tom7, maal, ndel and rdI2.
5.2.2 QFA analysis of the peroxidase defective tpx1¢1%S S, pombe
5.2.2.1 Cells required a 16 h dilution period to reach exponential growth phase

In order to identify gene deletions that affected the stress sensitivity of the tpx1¢169
strain, we first had to optimise the conditions for QFA. Preliminary analysis revealed that
the HTSF standard dilution time of 6 h was too short for our S. pombe SGA strains to
reach exponential growth phase in liquid culture, resulting in too few cells being spotted.
Based on the growth curves generated, following either a 16 h or 24 h dilution period,
indicated that most cells had reached exponential growth phase by 16 h and that this
allowed sufficient cells to be spotted to result in full spot growth that was reduced by
exposure to concentrations of H20- that had been previously established as inhibiting the

growth of tpx1©*% cells, but not control strains (figure 5.6).
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Figure 5.6 Growth curves and corresponding spot tests of 7 S. pombe single
deletion strains from library plate 1 (Bioneer) generated following a 16 h
dilution period in liquid culture in a test run. Liquid culture was inoculated with
strains and incubated at 30 °C with shaking overnight. Once cultures reached
saturation, strains were diluted 10 x and incubated at 30 °C for either 16 h
(pictured) or 24 h (not included), and spotted onto agar containing different
stressors. Plates were imaged over time and growth curves calculated.
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5.2.2.2 The conditions of 500 uM H202, 750 uM H202 and 250 uM tBOOH were

chosen for the detection of sensitivity suppressors

To determine the most suitable concentrations of stress reagents, a test screen of the
growth of the ZU10 and ZU11 crossed with SGA plate 1 (the 308 fittest strains in the
non-essential gene deletion library) was carried out on YES5S plates containing: 250 uM
tBOOH, 500 uM tBOOH, 250 uM H203, 500 pM H20> and 750 uM H»O>. Based on the
fitness graphs generated (figure 5.7), the 500 uM H202, 750 pM H>0> and 250 uM
tBOOH conditions were chosen as most appropriate. This was based on their limited
toxicity to tpx1™ cells, which allowed the most sensitive detection of suppressors of the
tpx1©18% sensitivity phenotypes as a large ‘cloud’ of hits with few outliers. Including the
oxidative stressor tBOOH in the analysis allowed for distinction between signalling

pathways that do or do not activate Styl (Chen et al., 2007).
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Figure 5.7 Fitness graphs generated from the tpx1©6% QFA test screen
using 250 uM H20z2, 500 pM H202, 750 uM H202, 500 uM tBOOH and
750 uM tBOOH stress conditions. The tpx1* and tpx1©1%% SGA’s were
spotted onto YES5S agar containing different concentrations of oxidative
(H20- or tBOOH) stress. Plates were imaged and GIS calculated.
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5.2.2.3 QFA identified 26 gene mutants as putative suppressors of the tpx1¢1%°S H,0>
sensitivity phenotype

For QFA, library plates 1-5 of the tpx1°6% SGA (fittest library strains) were grown in
liquid media, and spotted onto agar with and without stress (e.g. H202) (section 2.2.1.3,
figure 2.1). The growth curves, and graphs generated from the QFA revealed the fitness
of the tpx1©16% SGA with and without exposure to stress (figure 5.8) (section 2.2.1.4).
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Figure 5.8 Example QFA graph: comparison of the fitness of 384 strains
(library plate 5) of the tpx1¢1°S SGA in the presence or absence of 500 uM
H202. The tpx1©16% SGA was cultured in media and spotted onto agar with (y-axis)
or without (x-axis) H202. Enhancers or suppressors of the H20O; sensitivity of
tpx1°16% were identified using the GIS (the distance from the line of best fit; with
the plots furthest from the line of best fit having the highest GIS). The blue circle
represents suppressors of tpx1°6% stress sensitivity (that have the highest positive
GIS (red points)). Enhancers of tpx1©6% stress sensitivity have the highest negative
GIS (green points).
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The QFA data generated was analysed for each stress condition (250 uM tBOOH, 500
MM H202 and 750 pM H20- (plus an additional 100 uM H20- for plate 5 only)), with 2
comparisons (the tpx1©1%% SGA with stress against the tpx1©1%% SGA without stress, as
well as the tpx1* SGA with stress against the tpx116% SGA with stress). For this section,
the top 10 % of strains (~30) with the highest positive mean GIS were picked from each
library plate, for each comparison, and analysed to determine if each candidate gene was
a hit when treated with just H20., or also with the other stressor (tBOOH).

In order to validate that suppressors of H20> sensitivity represent genes that are important
for the H20; sensitivity of tpx1°1%% cells, a list of 155 strains with the highest positive
GIS was compiled for further testing. These 155 double mutant strains were all fitter than
the starting strain tpx1°1%% in the presence of H.0. Perplexingly, grx1, which was
previously identified as exhibiting a synthetic sick interaction with tpx1¢'%%, was one of
the candidate genes identified as increasing H20: resistance, possibly an indication of
reversion of the C169S mutation to wild-type. Given the high throughput nature of the
screening it was important to confirm that these strains were more resistant to H>Ox.
Thus, of these 155 strains, 91 were re-tested by halo test. Halo test analysis was chosen
over spot test analysis to minimise the effect of differences in growth rate. For example,
the testing of 4 of the 91 strains (tpx1°%%grx1A, tpx1¢1%%sIx4A, tpx11%%ybt1A and
tpx1°%%ubp11A) revealed that two strains (tpx1*%grx1A and tpx1¢1%%SsIx4A) displayed
restored H,0; resistance to wild-type tpx1* levels (ZU10), one strain (tpx1°%ybt1A)
displayed similar H2O- resistance to the starting strain tpx1¢1%% (ZU11), and one strain
(tpx1©1%Subp11A) displayed increased H.O> sensitivity when compared with the starting
strain tpx1¢1%% (ZU11) (figure 5.9). This revealed variability in H2O; resistance between

candidate genes identified by the QFA analysis.
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tpx17(ZU10)
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Figure 5.9 Example halo test: SGA generated strains with
increased and reduced resistance to H202 compared with the
tpx1C169S (ZU11) starting strain. Strains generated by the tpx1¢16%
SGA, as well as the query strains tpx1* (ZU10) and tpx1©16%
(ZU11), were pipetted in a line towards filter paper soaked in 1.7 M
H20,. Plates were incubated at 30 °C and photographed.

Overall, of the 91 double mutant strains tested by halo test, 26 displayed increased
resistance to H,O, compared with the tpx1°16% starting strain (ZU11) (table 5.2). Of these
26 strains, 17 also displayed increased resistance to tBOOH (highlighted in red). As each
gene mutant was independently crossed with the test strain 4 times, generating 4 isolates
with the same genotype, it was possible that some of the lack of reproducibility (29 %),
could reflect variability between the 4 isolates. For instance, as mean GIS was used in
analysis, it is possible that the single strain tested by halo test was the 1 isolate, out of 4
isolates, that didn’t have an increased stress resistance phenotype. For example, all 4
isolates of tpx1°1%%uds1A from the QFA were tested by halo test: results revealed that 2

of the 4 isolates displayed H2O: resistance restored to wild-type tpx1* levels.
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No. ofisolates with
increased stress
resistance compared
with fpx1¢16%S

H,0, (BOOH

crossed with | Gene Name Gene Description

SPAC13G6.07¢ rps601 408 ribosomal protein S6 111 11
SPAC9GI1.11c spnd mifotic septin 11 11
SPACI11E3.04c ubcl3  ubiquitin conjugating enzyme E2 1/1 0/1
SPAC1687.22¢ puf3 RINNA-binding protein 272 172
SPAC3H1.11 hsrl transcription factor 11 11
SPAC4G9.14 symli mitochondrial Mpv17/PMP22 family protein 2 1/1 0/1
SPAC22F3.11c snu23 U4/U6 x U3 tri-snRNP complex subunit 1/1 1/1
SPAC688.06¢c six4 structure-specific endonuclease subunit 1/1 0/1
SPAC4F10.20 grxl glutaredoxin 2/2 2/2
SPAC1296.03¢c sxa2 serine carboxypeptidase 1/1 1/1
SPAC11G7.01 SPACIIG7.01S. pombe specific protein 111 1/1
SPBC16G5.03 mrz1 ubiquitin-protein ligase E3 1/1 1/1
SPBC27.04 udsl septation protein 2/4 0/4
SPBC83.19¢ SPBCS83.19¢ S. pombe specific protein 1/1 1/1
SPBCI19F8.02 nud3 nuclear distribution protein NUDC homolog 11 0/1
SPBC29A10.05 exol exonuclease I 11 01
SPBC776.02¢ dis2 serine/threonine protein phosphatase PP1 subfamily 11 01
SPBC691.01 pfas vacuolar membrane palmitoyltransferase 111 171
SPCC1393.03 rps1501 408 ribosomal protein S15 11 171
SPCC1620.08 Isc2 succinate-CoA ligase beta subunit 11 01
SPCC126.13c sapl8 histone deacetylase complex subunit 1/1 11
SPCC24B10.12 cgil2]  EKC/KEOPS complex subunit 4/4 4/4
SPCC126.03 pusl fRNA pseudouridine synthase 111 01
SPCC576.14 dph5 diphthine synthase 11 11
SPCC737.06¢c ges?2 glutamate-cysteine ligase regulatory subunit 11 11
SPCC576.01¢c xanl alpha ketoglutarate dependent xanthine dioxygenase 1/1 1/1

Table 5.2 The 26 SGA strains that displayed higher H20: resistance by halo test,
compared with the tpx1©1%% (ZU11) starting strain. Of all the SGA-generated
strains manually tested by halo test 26 strains exhibited an increase in H.O: resistance
phenotype compared with tpx1©16%, Strains highlighted in red had both H,0, and
tBOOH resistance restored to wild-type tpx1™ levels. Strains highlighted in black had
similar H20- resistance to wild-type tpx1™, but were still as sensitive to tBOOH as
tpx1©16%, Each strain is scored for the number of different isolates tested, and of these
number of isolates that displayed increased stress resistance.
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5.2.2.4 Reconstruction of 7 of these strains revealed that the suppression of H202

stress sensitivity was not caused by the candidate gene

As the populations of ‘double mutant’ strains generated by the screen are not clonal it was
important to confirm the 26 candidate genes as suppressor’s. The single gene deletion was
manually re-crossed with the tpx11%% (ZU11), and the H2O; resistance of each strain
from the generated tetrads tested. To decide which of the 26 strains would be crossed
manually, strains were sorted in order of standard error; so that the gene mutations which
between all 4 isolates had given the most consistent rescue phenotype were investigated
first. Seven of the candidate strains (cgil21A, SPAC4G9.14A, SPBC16G5.03A, udsl1A,
rps601A, hsrlA and ubc13A) were manually re-crossed with the starting strain tpx1©16%
(ZU11), and underwent tetrad dissection followed by halo test and spot test analysis.
Before crossing, strains were checked by PCR to ensure they had the correct gene
deletion. However, all 7 of the double mutant strains generated from these crosses were
no more H2O; resistant than the parent tpx1°1%% strain, even when multiple double
mutants were analysed (figure 5.10 and data not shown). These data suggests that the
increased stress resistance observed in the tpx1°1%%uds1A isolate 2 and isolate 4 strains
and the tpx11%%Shsr1A strain (table 5.2, figure 5.10) was not due to the deletion of uds1
or hsrl.
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Figure 5.10 Halo test analysis of SGA-generated strains [A and D], as well as
halo test and spot test analysis of isogenic strains (in purple) generated from
manually re-crossing tpx1©*6%S with uds1A [B and C], or hsr1A [E and F]. SGA
isolates were screened by halo test to investigate H>O: sensitivity [A and D].
Strains that displayed increased H,O resistance in comparison to tpx1°1%% (zU11)
were manually re-crossed, for example uds1A (Bioneer) with tpx1¢1%% (zU11), and
hsr1A (Bioneer) with tpx1¢1%% (ZU11). The H,O; sensitivities of the tetrads
generated (in purple), and additional double mutants, were tested by halo test and
spot test [B, C, E and F].
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Finally, the strongest candidate gene mutant; that increased the H.O: resistance of all 4
isolates from the QFA, by halo test (figure 5.11A) and spot test (figure 5.11B), was
investigated. As with the other strains, when halo tests were performed on isogenic strains
generated by manually crossing tpx1¢1%% and cgi121A, the resulting tpx1¢1%%cgi121A
mutant strain was even more sensitive to H.O; than the tpx1°!%% single mutant (ZU11 and
the isogenic tpx1©%%5¢gi121*) (figure 5.11C). Disappointingly, this again indicated that
the increased stress resistance of the tpx1©1%*5cgi121A mutants isolated by the screen was

not due to the loss of cgil21.
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Figure 5.11 Halo test and spot test analysis of all 4 isolates of SGA-generated
tpx1¢1%9Scgil21A [A and BJ, as well as a halo test performed on isogenic strains
(in purple) generated from re-crossing cgil21A (Bioneer) with tpx1©16%S (ZU11)
[C]. Halo test [A] and spot test [B] analysis of the H>O> sensitivity of the 4 isolates of
tpx1©18%¢gi121A (ZU21, ZU22, ZU23 and ZU24) generated from the SGA, compared
with the starting strains tpx1* (ZU10) and tpx1¢%% (ZU11). Halo test analysis of the
H20:> sensitivity of the tetrad (ZU25, ZU26, ZU27 and ZU28) generated from re-
crossing tpx1©16% (ZU11) and cgi121A (Bioneer) [C].
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5.2.2.5 Increased resistance of 3 isolates of tpx1¢1%%S¢gi1214 was caused by the loss of
the C169S point mutation in tpx1*

Although our initial analysis had suggested that the rate of loss of the tpx1°1%% by
recombination with the wild-type allele during meiosis was extremely low (figure 5.2);
nevertheless, one possible explanation for the increased H.O> resistance of some of the
isolates in the screen was that the C169S mutation was no longer present in these isolates.
Hence, to test whether the 4 isolates of tpx1¢195cgi121A still contained tpx1¢1%%, we
attempted to amplify the tpx1 ORF for sequencing using primers specific for the 5’ end of
the tpx1 ORF and to the nmt terminator sequence present in the engineered tpx1™ and
tpx1°16% strains (P1 (Sptsa.V6), P2 (nmtend), respectively) (figure 5.12) (Day et al.,
2012). However, amplification of the tpx1 gene using the nmtend reverse primer only
generated a product in the tpx1©1%%cgi121A isolate 4, suggesting that the nmt terminator
had been lost by recombination. Indeed, subsequent amplification of tpx1 (using primers
P1 (Sptsa.V6) and P3 (XbaTsaC)), and sequencing, revealed that, although they were
NATR, tpx1¢1%%¢cgi121A isolates 1-3 were wild-type for tpx1, providing an explanation
for their increased H20- resistance. However, sequencing confirmed that isolate number 4
had retained the C169S point mutation in tpx1. Interestingly, this difference between
these isolates was consistent with the spot test results (figure 5.11B), in which isolates 1-3
had restored H20- resistance to wild-type tpx1™ (ZU10) levels, whereas isolate 4

displayed only partial increased H2O; resistance compared to wild-type tpx1™* levels.
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Figure 5.12 Amplification of tpx1 by PCR using a primer directed to
an nmtend sequence as an indication of genotype. [A] Structure of the
tpx1©16% (ZU11) strain. To generate the C169S point mutation in tpx1, a
plasmid expressing an ‘nmtend’ sequence was used. To PCR up tpx1; a
forward primer directed to the start of the tpx1 gene (P1), as well as a
reverse primer complementary to the ‘nmtend’ sequence (P2), was used.
For subsequent sequencing, primers P1 and P3 were used. [B] PCR
products from the amplification of tpx1 in the 4 tpx1¢%69Scgi121A
isolates (ZU21, ZU22, ZU23 and ZU24) using primers P1 and P3. A
PCR product was only generated with tpx1©6%¢gi121A isolate 4 (ZU24),
and the two starting strains tpx1* (ZU10) and tpx1°16% (zU11).

Nevertheless, these data raised the possibility that the increased H20- resistance of many
of the isolates was due to the loss of the tpx1©1%% mutation. To test whether the 26 strains
(table 5.2) that displayed increased H.O: resistance via halo test had also undergone
recombination to express wild-type tpx1*, tpx1 was amplified using the P1 and P2
primers. Of the 26 strains tested by PCR, 14 generated a product suggesting they had
retained the C169S mutation: tpx1©1%%rps601A, tpx1¢1%%rps1501A, tpx1©1%%Sspn4A,
tpx1°18%uds1A, tpx1C1%Spuf3A, tpx1C%%ShsriA, tpx1C9SSPBC83.19¢cA, tpx1¢1%%sap18A,
tpx1°18%grx1A, tpx1©18%Spus1A, tpx1°16%dis1A, tpx1¢16%dph5A, tpx1C9SSPAC11G7.01A
and tpx1©1%%pfa5A (although this requires confirmation by sequencing or western blot
analysis). However, P1 and P2 primers failed to generate a product with the other 12 (of
the 26) strains suggesting that the tpx1©1%% allele may have undergone a recombination

event during meiosis with the wild-type tpx1™ allele in the library strain.

Additionally, the locus of the 7 candidate genes from chromosome 3 were assessed to
consider whether these genes were closely linked to tpx1 and therefore likely to

recombine with wild-type tpx1* during meiosis (position 2.085 Mb): rps1501 (798 kb),
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Isc2 (2.159 Mb), sap18 (2.14 Mb), cgi121 (921 kb), pusl (2.12 Mb), dph5 (2.103 Mb)
and gcs2 (1.895 Mb). Five genes were positioned close to the tpx1 locus: Isc2, sap18,
pusl, dph5 and gcs2. Two of which (Isc2 and gcs2) seemed to have undergone
recombination with the wild-type tpx1* with the data generated from PCR test so far.

5.2.2.6 Estimating the rate of loss of the tpx1¢1%% mutation

To investigate the reversion rate of the C169S point mutation to wild-type tpx1™ further,
the null mutations spotted around the periphery of each QFA plate were analysed.
Increased space/nutrients for growth, affects the growth of spots at the periphery of the
plate. Therefore, each peripheral spot on the library plates includes the same gene
mutation, mug134A, so that interactions of test strains with other genes are only analysed
in central positions. If there was a high rate of reversion/recombination of the tpx1¢169%
allele then we would expect that this should be detected by increased H2O- resistance
amongst some of these isolates. Hence photographic images generated during the QFA,
were analysed to determine how many of the 76 tpx1°*%**mug134A isolates had increased
H20:> resistance (table 5.3).

Reversion

Plate no. Rate (%)

hld=|Ww |t | —
—_ | — —y S
] 1] Rl L7531

Table 5.3 Estimation of the potential ‘reversion rate’ of
tpx1©169Smug134A strains to wild-type tpx1*. The possible
rate of loss of tpx1°1%% (reversion rate) was estimated from
the number of the 76 tpx1°*®mug134A spots with increased
H20> resistance.

136



This suggested that loss of H20> sensitivity, presumably the result of recombination/loss
of tpx1°1%% could have occurred at a detectably high frequency, particularly in library
plate 1 (23 %). The reversion rate dropped with the fitness of each library plate (plate 1
represents the fittest in the gene deletion library, with plate 5 representing the least fittest
gene deletions tested by QFA). This result suggested that it would be difficult to
distinguish a strain where the tpx1©1%% allele was lost and wild-type tpx1* restored, from

one where the detected gene had affected rescue of H20- resistance.

5.2.2.7 Median QFA revealed an additional 15 candidate genes as suppressors of the
H20: sensitivity of tpx1¢16%S

In order to account for variability between repeats, QFA data was re-analysed using the
median of the 4 GIS (instead of the mean). The median analysis exhibited a large overlap
of candidate genes with the mean analysis. However, this also revealed an additional 15
candidate genes predicted to have increased stress resistance in comparison to tpx1©16%
(ZU11) (table 5.4). Included in this list were 4 transmembrane transporters
(SPCC576.17c, gms2, ght2 and sutl) and a vacuolar transmembrane chaperone complex

subunit, vtc4.
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Gene Name

Description

snf22 ATP-dependent DNA helicase
lys3 saccharopine dehydrogenase
SPCC576.17c |pyridoxamine/pyridoxine/pyridoxal transmembrane transporter
oms2 UDP-galactose transmembrane transporter
musS1 Holliday junction resolvase subunit
argll N-acetyl-gamma-glutamyl-phosphate reductase/acetylglutamate kinase
argd arginine specific carbamoyl-phosphate synthase
naa30 NatC N-acetyltransferase complex catalytic subunit
mbx2 MADS-box transcription factor
oht2 hexose transmembrane transporter
vicd vacuolar transmembrane chaperone complex subunit
SP4C644.09 |alanine racemase
SPBC249.02 INAD dependent epimerase/dehydratase family protein
sutl alpha-glucoside transmembrane transporter
egt? ergothioneine biosynthesis protein

Table 5.4 Median suppressor analysis of the tpx1©16% QFA generated an
additional 15 candidate genes predicted to contribute (upon deletion) to the H202
sensitivity of the tpx1C169S (ZU11). The tpx1°1%% QFA data was analysed using the
median GIS score to order candidate gene hits.

5.2.2.8 Reconstruction of the tpx1¢1%°Sarg4A strain revealed the suppression of

tpx 1189 H,02 sensitivity was not due to the deletion of arg4

Six of the 15 additional strains from the median analysis (arg4A, argl1A, ght2A, gms2A,
SPAC644.09A and lys3A) were re-crossed manually with tpx1¢1%% (ZU11), and spot tests

were conducted to test H.O> sensitivity. However, none of the 6 double mutant strains

were more H20; resistant than the tpx1¢1%% (ZU11 or isogenic strain) so the basis of the

isolates increased H»>O: resistance, was undetermined, but not due to loss of the

associated gene (figure 5.13).
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Figure 5.13 Spot test analysis performed on isogenic strains (tetrad in purple)
generated from manually crossing tpx1©16% (ZU11) with arg4A (Bioneer) with
and without H202. Exponentially growing isogenic strains, and starting strains
(tpx1™ (ZU10) and tpx1°1%% (ZU11)) were spotted onto agar with and without
H20:.
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5.2.2.9 H20:2 resistance of the tpx1¢1%%Scgi121A isolate 4 strain does not follow the
deletion of cgil21

Next, we investigated the basis of the increased H20- resistance phenotype of the
tpx1©18%¢gi121A isolate 4, in which the C169S mutation was retained (section 5.2.2.5).
First, the tpx1%%Scgi121A isolate 4 strain (ZU24) was back-crossed with tpx1©16%
(ZU11), to test whether the increased H20- resistance was linked to the cgil21 marker.
The strains generated were patched onto different selection plates to test for genotype and
H20:> resistance (table 5.5). This revealed that the H2O> resistance phenotype did not
follow the kan® marker of the cgi121A (spore B4 (ZU30)).
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Genotype Growth on selective media
Tetrad | Spore Genotype -URA +Kan +Nat +H,0,
B 3 tpx1*cgil 21 A X v X v
4 px1€1%cgi121* | x v v
5 tpx1€10%cgi] 21+ v x v x
A 6 tpx1€19%cgil2IA | v v v v
7 tpx 1€1%cgi] 21 A X v v x
9 tpx]*egil 21" X X X v

Table 5.5 Growth analysis of spores from backcrossing the tpx1©6%Scgil21A
isolate 4 (ZU24) with tpx1©16% (ZU11). Following the mating of
tpx1¢16%5¢gi121A isolate 4 (ZU24) with tpx1©1%% (ZU11), spores were separated

by manual dissection, and patched onto agar selection plates (EMM+HAL,

YESS + 1 mg/ml G418, YE5S + 1 mg/ml clonNAT and YE5S + 1 mM H20 ).

The growth of each spore on different selection plates was recorded (v' =
growth, x = no growth). The spore B4 (ZU30) demonstrates that the H.O>

resistance phenotype does not follow the deletion of cgil21. The fourth spore in

each tetrad did not give rise to a colony.

Indeed, the backcrossed tpx1©%%5¢gi121* (ZU30) strain had a similar H2O- resistance to
the tpx1°1%%5¢gi121A isolate 4 strain (ZU24) (figure 5.14). Excitingly, this indicates that
the H2O> resistance is due to an additional unidentified mutation in this strain. This also

explains why no increase in stress resistance was observed when cgi121A and tpx1¢16%

were re-crossed manually (figure 5.11).
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Figure 5.14 Analysis of the H202 resistance of the tpx1¢°Scgi121* (ZU30)
strain. Growth of serially diluted exponentially growing tpx1¢1%% (zU11),
tpx1¢1%%cgi121A #4 (ZU24) and tpx1©1%%cgi121* (ZU30) cells spotted onto YE5S
plates containing the indicated concentrations of H2Oa.

Previous work established that loss of txI1, a thioredoxin-like protein, rescues the H20>
resistance of tpx1°1%% to wild-type levels (Brown et al., 2013). Hence, to test whether the
increased resistance might be due to loss of txI1 , the txI1 open reading frame in
tpx1¢1%%cgi121A isolate 4 (ZU24) was sequenced. No mutations were found in the txI1
ORF, however this does not rule out mutations in the promoter which prevents txI1

expression.

5.2.2.10 Pap1 oxidation in response to 0.2 mM H20: is restored in the

tpx1¢1695¢gi121* strain

In tpx1©18% mutant cells the activation of Pap1, that is required for adaptation to H.0x, is
prevented. Hence, we tested whether the increased H»O: resistance of the H2O,-resistant
tpx116% strain (tpx1©1%%Scgi121* (ZU30)) reflected restoration of Papl activation. In
unstressed cells, Tpx1 is in monomeric form and Pap1 is reduced (figure 5.15). We can
infer that the thioredoxin reductase (trrl) in tpx1©1%%cgi121* is also not mutated (and still

functional), as Papl is not constitutively oxidised in this strain.
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Figure 5.15 Analysis of Tpx1 and Papl oxidation in the tpx1¢1%9Scgi121*
(ZU30) strain. Oxidation state of Pap1 and Tpx1 in tpx1* (ZU10), tpx116%
(ZU11), tpx1C18%txI1A (JB92) and tpx1¢1%%Scgi121* (ZU30) cells, analysed by
western blot using anti-Tpx1 and anti-Papl antibodies before and after 1 min

exposure to 0.2 mM H20..
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As expected, following treatment with 0.2 mM H,O, for 1 minute, Papl oxidation and the
formation of Tpx1-Tpx1 dimers were detected in the tpx1™ (ZU10) strain, and not in the
tpx1¢16% (ZU11) strain (Brown et al., 2013). In the tpx1¢1%%cgi121* strain, although the
absence of Tpx1-Tpx1 disulphides indicates that actively cycling Tpx1 is absent, Papl
was oxidised to its active form. This suggests that the thioredoxin peroxidase activity of
Tpx1 is dispensable for Papl activation in these cells, despite the apparent presence of
TxI1.

As expected, H,02-induced Papl oxidation was also restored in the tpx11%%tx11A (JB92)
strain. However, we were surprised to detect H.O2-induced formation of Tpx1-Tpx1
disulphides, this suggested that the tpx1©%% mutation might have reverted to generate a
wild-type tpx1*. Hence, the tpx1°1®%txI1A strain was re-constructed by manually re-
crossing tpx1©16% (JR42) and txI1A (EV76), and plating out spores isolated by random
sporulation (section 2.1.4). The H2O resistance and oxidation of Papl was assessed in
several of the resulting strains (figure 5.16). As expected, the tpx1* strains tested (JR68
and EV76) displayed wild-type levels of H202 resistance at low levels of H2.O2 (up to 0.3
mM); although, as previously observed (Brown and Veal, unpublished), EV76 was more
sensitive than JR68 at 1 mM H,0,. The growth of tpx1©1%% (JR42) was inhibited by 0.1
mM H20;, and the newly constructed tpx1°%txI1A (ZU59, ZU60, ZU61, ZU62) strains
showed similar sensitivity to H.O> (figure 5.16A); suggesting that loss of txI1 did not
restore the H2O- resistance of a tpx1°%% mutant to wild-type tpx1* levels. Moreover,
Pap1l oxidation was not restored following exposure to 0.2 mM H20; for 1 min (figure
5.16B), in contrast to the previous work with the original tpx1*%txI1A strain (JB92)
(Brown et al., 2013). Thus, these data raised the possibility that, like the tpx1©1%%cgi121A
#4 (ZU24) isolate identified by our screen, the restoration of Papl oxidation and
increased H,0 resistance in the original tpx1°1%%txI1A strain (JB92) was not associated

with loss of the deleted gene.
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Figure 5.16 Effect of loss of TxI1 on the [A] H20: resistance and [B] H20:-
induced oxidation of Pap1 in tpx1¢1%%S mutant cells. [A] Growth of serially
diluted exponentially growing tpx1* (JR68), tpx1¢1%% (JR42), txI1A (JB9I9) and
tpx1C18%txI1A (ZU59, ZU60, ZU61, ZU62) cells spotted onto plates containing the
indicated concentrations of H2O». [B] Oxidation state of Papl in tpx1™ (JR68),
tpx1°16% (JR42) and tpx118%txI1A (ZU59, ZUG0, ZU61, ZU62) cells, analysed by
western blot using anti-Papl antibodies before and after 1 min exposure to 0.2 mM
H20..

However, the presence of wild-type Tpx1 in the revived JB92 strain, which was
confirmed by sequencing, made it impossible to use this strain to identify the cause of the
restored Papl activation we had previously observed. Moreover, when the oxidation state
of Papl and Tpx1 were re-examined in tpx11%%5cgi121* (ZU30) and tpx1°¥®%StxI1A
(JB92) Tpx1-Tpx1 disulphides were detected in both strains following exposure to 0.2
mM H20; (figure 5.17). These data suggested that tpx1©*%%S may also have spontaneously
reverted to wildtype tpx1* in the tpx1©*%%5cgi121* (ZU30).
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Figure 5.17 Analysis of the oxidation of Tpx1 and Papl in the
tpx1¢1695¢cgi121+ (ZU30) strain. Oxidation state of Pap1 and Tpx1 in
tpx1* (ZU10), tpx1©1% (ZU11), tpx1°18%txI1A (JB92) and
tpx116%cgi121* (ZU30) cells, analysed by western blot using anti-
Tpx1 and anti-Papl antibodies before and after 1 min exposure to 0.2
mM H0..
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5.2.2.11 Identification of tpx1¢1%%S-containing strains with increased H20: resistance

despite absence of H202-inducible Papl oxidation

4 of the 14 H»O,-resistant screen isolates that generated a PCR product with the nmtend
primer (section 5.2.2.5) indicating that the 3> end of the tpx1©1%% had not been lost by
recombination, were revealed, by sequencing, to bear a wild-type tpx1* (tpx1¢1%%puf3a,
tpx1°89grx1A, tpx1©1%%pfasA and tpx1©%9dis1A). This revealed that screening with the
nmtend primer was not a reliable way to screen for the presence of the tpx1©%% allele.
Moreover, this suggested that spontaneous reversion might be responsible for the
increased resistance of many of the strains isolated by the screen. Indeed, when the
oxidation state of Tpx1 was examined in the other 10 H20O.-resistant isolates 5
(tpx1°18%rps601A, tpx1©18%rps1501A, tpx1©18%Shsr1A, tpx1©16%SSPCC126.13cA and
tpx1©1%%dph5A) were found to form Tpx1-Tpx1 dimers in response to 0.2 mM H20>
(figure 5.18). As expected, this reversion to wild-type tpx1* was accompanied by
restoration of H20O-inducible Papl oxidation. However, the 5 remaining strains
(tpx1©1%SspndA, tpx11%%uds1A, tpx1°1eSSPBC83.19¢A, tpx1°1**SPAC11G7.01A and
tpx1©1%%pus1A) were unable to form Tpx1-Tpx1 dimers following H202 exposure,
indicating that strains had retained the tpx1©*%% mutation (figure 5.18). Intriguingly, this
suggested that the H.0 resistance of these 5 tpx1°1%% mutant strains was increased
compared with tpx1°1%% even in the absence of Pap1 oxidation.
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Figure 5.18 Analysis of the oxidation of Papl and Tpx1 in H202-resistant
isolates identified by screen. Oxidation state of Papl and Tpx1 in tpx1*
(ZU10), tpx1©16% (zU11), and the following H,O-resistant isolates identified
by the screen: tpx1©%%rps601A, tpx1©8%rps1501A, tpx1©%Sspn4A,
tpx1°16%uds1A #2, tpx1©9%Suds1A #4, tpx1¢1%hsr1A, tpx1¢%9SSPBC83.19cA,
tpx1C169SPCC126.13A, tpx1©18%5grx1A #1, tpx1©15%5dph5A,
tpx1C189SSPAC11G7.01A, tpx1¢%%Spus1A. Cells were analysed by western blot
using anti-Tpx1 and anti-Papl antibodies before and after 1 min exposure to
0.2 mM H;0,.
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To investigate this further, the H,O2-resistance of these 5 strains (tpx1°1%%spn4A,
tpx1¢18%uds1A, tpx1C9SSPBC83.19cA, tpx1C18%SPAC11G7.01A and tpx1©%%Spus1A)
were re-examined by spot test (figure 5.19A). Although the tpx1©1®%uds1A,
tpx1©1%%SPBC83.19¢A isolates appeared to be have a similar H20; sensitivity to the
parent tpx1©19% strain, this analysis confirmed that 3 strains (tpx1¢1%spn4A,
tpx1C189SSPAC11G7.01A and tpx1©%%Spus1A) were more H20; resistant than tpx1©16%
(ZU11).
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Figure 5.19 Spot test analysis on the H20:2 resistant strains that retained the
C169S mutation. [A] Spot test analysis of the 5 strains predicted to have increased
H20:2 resistance and retained the C169S mutation. Growth of serially diluted
exponentially growing tpx1* (ZU10), tpx1¢16% (ZU11), txp1¢1%%txI1A (JB92), and the
following isolates from the screen: tpx1°1%%spndA, tpx1¢%uds1A,
tpx1¢19%SPBC83.19¢A, tpx1©1%%SPAC11G7.01A and tpx1¢%pus1A spotted onto
plates containing the indicated concentrations of H2O.. [B] Spot test analysis of
isogenic strains from re-crossing tpx1°1%% (ZU11) and spn4A (Bioneer). Growth of
serially diluted exponentially growing tpx1* (ZU10), tpx1¢%% (zZU11), and strains
generated from manually re-crossing tpx1¢1%% and spn4A (tetrad in purple) spotted
onto plates containing the indicated concentrations of H.O>. [C] Spot test analysis of
isogenic strains from re-crossing tpx1¢1%% (ZU11) and SPAC11G7.01A (Bioneer).
Growth of serially diluted exponentially growing tpx1* (ZU10), tpx1©1%% (ZU11), and
strains generated from manually re-crossing tpx1©1%% and SPAC11G7.01A (tetrad in
purple) spotted onto plates containing the indicated concentrations of H2O».
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Next, we set out to determine whether deletion of spn4, SPAC11G7.01 or pusl was
responsible for this increased H20> resistance. As there are likely to be some errors in the
positioning of gene mutants in the library, we first confirmed by PCR (primers: Spn4 FP,
Spn4 RP, SPAC11G7.01 FP, SPAC11G7.01 RP, Pusl FP and Pusl RP) that these genes
were the ones that were deleted in these isolates. Strains tpx1©1%% (ZU11) and spn4A or
SPAC11G7.01A (Bioneer) were manually re-crossed. However, the double mutants
generated were not more H,O; resistant than the tpx11%% (figure 5.19B and C). This
suggests that the increased H,O- resistance of the tpx1“1*spn4A and
tpx1©189SSPAC11G7.01A isolated in the screen, is due to an unidentified background
mutation, rather than the loss of the candidate gene. These strains were retained for future
analysis but, to circumvent the problems with recombination/loss of the point mutation in
tpx1, an SGA screen using a tpx1A strain was also carried out.

5.2.3 SGA analysis of tpx1A identified candidate H20:2 regulated proteins

5.2.3.1 Replacing ura4* with a nat(MX6) cassette has no effect on growth of tpx1A

strain

To undergo SGA analysis, a nourseothricin-resistant (NAT") tpx1A strain was generated
(figure 5.1B). Spot tests were conducted on the starting tpx1A (VXOO0), the generated
NAT" tpx1A (ZU12), as well as a tpx1* (SW61) strain (figure 5.20). This revealed that the
2 tpx1A strains had similar growth on YE5S at 30 °C, indicating that recombining out the
ura4 gene with a natM X6 cassette had no effect on the growth of cells. As expected, both
tpx1A strains grew more slowly than the tpx1™ strain, suggesting that, as well as genes
essential for growth in a tpx1A, an SGA screen might also identify gene deletions that

improved growth.
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|

Figure 5.20 Spot test analysis of the growth of
tpx1A (VXO0O) and nourseothricin-resistant tpx1A
(ZU12). Exponentially growing cells tpx1* (SW61),
tpx1A (VXOO) and tpx1A (ZU12) were spotted onto
YESS agar to investigate growth.

5.2.3.2 SGA analysis of tpx1A identified candidate genes important for the growth of
tpx1A

To identify genes important for growth in a tpx1A, high through-put genetic screening
was conducted by the HTSF at Newcastle University. The tpx1A (ZU12) was
systematically crossed with approximately 3,400 non-essential gene deletion strains
(Bioneer) to generate a synthetic genetic array, to allow genome-wide mapping of
synthetic genetic interactions (section 2.2.1.1, figure 2.1). Photographs of the final plates
were taken using splmager software, and cell density was calculated using the image
analysis tool Colonyzer (section 2.2.1.2). The fitness of the generated strains on YE5S
were ordered by genetic interaction score (GIS). The SGA was repeated twice, and results
were compared to a range of wild-type controls previously conducted by the HTSF: ural,
urab, potl, ZU10.

To identify genetic interactions which enhanced the growth defect of tpx1A, the bottom
55 candidate genes (the 55 genes with the highest negative GIS) were taken from
comparing the tpx1A SGA against the ural SGA (figure 5.21), and comparing the tpx1A
SGA with the ura5 SGA, for both tpx1A SGA repeats (essentially 8 repeats in which each
candidate is screened in quadruplet per screen). From this analysis, there were 21
candidate genes which came out in all 4 comparisons (table 5.6). Interestingly, when
comparing the list of enhancers of the growth defect for tpx1A (table 5.6), with the list of
enhancers of the growth defect for tpx1©1%% (table 5.1), there was only one candidate gene
which came out of both analyses: cttl (catalase). This suggests that different genes may

be more important for growth in the tpx1©*%% than in a tpx1A mutant.
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Figure 5.21 Fitness of the Bioneer deletion library crossed with the first tpx1A
SGA (y-axis), compared to the fitness of the Bioneer deletion library crossed
with the tpx1* wild-type strain ural (x-axis). The red circle represents gene
mutants which have enhanced the growth defect of tpx1A (hits with the highest
negative GIS).
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Average

GIS Position | Gene Name |Gene Description:
2.75 alg8 gglucosyltransferase
5.25 spt8 SAGA complex subunit
7.75 pngl ING family homolog
9.75 ubcb ubiquitin conjugating enzyme E2
11.75 sipl Pof6 interacting protein Sip1, predicted AP-1 accessory protein
12 ubp12 CSN-associated deubiquitinating enzyme
12.5 glyl threonine aldolase
12.75 algs dolichyl-phosphate beta-glucosyltransferase
14.75 meul5 Schizosaccharomyces pombe specific protein
17.5 SPBC1652.02 JAPC amino acid transmembrane transporter
18.25 gst2 jglutathione S-transferase
20.25 ogml protein O-mannosyltransferase
20.75 pcyl cholinephosphate cytidylyltransferase
24.75 SPBC1773.12 [transcription factor, zf-fungal binuclear cluster type
28.25 SPCC126.08c |lectin family glycoprotein receptor
30.25 arp4?2 SWI/SNF and RSC complex subunit
33.75 cttl catalase
34 publ HECT-type ubiquitin-protein ligase E3
41.75 spfl Set1C PHD Finger protein
42.25 cog5 C-methyltransferase
43.75 svfl Svfl family protein

Table 5.6 Gene names and descriptions for the 21 candidate genes that enhance
the tpx1A growth defect (highest negative GIS). The list of candidate genes that had
the highest negative GIS (that were detected in the bottom 55 hits) in both tpx1A SGA
replicates, with both the ural and ura5 wild-type tpx1* comparisons. Candidate genes
have been ordered by their average GIS position. The gene highlighted in red, cttl, is
the only hit to also come out as a synthetic sick interaction with both the tpx1¢16%
SGA replicates.
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Moreover, when comparing the synthetic sick interactions from table 5.6, with
orthologues from tsalA screens conducted in S. cerevisiae (Huang and Kolodner, 2005;
Molin et al., 2011; Hanzén et al., 2016; Pan et al., 2006), only one gene, URE2
(YNL229C), that is related in sequence, if not function, to GST2, was recorded as having
a synthetic sick interaction in a tsalA (Molin et al., 2011). Surprisingly, this revealed
much less overlap with S. cerevisiae tsalA screens than with the synthetic sick hits from
the tpx1©1%% SGA analyses.

5.2.3.3 SGA analysis of tpx1A identified candidate genes that suppressed the growth
defect of tpx1A

Next, we examined the data to determine if we could identify candidate suppressors of the
growth defect of tpx1A, or candidates for mutants that are rescued by the loss of tpx1. The
SGA analysis was conducted on cells pinned from solid media, rather than exponentially
growing in liquid media, as in figure 5.8 and in QFA, likely making the difference
between the growth of the tpx1A mutant and wild-type strains less pronounced.
Nevertheless, we noted that, when the fitness of the first or second tpx1A SGA was
compared to the control ural library (figure 5.22) (figure 5.23), although most strains had
a similar fitness in both backgrounds, similar outliers, with a positive GIS score were
observed. Accordingly, 9 candidate genes, came out in the top 1 % (32 strains) with the
highest positive GIS, in at least two comparisons (with ural, ura5, potl or ZU10), or in
more than one of the SGA repeats, were short-listed for further testing (table 5.7). The
strain in which loss of tpx1 had the greatest effect on growth was lys9A; an average GIS
position of 221 in tpx1™ SGA, compared to 3067 in tpx1A SGA. These 9 candidate genes
were short-listed for verification, as well as txI1 as this had previously been reported to

rescue the H,0; resistance of tpx1©% (Brown et al., 2013).
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Figure 5.22 Fitness of the Bioneer deletion library crossed with the first
tpx1A SGA (y-axis), compared to the fitness of the Bioneer deletion library
crossed with the tpx1* wild-type strain ural (x-axis). The blue circle represents
gene mutants which have suppressed the growth defect of cells expressing tpx1A
(hits with the highest positive GIS).
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Figure 5.23 Fitness of the Bioneer deletion library crossed with the second
tpx1A SGA (y-axis), compared to the fitness of the Bioneer deletion library
crossed with the tpx1* wild-type strain ural (x-axis). The blue circle represents
gene mutants which have suppressed the growth defect of cells expressing tpx1A
(hits with the highest positive GIS).
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Average | Average | Average

Gene Human SGA SGA SGA

Name orthologue

Gene Description position | position | position
with with with
q)x1+ @xlflﬁ.‘ﬂ q)xIA

csn5 copss ~ COPYsignalosome 1121 2517 3074
complex subunit
Iys9 AASS S ST 21 1539 3067
' dehydrogenase
Ubiquitin protein
ligase E3
mlo2 UBR7 component human 308 561.5 3068
N-recognin 7
homolog
pmkl MAPK?7 MAP kinase 138 2236.5 2687
oca3 EMC2 TPR repeat protein 1101 1846.5 2031
cAMP-dependent
pkal PRKACG  protein kinase 2434 4595 3025.5
catalytic subunit
Dynactin
microtubule-
ssm4 CLIP2 .o : 1865 2806.5 1144
binding subunit,
p150-Glued
alyl - Arrestin related 2527 2610 2487.5
SP4C1952. Acetyl-CoA
09¢ - e 2269 2673.5 2895.5

Table 5.7 Gene names and descriptions of the 9 candidate genes which
consistently suppressed the growth defect of tpx1A. The list of candidate genes
which generated a high positive GIS in either tpx1A SGA repeat 1 and 2, or with
more than wild-type tpx1™ strain. The average GIS position of the gene from the
tpx1A SGA is reported alongside the average GIS position with tpx1* and tpx1©16%,
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5.2.3.4 Ten of the double mutants generated from tpx1A SGA analyses suppressed
the growth defect and H20: sensitivity of tpx1A

When spot test analysis was performed to assess the growth and H20- sensitivity of each
of the SGA-generated strains bearing a candidate suppressing mutation (csn5, lys9, mlo2,
pmk1, oca3, pkal, ssm4, alyl, SPAC1952.09c or txI1) (figure 5.24), the growth of all 10
strains was similar to wildtype. Moreover, although all 10 strains were inhibited by lower
doses of H>O; than the wildtype strain, their H2O- resistance of these strains was much

greater than that of the tpx1A strain.

0 0.1 0.2 0.4 0.5 1 (mM)
tpxI* (SW61) 1,0,
tpxIA (ZU12)

tpxIAcsn5A

tpx1 Alys9A

tpx1Amlo2A

tpx1ApmkIA

tpxIAoca3A

tpx1 AtxlIA | li

1 (mM)

0 0.1 0.2 0.4 0.5
tpxI” (SW61) H0,
ipxIA (ZU12)
tpx1Apkal A
tpx1Assm4A
tpx1Aalyl A
tpx]ASPACI1952.09cA

Figure 5.24 Spot test analysis of the 9 strains identified from the tpx1A SGA
suppressor analysis. Growth of serially diluted exponentially growing tpx1*
(ZU10), tpx1A (ZU12), and the following isolates from the screen: tpx1Acsn5A,
tpx1Alys9A, tpxIAmlo2A, tpx1Apmk1A, tpx1Aoca3A, tpx1AtxI1A, tpx1ApkalA,
tpx1Assm4A, tpx1AalylA, tpxLASPAC1952.09cA spotted onto plates containing
the indicated concentrations of H20..
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5.2.3.5 Deletion of five of the candidate genes suppressed the growth defect, and

H20:2 sensitivity, of tpx1A when manually re-crossed

To validate the improvement of growth and H2O: resistance, 7 of the candidate strains
(csn5A, lys9A, mlo2A, pmk1A, oca3A, pkalA and ssm4A) were manually re-crossed with
tpx1A (ZU12), and random spores generated (section 2.1.4). The double mutants
generated were spotted onto different agar to compare growth with the Bioneer single
mutant (e.g. pmk1A), and with the tpx1A (ZU12) starting strain (figure 5.25). Also spotted
was a “tpx1A”; a NAT" (but kanamycin-sensitive) colony formed from a mating and
random sporulation protocol. Unexpectedly, this strain demonstrated growth similar to
wild-type tpx1* strain. We therefore speculated that this strain may have recombined to

express tpx1*, but retain the nat(MX6) cassette.

Five (tpx1Apmk1A, tpx1ApkalA, tpx1Assm4A, tpx1Alys9A and tpx1Acsn5SA) of the 7 re-
crossed strains demonstrated improved growth on YE5S and EMM compared with tpx1A
(ZU12). Strains were also spotted onto 3 % glycerol agar where 3 of the strains
(tpx1Assm4A, tpx1Alys9A and tpx1Acsn5A) had improved growth compared with tpx1A
(ZU12). This indicated that deletion of ssm4, lys9 and csn5 may have improved
mitochondrial respiration of tpx1A.
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Figure 5.25 Spot test analysis of the 5 re-crossed suppressor
strains to compare growth. The Bioneer single mutant strains (e.g.
pmk1A) were re-crossed with the tpx1A (ZU12) to generate double
mutant strains (e.g. tpx1Apmk1A). Serially diluted exponentially
growing tpx1* (SW61), tpx1A (ZU12), “tpx1A”, pmk1A, tpx1Apmk1A,
pkalA, tpx1ApkalA, ssm4A, tpx1Assm4A, lys9A, tpx1Alys9A, csnbA,
tpx1Acsn5A were spotted onto YESS, EMM and 3 % glycerol plates.
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Strains were also spotted onto YES5S agar containing a range of concentrations of H,0>
(figure 5.26). This revealed that tpx1Assm4A, tpx1Alys9A and tpx1Acsn5A had restored
H20: resistance to wild-type H20> levels (up to 1 mM). The tpx1Apmk1A strain had
increased H20- resistance compared to tpx1A, however started to become sensitive at
around 1 mM, a concentration that was too low to inhibit the growth of pmk1A cells.
Similar observations were made for the tpx1ApkalA strain although the single mutant

pkalA strain was also more sensitive at 1 mM H>0O» than wild-type S. pombe.
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Figure 5.26 Spot test analysis of the 5 re-crossed suppressor strains to compare
H20:2 resistance. The Bioneer single mutant strains (e.g. pmk1A) were re-crossed
with the tpx1A (ZU12) to generate double mutant strains (e.g. tpx1IApmk1A).
Serially diluted exponentially growing tpx1* (SW61), tpx1A (ZU12), “tpx1A”,
pmk1A, tpxIApmK1A, pkalA, tpx1ApkalA, ssm4A, tpx1Assm4A, lys9A,
tpx1Alys9A, csnbA, tpxLAcsn5A were spotted onto YESS plates containing the
indicated concentrations of H2Ox.
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5.2.4 Investigating whether Pkal is regulated by H202/Tpx1

The pkal candidate gene was chosen for further work, as the partial rescue in resistance
of tpx1ApkalA to 1 mM H20,, indicated that this improvement in growth in the presence
of H202 was not due to a recombination event to gain a tpx1™. pkal encodes the single
cAMP-dependent protein kinase catalytic subunit. Moreover, previous work identified
that Pkal co-immunopurified with Tpx1 dependent on the presence of the peroxidatic
cysteine in Tpx1 (Latimer thesis, 2017). This raised the possibility that Tpx1 might form

disulphide complexes with Pkal.
5.2.4.1 Investigating the genetic interaction of tpx1 and pkal

The tpx1A (ZU12) strain was re-crossed with pkalA (Bioneer). 26 of the tetrads generated
were manually dissected, and the spores that formed were patched onto selection plates to
determine genotype (table 5.8). Spores that did not form a visible colony were viewed
under a microscope and the number of cell divisions, or ungerminated spores, recorded.
From this analysis it was revealed that only 43 % of spores formed visible colonies.
Indeed, the lab has previously encountered difficulty in crossing the tpx1A strain. The
frequency of double mutants generated (tpx1ApkalA) was 27.6 %. Of the 52 spores
expected to be tpx1A, only 9 grew (17.3 %): 8 were tpx1ApkalA and 1 was tpx1Apkal™.
This data indicated that deleting pkal in a tpx1A improved cell viability. Indeed, deletion
of pkal has previously been reported increase mating efficiency, increase sporulation
frequency and increase viability in stationary phase (Kim et al., 2014; Fujita and
Yamamoto, 1998; Maeda et al., 1994; Gupta et al., 2011a).
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Genotype of spores:
Tetrad

no. 1 2
1 2 cells 4 cells
2 4 cells -
3 4 cells tpxIApkalA 4 cells
4 4 cells - _
5 - - -
6 tpxIApkalA -
7 - 6 cells fpxIApkal A
8 4 cells - _
9 - -
10 8 cells fpx1ApkalA

ot
ot

12 - - -

14 - - -

15 -

16 tpxIApkalA 5 cells

17 | soxiApkain

18 6 cells - 5 cells

20 4 cells tpxI Apkal A
21 - 2 cells fpx1Apkal A
22 5 cells - 4 cells

24 - - -

25 - - -

26 2 cells 4 cells _

Table 5.8 Genotype analysis of 26 tetrads generated from re-crossing
tpx1A (ZU12) with pkalA (Bioneer). Following dissection, spores that
formed colonies were patched onto selection plates to determine genotype:
wild-type tpx1*pkal® in green, single mutants tpx1*pkalA in orange,
tpx1Apkal® in red and double mutants tpx1ApkalA in yellow. Spores which
didn’t grow to colony sizes were viewed under a microscope and cells which
had stopped dividing were counted. The -’ indicates an ungerminated spore.
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To assess whether the tpx1ApkalA strains had improved growth compared to tpx1A; 3 of
the tpx1ApkalA mutants generated (ZU72, ZU73, ZU74) were assessed by conducting
growth curves and spot tests onto different agar plates (figure 5.27). The three
tpx1ApkalA strains grew at a similar rate, and had the slowest growth in liquid culture
compared with all other strains (figure 5.27A). The two tpx1A strains (ZU12 and the
isogenic tpx1Apkal®) had a similar growth rate to each other, and slightly improved
growth compared to tpx1ApkalA. As expected, the 3 strains expressing wild-type tpx1*
grew the fastest in 6 h (ZU10, isogenic tpx1*pkal™ and isogenic tpx1*pkalA). When
spotted onto different agar (figure 5.27B), the 3 tpx1* strains still exhibited high growth
rate on all media, with the tpx1A (ZU12) and tpx1Apkal® strains showing restricted
growth on YE5S, EMM and glycerol in comparison. Unexpectedly, the 3 tpx1ApkalA
strains did not share the same phenotype. Two of the tpx1ApkalA strains (ZU72, ZU74)
had restricted growth on YE5S, EMM and glycerol, more so than the tpx1A strains.
However, one of the tpx1ApkalA strains (ZU73) had improved growth, almost to wild-
type tpx1™ levels on all agar.
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Figure 5.27 Growth curve [A] and spot test [B] analysis of isogenic strains
(tetrad in purple) generated from manually crossing tpx1A (ZU12) with
pkalA. [A] Growth curve analysis of isogenic strains tpx1*pkal®, tpx1 pkalA,
tpx1Apkal® and multiple tpx1ApkalA (ZU72, ZU73, ZU74), and starting strains
tpx1™ (SW61) and tpx1A (ZU12). Overnight YE5S cultures were diluted to ODsgs
= 0.1, and cells were incubated at 30 °C with agitation; the ODsgs was measured
every 2 h for 6 h. [B] Spot test analysis of isogenic strains and starting strains on
different agar. Exponentially growing cells were spotted onto YE5S, EMM or 3
% glycerol agar plates to assess growth. The figure shown is of the YES5S plate
scanned after incubation at 30 °C 72 h, and the EMM and glycerol plates scanned
after 120 h.
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A similar finding was observed when spotting strains onto agar containing different
concentrations of H,O> (figure 5.28A). Strains expressing wild-type tpx1* had
unrestricted growth up to 1 mM H2O., whereas the growth of the two single mutant tpx1A
strains (ZU12 and isogenic tpx1Apkal™) was inhibited in the presence of 0.1 mM H20..
Two of the tpx1ApkalA strains (ZU72 and ZU74) exhibited similar sensitivity to H,O> as
the two single mutant tpx1A strains. However, the tpx1ApkalA (ZU73) strain displayed
partial rescue of H20. resistance up to 0.5 mM H20..

To investigate further, all 8 of the tpx1ApkalA strains generated were patched onto rich
agar with and without 1 mM H20- (figure 5.28B). Only 1 of the 8 strains grew in the
presence of 1 mM H20.; ZU73 — the same strain that displayed partially rescued H20-
resistance by spot test. As 7 of the tpx1ApkalA strains displayed sensitivity to H20>
similar to the tpx1A strains it seems probable that the ZU73 strain may have acquired
another, unidentified, mutation that is responsible for its increased H.O; resistance, rather
than loss of pkal. From this we conclude that, although loss of pkal increases the ability
of tpx1 mutant spores to germinate and form a colony, loss of pkal does not rescue the

growth or H202-sensivity of tpx1A mutant.
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Figure 5.28 Analysis of H20: resistance of isogenic strains generated from
manually crossing tpx1A (ZU12) with pkalA (Bioneer). [A] Spot test
analysis of isogenic strains, and starting strains, in the presence of
different concentrations of H202. Exponentially growing isogenic strains
(tetrad in purple) tpx1™pkal®, tpx1*pkalA, tpx1Apkal® and multiple
tpx1ApkalA (ZU72, ZU73, ZU74) strains, and the starting strains tpx1* (SW61)
and tpx1A (ZU12) were spotted onto YESS containing the indicated
concentrations of H,O>, and were scanned after 72 h at 30 °C. [B] Patch test
analysis of all 8 tpx1ApkalA strains to determine typical resistance to 1
mM H20:2. All 8 tpx1ApkalA strains (including ZU72, ZU73 and ZU74)
generated from the cross of tpx1A (ZU12) with pkalA (Bioneer), were patched
onto YESS plates with or without 1mM H:O: to assess the differences in H20>
resistance between strains.
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5.2.4.2 Investigating whether Pkal undergoes oxidation in response to 0.2 mM H20z,

and whether this is via interaction with Tpx1

As Pkal had a genetic interaction with Tpx1, and had previously been identified as a
potential Tpx1©1%% interacting protein (Latimer thesis, 2017), we set out to investigate
whether Pkal underwent oxidation in response H2O.. Cells expressing Myc-tagged Pkal
were treated with 0.2 mM H20> and assessed by western blot (figure 5.29). A band
corresponding to Myc-tagged Pkal (that was not present in the Pkal® lanes) was observed
~90 kDa (figure 5.29A). This band exhibited a shift in mobility following treatment with
AMS. AMS reacts with reduced protein thiols resulting in protein-AMS adducts which
increases the mass by ~0.5 kDa (Rudyk and Eaton, 2014). Pkal expresses 7 cysteine
residues, therefore a shift in mobility of ~3.5 kDa may be expected. Interestingly, levels
of Myc-tagged Pkal appear reduced following exposure to 0.2 mM H20.. A longer
exposure of the western blot reveals high molecular weight (HMW) complexes that are
not present in the Pka" lanes (figure 5.29B). This reveals Myc-tagged Pkal undergoing
modification, or forming complexes with other proteins and may explain the differences
in levels of Myc-tagged Pkal observed ~90 kDa.
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Figure 5.29 H20:2 does not affect the mobility of Myc-tagged Pkal.
Western blot analysis ([A] short exposure, [B] long exposure) of Pkal-
Myc (DRG21) or Pkal* (SP870) isolated from cells before or after
exposure to 0.2 mM H»0O; and treated with AMS, as indicated. Anti-Myc
antibody was used to detect Myc-tagged Pkal.
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Next, we investigated whether the formation of the HMW bands of Pkal in response to
0.2 mM H.0;, were affected by the overexpression of Tpx1, or Tpx1°%®S (as indicated by
previous mass spectrometry analysis (Latimer thesis, 2017). Myc-tagged Pkal cells were
transformed with expression vectors Repl, Rep1Tpx1 or Rep1Tpx1%%S treated with 0.2
mM H20; and assessed by western blot (figure 5.30). A low level of HMW bands ~170
kDa were observed in cells expressing endogenous levels of Pkal and Tpx1 (Pkal-Myc +
Repl), as observed previously (figure 5.29). The overexpression of Tpx1 (Pkal-Myc +
Repl1Tpx1) revealed clear HMW H202-induced complexes (~130 kDa and ~170 kDa).
These HMW H20»-induced bands were observed more intensely and at a higher
frequency in cells overexpressing the trapping mutant Tpx1©%%S (Pkal-Myc +
Rep1Tpx1©1%%) in response to 0.2 mM H20; for 1 min, and were more intense following
incubation for 10 mins. All high molecular weight bands disappeared with the addition of

S-mercaptoethanol; which reduces disulphide bonds.
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Figure 5.30 Overexpression of Tpx1, or the trapping mutant Tpx1©16°,
promoted H20:2 induced oxidation of Pkal. Western blot analysis of Pkal
(SP870), or Myc-tagged Pkal (DRG21) expressing Repl, ReplTpx1 or
Rep1Tpx1©1%% isolated from cells following treatment with 0.2 mM H,0;
for 0, 1 or 10 mins. Anti-Myc and anti-Tubulin antibodies were used. Myc-
tagged Pkal samples were run with or without f-mercaptoethanol.
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To investigate whether any of the Pkal HMW complexes contain Tpx1; cells expressing
Myc-tagged Pkal were also transformed with the expression vector Rep1FlagTpx1¢16%,
Cells were treated with H20, and analysed by western blot as previously (figure 5.31).
Excitingly, when comparing the multiple H202-induced HMW bands observed in cells
overexpressing the mutant Tpx11%% with cells overexpressing the flag-epitope tagged
Tpx1©1%S @ shift in mobility was observed. This change in mobility was consistent with
the expected increase in MW likely to result from the presence of the Flag-epitope in the
oxidised Pkal forms that were detected. This result therefore provides evidence of a
direct protein-protein interaction of at least Pkal and TpxZ1. This interaction occurred
more frequently at the longer incubation time (10 mins) with H2O2. The larger high
molecular weight complexes (> 170 kDa) could contain multiple Tpx1 proteins, or

additional unidentified protein complexes.
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Figure 5.31 Pkal forms a mixed disulphide with Tpx1 in response
to 0.2 mM H202. Western blot analysis of Myc-tagged Pkal (DRG21)
expressing Rep1Tpx1°16% or Rep1FlagTpx1©6% isolated from cells
following treatment with 0.2 mM H2O: for 1 or 10 mins. Anti-Myc
antibody was used to detect Myc-tagged Pkal.
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5.2.5 Investigating whether Csn5 is regulated by H202/Tpx1

When re-crossing and testing candidate genes identified by SGA analysis as suppressors
of the tpx1A growth defect (section 5.2.3.5); three separate tpx1Acsn5A strains had shown
a consistent improvement in growth and H20> resistance compared to tpx1A (figure 5.25
and 5.26). Csn5 was therefore chosen as the second candidate gene to undergo further

investigation. Csn5 is a COP9/signalosome complex protease subunit.
5.2.5.1 Investigating the genetic interaction of csn5 and tpx1

To investigate whether deleting csn5 affected the growth of a tpx1A; an independently
generated (using a different strain background) csn5A (KS84) was crossed with tpx1A
(VX00), and underwent tetrad dissection to generate tpx1Acsn5A (ZU57). The growth
of the generated tpx1Acsn5A was monitored in liquid for 5 h (figure 5.32A). The
tpx1Acsn5A exhibited faster growth in liquid than the tpx1A, almost to wild-type tpx1™

growth. However, this would need repeating to a longer time point for confirmation.

The tpx1Acsn5A strain was also spotted onto YE5S, EMM or glycerol agar alongside
tpx1*, tpx14 and csn5A strains (figure 5.32B). The glycerol agar differs to YE5S in that it
is a non-fermentable carbon source and poor growth is indicative of a mitochondrial
defect. When spotted onto YE5S or EMM agar, tpx1Acsn5A had slightly improved
growth compared to the tpx1A (ZU12). However, growth of the tpx1Acsn5A was severely
reduced on glycerol agar compared to tpx1A. This would indicate that deletion of csn5 in
a tpx1A worsens the already apparent mitochondrial defects experienced by the tpx1A

strain (Latimer, Day, Brown and Veal, unpublished).

Exponentially growing cells were also spotted onto YES5S containing different
concentrations of H20- in order to investigate H>O> resistance (figure 5.32C). Excitingly,
the tpx1Acsn5A (ZU57) showed a partial increase in H>O» resistance up to 0.1 mM H2O»,
when compared to the tpx1A. From this we conclude that loss of csn5 slightly rescued the
growth and H.O: resistance of tpx1A mutant.
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Figure 5.32 Growth curve [A] and spot test [B and C] analysis of strains
revealed that deleting csn5 in a tpx1A may slightly improve growth and H202
resistance. [A] Growth curve analysis of tpx1™ (SW61), tpx1A (ZU12), tpx1Acsn5A
(ZU57) and csn5A (KS84) strains at 30 °C in YESS for 5 h. Overnight YE5S
cultures were diluted to ODsgs = 0.1, and cells were incubated at 30 °C with
agitation. [B] Exponentially growing tpx1* (SW61), tpx1A (ZU12), tpx1Acsn5A
(ZU57) and csn5A (KS84) cells were spotted onto YESS, EMM or 3 % glycerol
agar plates to assess growth. The YESS plate was scanned after 3 days, the EMM
and glycerol plates were scanned after 5 days. [C] Serially diluted exponentially
growing tpx1™ (SW61), tpx1A (ZU12), tpx1Acsn5A (ZU57) and csn5A (KS84) cells
were spotted onto YES5S containing the indicated concentrations of H20,. Plates
were scanned after 72 h incubation at 30 °C.
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5.2.5.2 Investigating whether Csn5 undergoes oxidation in response to 0.2 mM H20z,

and whether this is via interaction with Tpx1

To investigate whether we could detect oxidised forms of Csn5 endogenously, or in
response to H2O3; exponentially growing cells expressing Myc-tagged Csn5 were treated
with 0.2 mM H»O; and assessed by western blot (figure 5.33). A band corresponding to
Myc-tagged Csn5 (that was not present in Csn5* lanes) was observed ~70 kDa. Csn5
expresses 5 cysteine residue; this band therefore exhibited a shift in mobility following
AMS treatment. A number of HMW bands were detected, however, the majority were
also present in the Csn5" lanes indicating that they were non-specific for Myc-tagged
Csnb. Excitingly however, a HMW H:0> induced band was detected ~150 kDa in only
Myc-tagged Csn5 following exposure to 0.2 mM H»O; for 1 min. This high molecular
weight complex occurred at greater frequency following 10 mins exposure to 0.2 mM
H20o.
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Figure 5.33 High molecular weight oxidised forms of endogenous
Csnb were detected following exposure to 0.2 mM H202. Western blot
analysis of Myc-tagged Csn5 (AMC350) or Csn5" (NT4) isolated from
cells before or after exposure to 0.2 mM H2O, for 0, 1, or 10 mins, and
treated with AMS as indicated. Anti-Myc antibody was used to detect
Myc-tagged Csnb.
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To investigate whether the formation of the H>O2-induced HMW band of Csn5 was
affected by the overexpression of Tpx1, or Tpx1¢%%S; Myc-tagged Csn5 cells were
transformed with expression vectors Repl, Rep1Tpx1 or Rep1Tpx1%%S treated with 0.2
mM H20: and assessed by western blot (figure 5.34). As observed previously (figure
5.33), a HMW H;O2-induced band was observed ~150 kDa in cells expressing
endogenous levels of Tpx1 (Csn5-Myc + Rep1l) following exposure to 0.2 mM H,0; for 1
min. This HMW complex occurred more frequently following treatment with 0.2 mM
H20> for 10 mins. This H2O2-induced band was also observed in cells overexpressing
Tpx1 (Csn5-Myc + Repl1Tpx1) following exposure to 0.2 mM H20- for 1 min, and with
greater frequency following 10 mins. When overexpressing the trapping mutant Tpx1¢16%
(Csn5-Myc + Rep1 Tpx1°1%9%) multiple HMW H02-induced bands were observed
following 1 min and 10 min exposure to 0.2 mM H20.. These bands were not visible
without H2O- treatment, and disappeared following the addition of f-mercaptoethanol;

which reduces disulphide bonds.
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Figure 5.34 Overexpression of Tpx1, or the trapping mutant
Tpx1©1%%S promoted H202 induced oxidation of Csn5. Western blot
analysis of Csn5 (NT4), or Myc-tagged Csn5 (AMC350) expressing
Repl, Rep1Tpx1 or Rep1Tpx1©% isolated from cells following
treatment with 0.2 mM H20- for 0, 1 or 10 mins. Anti-Myc and anti-
Tubulin antibodies were used. Myc-tagged Csn5 samples were run with
or without s-mercaptoethanol.
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To establish whether any of the Csn5 HMW H20: induced complexes contained Tpx1;
cells expressing Myc-tagged Csn5 were also transformed with the expression vector
Rep1FlagTpx1 or Rep1FlagTpx1©1%%S, Cells were treated with H2O, and analysed by
western blot (figure 5.35). Excitingly, when comparing the ~120 kDa or ~150 kDa H>O»-
induced band observed in cells overexpressing the mutant Tpx1©1%% with cells
overexpressing the flag-epitope tagged Tpx1©%S, a shift in mobility was observed. This
change in mobility was consistent with the expected increase in MW likely to result from
the presence of the Flag-epitope in the oxidised Csn5 forms that were detected. This
result therefore provides evidence of a direct protein-protein interaction of at least Csn5
and Tpx1. It is not clear from this blot whether the other high molecular weight H.O>
induced bands observed in the trapping mutant in the previous blot (~170 kDa) exhibit a
shift in mobility with the addition of a flag-tag. These larger HMW complexes (> 170

kDa) could contain multiple Tpx1 proteins, or additional unidentified proteins.
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Figure 5.35 Csn5 forms a mixed disulphide with Tpx1 in response to 0.2
mM H202. Western blot analysis of cells expressing Myc-tagged Csn5
(AMC350) expressing Rep1Tpx1, ReplFlagTpx1, Rep1Tpx1¢%% or
ReplFlagTpx1©%S isolated from cells following treatment with 0.2 mM
H>0> for 1 or 10 mins. Anti-Myc antibody was used to detect Myc-tagged
Csn5.
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S. pombe have 5 Csn (COP9/signalosome complex protease subunit) proteins: csnl, csn2,
csn3, cns4 and csnb. It is reported that cells have ~3000 copies of Csn5 per cell. In
contrast, levels of Csn3 and Csn4 are non-detectable, whereas cells have 1547 copies of
Csn2, and 834 copies of Csnl (Marguerat et al., 2012). In order to investigate whether
other subunits of the COP9/signalosome complex (in addition to Csn5) are oxidised in
response to H2Oo; cells expressing Myc-tagged Csnl were also transformed with
expression vectors Rep1Tpx1 and Rep1Tpx1°19, treated with 0.2 mM H20-, and
assessed by western blot (figure 5.36). Myc-tagged Csnl was detected ~100 kDa. No
H20; induced HMW bands were detected following exposure to 0.2 mM H2O> for 1 or 10
mins. Therefore Csn5 may be the only subunit of the COP9/signalosome complex
protease that undergoes oxidation by Tpx1 in response to H.O> to exert an effect on cell
growth and H20- resistance.
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Figure 5.36 H202 induced oxidation of Csnl was not detected with
endogenous levels of Tpx1, or with overexpression of Tpx1 or the
trapping mutant Tpx1¢%6%, Western blot analysis of Csn1 (NT4), or Myc-
tagged Csnl (AMC348) expressing Repl, Rep1Tpx1 or Repl1Tpx1¢16%,
isolated from cells following treatment with 0.2 mM H20- for 0, 1 or 10 mins.
Anti-Myc antibody was used to detect Myc-tagged Csnl. Myc-tagged Csnl
samples were run with or without S-mercaptoethanol.
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5.3 Discussion

The aim of this chapter was to use high through-put genetic screening to identify new
candidate H,O> regulated proteins. From SGA work using the mutant tpx1©%, we have
provided preliminary evidence of 31 candidate non-essential S. pombe genes that are
important for growth in the absence of thioredoxin peroxidase activity. Excitingly,
orthologues of six of these candidate genes (rad50, mrell, mmsl, rad57, radl and ada2)
also exhibit a synthetic sick interaction with the peroxiredoxin mutant tsal4 in S.
cerevisiae indicative of a conserved function across species. Interestingly, these candidate
genes were not identified by the tpx1A SGA as important for the growth of a tpx1A. The
tpx1°16% cells exhibit normal growth, but exhibit sensitivity to H.02 due to removal of
their thioredoxin peroxidase activity, and therefore their ability to oxidise and activate the
TF Papl. Tpx1¢t%% does retain some Tpx1 signalling functions however; such as
regulation of H20.-induced Sty1 activation, or formation of disulphide bonds with other
proteins. Whereas, tpx1A cells lack all Tpx1 activity and exhibit an obvious growth defect
in addition to their H20- sensitivity. The distinction between the SGA-generated
candidate genes for tpx1©1%% and tpx1A indicate that some candidate genes may be
important specifically in the presence of Tpx11%%, or the absence of any Tpx1 activity.
Additionally, this finding indicates that the S. cerevisiae tsalA more closely resembles a
S. pombe strain lacking only the Tpx1 thioredoxin peroxidase activity (tpx1©%%), than a
tpx1A; although this may be because S. cerevisiae also express tsa2, so a tsalA still
retains tsa2 activity.

The use of QFA in order to identify suppressors of the tpx1°1%% H,0; sensitivity
phenotype revealed a high rate of reversion of the C169S point mutation to wild-type
tpx1™ (~23 % for library plate 1), as well as a strong selection pressure for unidentified
mutations. In spite of this, work from the QFA of tpx11%% identified a spontaneously
generated allele in the tpx1©1%*%cgi121* (ZU30) strain that restored H»O; resistance and
Papl oxidation in cells lacking the thioredoxin activity of Tpx1. Additionally, QFA of
tpx1°16% also identified 3 other double mutant strains (tpx1*%*Sspn44,
tpx1°18SSPACI1G7.014 and tpx1©%%pus 1.4) with an unidentified mutation which
exhibited partial rescue of H20> resistance, despite the absence of HO,-induced
oxidation of Papl. These 3 strains require extensive further testing. The restoration of
H20, resistance without the oxidation of Papl could reveal alternate mechanisms for

protecting against exposure to H2O.. Alternatively, it is possible that Papl may be
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constitutively nuclear in these cells, similar to a trr1lA or hbalA (Calvo et al., 2012). The
localisation of Papl in tpx1°'%%Sspnda, tpx1°1%°SSPACI1G7.014 and tpx1©*%*SpusiA cells
can be easily investigated using fluorescent microscopy techniques, or cellular
fractionation and western blotting.

Surprisingly, we found that the loss of txI1 in a tpx1°!%% did not restore H2O- resistance,
or Pap1 oxidation, to wild-type tpx1™ levels as previously published (Brown et al., 2013).
Sequencing revealed that the rescue in H20: resistance and Papl oxidation observed in
the JB92 strain (tpx1°%%StxI1A) was due to the reversion of the C169S mutation to wild-
type tpx1*. Perplexingly, this event was also observed in the ZU30 (tpx11%%cgi121*)
strain. Subsequent blotting for Tpx1 revealed a reversion from monomeric Tpx1, despite
the presence of 0.2 mM H2Oz, to dimer Tpx1-Tpx1 formation, over time. This finding
indicates that the tpx1©1%% is too unstable to undergo high throughput genetic screening
with the Bioneer library. And, unfortunately, that the initial discovery that the loss of txI1
in a tpx1¢1%% restores H,0; resistance and Pap1 oxidation may have been due to a
reversion to tpx1*. Our findings have also indicated that the Bioneer background has an
unidentified mutation that increases resistance to H20.. In order to identify this mutation

the SGA-generated strains could be back-crossed and undergo full genome sequencing.

From investigation into the growth of tpx1A; SGA analysis provided evidence for 21
candidate genes which were identified as consistently important for the growth of tpx1A.
Only one of which (catalase) was also identified from the tpx1¢1%% SGA, as well as
required for growth in prdx-2(gk169) mutant C. elegans (Crook-McMahon et al., 2014).
This revealed a conserved role for catalase as important in Prx mutants. Analysis for
suppressors of the growth defect of tpx1A successfully identified at least 2 proteins (Pkal
and Csnb) that are oxidised by H>O>, and interact with Tpx1. This result validates the use
of high throughput genetic screening as a reliable method to identify H20. regulated
proteins. Hence, future work should include evaluation of the remaining 3 candidate
genes (pmk1, ssm4 and lys9), that upon deletion showed evidence of rescuing the growth,
and H20- resistance, of tpx1A when manually re-crossed. This future work should include
analysis of strains: viability, growth and H2O- resistance; as well as, western blot analysis
to determine protein oxidation following treatment of H2O>, and the impact of

overexpressing Tpx1, or FlagTpx1.
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Our discovery that Pkal, a cAMP-dependent protein kinase, is oxidised in response to 0.2
mM H20>, and forms a direct protein-protein interaction with Tpx1, is extremely exciting.
Whilst we were able to verify that deleting pkal in a tpx1A improved cell viability, an
improvement of cell growth, in liquid, or on solid agar, could not be replicated and

therefore we were unable to confirm the results of the SGA analysis.

PKA is a highly conserved serine or threonine kinase, and is a heterotetramer formed by 2
regulatory and 2 catalytic subunits (Taylor et al., 1990). The cAMP/PKA pathway is the
major glucose-sensing pathway that regulates sexual differentiation in S. pombe (Gupta et
al., 2011b). Excitingly, many aspects of the PKA pathway are conserved in mammalian
cells (Hoffman, 2005). Glucose is detected by the G protein-coupled receptor, Git3, and
transferred to a heterotrimeric guanine nucleotide-binding protein (Gpa2, Git5 and Git11)
(Hoffman, 2005; Cohen et al., 2014). The activation of Gpa2 leads to activation of
adenylate cyclase (Cyrl) to generate cCAMP from ATP (Kawamukai et al., 1991; Gupta et
al., 2011b). Increase in intracellular cCAMP positively regulates Pkal activity (Hoffman,
2005). cCAMP binds the regulatory subunits and leads to the release of the catalytic
subunits. PKA is activated by phosphorylation of the catalytic subunit and in high glucose
environments, PKA localises to the nucleus. In low glucose environments PKA is
localised to the cytoplasm (Tudisca et al., 2010; Gupta et al., 2011b), and glucose
starvation leads to sexual development and gluconeogenesis via the activation of Pmk1
(Cohen et al., 2014).

The PKA pathway also has important roles in the regulation of stress responses. In S.
cerevisiae, PKA inhibits the nuclear import of TF Msn2 and Msn4 by phosphorylation of
their nuclear localisation signal (NLS) (Gorner et al., 1998; Gorner et al., 2002; Smets et
al., 2010). Msn2 and Msn4 activate the transcription of stress response element (STRE)-
controlled genes (Martinez-Pastor et al., 1996; Schmitt and McEntee, 1996). STRE genes
protect against many different types of stress, including oxidative, osmotic and heat
(Smith et al., 1998; Gash et al., 2000; Hasan et al., 2002, Smets et al., 2010). Thereby,
activation of the PKA pathway downregulates cellular stress resistance (Smith et al.,
1998; Thevelein et al., 2000).

Decreased activity in the PKA pathway has also been linked to caloric restriction (CR)-
induced life span extension (along with decreased activation of the TOR pathway, and
IGF-1 signalling) (Enns et al., 2009; Lin et al., 2000; Molin et al., 2011; Kaeberlein,
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2010). In S. cerevisiae, CR has been found to induce H20- resistance mediated by
reduction of cCAMP-PKA activity. This is dependent on Tsal (Molin et al., 2011). The
translation-initiation-factor-2 (elF2) kinase, Gen2, relieves cAMP-PKA-dependent
inhibition of Srx1 translation, which subsequently reduces hyperoxidised Tsal restoring

it’s peroxidase activity (Molin et al., 2011).

Additionally, another interesting study in S. cerevisiae has also revealed a role for PKA in
light-sensing (Bodvard et al., 2017). Light signal is converted to H2O2 by peroxisomal
oxidase (Pox1); this is sensed by Tsal, and transduced to cytosolic thioredoxins. Oxidised
thioredoxins inhibit PKA-dependent phosphorylation by inhibiting the nuclear retention
of PKA catalytic subunits (Bodvard et al., 2017). This proposed mechanism fits with our
findings: if an important role of Tpx1 is to inhibit the activity of Pkal via the oxidation of
thioredoxins, then it makes sense that deletion of Tpx1 would remove this inhibition of
Pkal activity leading to a number of deleterious phenotypes, however subsequent deletion
of Pkal would rescue these phenotypes. This is very exciting, and suggests that Prx may
have a conserved role in regulating Pkal. However, our identification of Tpx1-Pkal
disulphides suggests that Tpx1 may inhibit Pkal directly, not just by promoting the
oxidation of thioredoxin. This finding is analogous with Tpx1 having 2 roles in oxidation
of Pap1l (figure 5.37) (Calvo et al., 2013b; Brown et al., 2013).

190



B

@l 21
]

D
@ v

Figure 5.37 Predicted model of the regulation of Pkal by Tpx1. Tpx1 becomes
oxidised in response to H202. [A] Tpx1 is reduced by thioredoxins, and oxidised
thioredoxins inhibit PKA-dependent phosphorylation by inhibiting the nuclear
retention of PKA catalytic subunits, thereby allowing TFs to accumulate in the
nucleus. [B] An intermolecular disulphide is formed between Tpx1 and Pkal in
response to H202. This may resolve to form an intramolecular disulphide within Pkal,
thus inhibiting its activity.

The S. pombe Pkal has 7 cysteines; however, multiple sequence alignment revealed that
despite Pkal being conserved across multiple species, only one cysteine residue is
conserved in the catalytic subunits from S. pombe to human (figure 5.38). This cysteine
was not conserved in the S. cerevisiae regulatory subunit BCY1 (Barraza et al., 2017).
This is interesting as it is the bcylA that was investigated by the Molin group (Bodvard et
al., 2017). The detection of Tpx1-Pkal disulphides in S. pombe may indicate that S.
pombe regulates PKA activity differently to S. cerevisiae.
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Figure 5.38 Multiple sequence alignment of the orthologues of cAMP-dependent
protein Kinase: Pkal (S. pombe), TPK1, TPK2, TPK3 and BCY1 (S. cerevisiae)
and PRKACA (human). The amino acid sequences retrieved from the NCBI protein
database (NCBI, ncbi.nlm.nih.gov) (accession numbers NP_002721.1 for human
PRKACA, NP_595159.1 for S. pombe Pkal, NP_012371.2 for S. cerevisiae TPK1,
NP_015121.1 for S. cerevisiae TPK2, NP_012755.1 for S. cerevisiae TPK3 and
NP_012231.1 for S. cerevisiae BCY1) were aligned using the Clustal Omega
programme. An asterisk (*) indicates positions with a fully conserved residue, a colon
(:) indicates conservation between groups with strongly similar properties, a period (.)
indicates conservation between groups of weakly similar properties. Arrow indicates
one cysteine residue conserved in the CAMP-dependent protein Kinase catalytic
subunits between 3 species.

Future work in S. pombe, such as site-directed mutagenesis, is required to determine
whether Pkal activity is regulated by Prx/H202. S. pombe is a more suitable model to
study the activity of Pkal than S. cerevisiae, as there are 4 Pkal homologues in S.
cerevisiae with some functional redundancy. The previous associations of Pkal with life
span extension makes this an extremely exciting discovery. As reduced lifespan is one of
the phenotypes of the tpx1A, it would be exciting to investigate whether the deletion of
pkal in these cells rescues this short lifespan phenotype. This data would reveal whether
the inability to regulate Pkal may be why the tpx1A is short lived, and also does not

undergo an increase in lifespan in response to CR.
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We also revealed that deleting csn5 improved the growth and H2O: resistance of tpx1A.
Additionally, we discovered that oxidation of endogenous Csn5 (but not Csnl) was easily
detected following exposure to 0.2 mM H202, and was enhanced with the overexpression
of Tpx1 forms. Excitingly, some of the high molecular weight H>O> induced bands
provided evidence of a direct protein-protein interaction with Tpx1. S. pombe have 5 Csn
(COP9/signalosome complex subunits) proteins. Our data suggests that specifically
subunit 5 (Csnb5) is forming disulphide with Tpx1. Interestingly, Csn5 is much more
abundant than some of the other CSN subunits raising the possibility that it has other
CSN-dependent activities that are regulated by H2O2/Tpx1. The CSN complex is highly
conserved from yeast to human (Kato and Yoneda-Kato, 2009). The S. cerevisiae
orthologue of Csn5, RRI1 (Vilella et al., 2009), is the catalytic subunit of the CSN
complex (Licursi et al., 2013). Additionally, Csn5 also has a human orthologue, COPS5;
however, in humans the CSN complex consists of 8 sub-units (Chamovitz et al., 1996;
Deng et al., 2000).

The CSN complex, is a multi-subunit complex that controls protein turnover (Merlet et
al., 2009). CSN regulates protein degradation in 3 ways: regulation of the cullin-RING-
E3 ligases by deneddylation (removal of the ubiquitin-like modifier NEDD8 from Cullin-
Ring ubiquitin ligases), regulation of COP1, and regulation of deubiquitination (Kato and
Yoneda-Kato, 2009). The subunit Csn5 contains a specific MPN domain, known as the
Jab1/Mpn domain metalloenzyme (JAMM,) and is responsible for neddylation (Cope et
al., 2002).

In addition to its role as regulator of the proteasome system, CSN has also been found to
be involved in many other cellular and developmental processes (Licursi et al., 2013; Wei
et al., 2008). In mammalian cells, CSN5 was identified as Jabl (Jun-activation-domain-
binding protein 1), and was discovered to interact with various intracellular regulators,
such as; Cdk inhibitor p27, the leucocyte antigen receptor and the tumour suppressor p53
(Tomoda et al., 1999; Bech-Otschir et al., 2001; Zhang et al., 2007; Kato and Yoneda-
Kato, 2009). Jab1l/CSN5 has therefore been found to have important roles in checkpoint
control, signal transduction, development and the cell cycle (Kato and Yoneda-Kato,
2009; Wei and Deng, 2003), and therefore has emerged as an important player in the
development of cancer (Pan et al., 2014; Lee et al., 2011; Richardson and Zundel, 2005;
Wang et al., 2016). Jab1/CSNS5 inhibition has therefore been proposed as a novel
therapeutic strategy against cancer (Pan et al., 2014). Depletion of Jab1/CSNS5 has been
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shown to inhibit proliferation and induce apoptosis in NPC, and breast cancer cells (Pan
et al., 2012; Ming-Chuan et al., 2007).

CSN-deficient animals are short-lived, possibly due to the deleterious effects of
constitutively high levels of phase 2 detoxification (Olahova et al., 2008; Wakabayashi et
al., 2003; Tullet et al., 2008; Crook-McMahon et al., 2014). Indeed, in C. elegans, Csn2
and Csn5 were found to suppress basal phase 2 gene expression under normal growth
conditions (Wang et al., 2010), but was required for stress-induced increases in gcs-1
expression (Crook-McMahon et al., 2014). Furthermore, the prdx-2(gk169) mutant has
high phase 2 gene expression, and the RNAI screen conducted revealed that csn-5 RNAI
reduced this expression back to wild-type levels (Crook-McMahon et al., 2014). This
therefore suggested that csn-5 RNAI recues some phenotypes of the prdx-2(gk169)
mutant, and therefore that increased CSN5 activity may be responsible for some of prdx-

2(gk169) mutant phenotypes, which is consistent with our S. pombe screen.

The S. pombe Csn5 has 5 cysteines; however, multiple sequence alignment revealed that
despite Csn5 being conserved across multiple species, only two cysteine residues are

conserved from S. pombe to human (figure 5.39).
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Figure 5.39 Multiple sequence alignment of the orthologues of COP9 signalosome
complex protease subunit 5: Csn5 (S. pombe), RRI1 (S. cerevisiae) and COPS5
(human). The amino acid sequences retrieved from the NCBI protein database (NCBI,
ncbi.nlm.nih.gov) (accession numbers NP_006828.2 for human COPS5, NP_593131.1
for S. pombe Csn5 and NP_010065.2 for S. cerevisiae RRI1) were aligned using the
ClustalW?2 programme. An asterisk (*) indicates positions with a fully conserved residue,
a colon (©) indicates conservation between groups with strongly similar properties, a
period (.) indicates conservation between groups of weakly similar properties. Arrows
indicate two cysteine residues conserved between all 3 species.

Future work in S. pombe, such as an assay for CSN function, is required to determine
whether Csnb activity is regulated by Prx/H20.. The existence of a human orthologue of
Csnb, and its established role in multiple cellular processes, and human disease, make this
an extremely exciting discovery. Finally, the discovery that Pkal and Csn5 are oxidised
in response to H>O: reveals that our high throughput genetic screening approach to

identify H.O>/thioredoxin regulated proteins was a success.
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Chapter 6

Chapter 6. Grx1 is important for the growth and signalling of

tpxlClGQS

6.1 Introduction

Results from the high through-put genetic screening of tpx1 mutants (discussed in
Chapter 5) revealed a number of glutathione-related genes as important for growth in
tpx1°16% cells. The SGA analysis of tpx1©1% identified that gsal, a glutathione synthase,
consistently gave the highest negative GIS when assessing candidate genes important for
growth. In addition, grx1, a glutaredoxin, was also identified as consistently having a
synthetic sick genetic interaction with the tpx1°1%°S mutation (averaging as the candidate
gene with the 14™ highest negative GIS) (table 5.1).

Glutathione is an important tri-peptide involved in a number of cellular processes, such as
maintaining intracellular redox potential, and the regulation of cell redox-dependent
signalling (as discussed in section 1.1.2.6) (Mieyal et al., 2008; Kalinina et al., 2014).
Additionally, GSH has multiple roles in iron metabolism (Lushchak, 2012). For example,
the depletion of GSH impairs iron-sulphur cluster maturation, and negatively affects
cytosolic iron delivery (Sipos et al., 2002; Muhlenhoff et al., 2010; Kumar et al., 2011).
Interestingly, our SGA analysis revealed that whilst gsal and grx1 were essential for
growth in tpx1¢1%% cells, they apparently were not essential in cells lacking Tpx1 (tpx1A).
This suggests that GSH might have an important role specifically in tpx1©%% cells; which
lack the thioredoxin peroxidase activity of Tpx1 but retain some signalling functions,

rather than the deletion mutant that lacks all Tpx1 activity.

Glutaredoxins catalyse the deglutathionylation of protein thiols, and in turn are recycled
by GSH. Glutaredoxins also reduce protein disulphide bonds, and under reduced
GSH/GSSG ratio cell conditions are able to catalyse the S-glutathionylation of proteins
(Kalinina et al., 2014). Grx are important for the recycling of RNR in dNTP synthesis,
reduction of ascorbate, and metal homeostasis (Boronat et al., 2017; Foyer and Noctor,
2011; Jozefczak et al., 2012). The apparent importance of grx1 in tpx1©%% cells, as
opposed to tpx1A cells, was of great interest to us. This potential relationship between the

role of glutaredoxin, Grx1, and Tpx1°%®S was explored further.
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6.2 Results

6.2.1 Deletion of grx1 in a tpx1¢%6%S reduces cell viability, growth, and affects cell

morphology
6.2.1.1 Deletion of grx1 in a tpx1¢1%% js synthetic lethal

To confirm grx1 as having a synthetic lethal genetic interaction with the tpx1©16%
mutation; a grx1A strain (WH210-14) (of a different background to the Bioneer library)
was PCR checked, and manually crossed with a tpx1©% (ZU11) strain. Ten tetrads were
dissected, and the spores that formed colonies were patched onto different selection plates
to determine genotype. The spores wild-type for tpx1* (tpx1 grx1*, tpx1"grx1A)
exhibited high viability at 91.7% and 100% respectively (table 6.1). The presence of the
tpx1©16% point mutation reduced spore viability from 91.7% to 77.8% (tpx1¢1%grx1™).
However, only 27.3% of tpx1©1%°grx1A cells gave rise to colonies, confirming that grx1

was more important in cells lacking the resolving cysteine of Tpx1.

Genotype Viability (%)
tpx] grxl™ 91.7
tpx1 grxIA 100
tpx119%grx 1™ 77.8
tpx1“1%%grx 1A 273

Table 6.1 Analysis of the ability to form a colony and
genotype of 10 dissected tetrads from a cross between
tpx1C16% and grx1A. The tpx1©1%% (ZU11) strain was
crossed with the grx1A (WH10-14). Following dissection
of 10 tetrads, spores that formed colonies were patched
onto selection plates for genotype analysis.
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6.2.1.2 The tpx1¢1%9Sgrx1A has morphological defects compared to tpx1*, tpx1©169S

and grx1A cells

To investigate whether deleting grx1 affected the morphology of cells; exponentially
growing cells were examined by fluorescence microscopy (section 2.6.1.1). From
qualitative analysis, deleting grx1 in a tpx1™ strain appeared to reduce cell length
(comparisons between tpx1*grx1™ and tpx1*grx1A strains) (figure 6.1). Whereas, the
introduction of a C169S mutation in a grx1* strain increased cell width (comparisons
between tpx1*grx1* and tpx11%%Sgrx1* strains). The combination of the two mutations, in
a tpx1©1%%grx1A strain, revealed obvious changes in cell morphology compared to all
starting strains. These dramatic differences in morphology were most obviously
characterised by an increase in frequency of multi-nucleated cells, which were
substantially larger in length than wild-type S. pombe cells. These multi-nucleated cells
were accompanied by much smaller cells, some of which were almost circular. Together

these images suggested that growth controls were impaired in the tpx1°%%grx1A strains.
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Figure 6.1 Morphology of tpx1*, tpx1¢%6%, grx1A and tpx1©16°%Sgrx1A cells.
Exponentially growing tpx1* (ZU10), tpx1¢1%% (ZU11), grx1A (WH10-14) and
tpx1¢18%grx1A (ZU54) cells were collected and spread onto Poly-lysine coated
slides. Nuclei were stained using Vectashield mounting medium and the DIC, DAPI
and merged images were collected using a Zeiss Axioscope fluorescence microscope.
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6.2.1.3 The tpx1¢1%%Sgrx1A has reduced growth compared to tpx1°1%%S and grx1A

To assess whether the deletion of grx1 in a tpx1©1% strain also reduced the rate of cell
growth; tpx11%%Sgrx 14 strains generated from the cross were grown to exponential phase
and spotted onto rich agar with the following control strains for comparison: tpx1™,
tpx1°1%% grx1A and tpx1A (figure 6.2). As expected, the tpx1* strains, as well as the
tpx1©169% strain, exhibited normal growth on YES5S after 48 and 72 h incubation at 30 °C.
The growth of the tpx1¢1%%grx1A strains was consistently reduced in all 3 strains,
compared to the tpx1©1%S, However, the deletion of grx1 in a tpx1©*%® did not reduce cell

growth to the same extent as a tpx1A.

48 h 72 h 30 °C
tpx1~grx1™(ZU10)
tpx1€19%grx 17 (ZU11)
tpx1~grxIA(WHI10-14)
tpx1¢19%grx 1A (ZU40)
tpx1°19%grx 1A (ZU54)
tpx1€19%grx 1 A (ZUSS)
tpxIAgrx1* (ZU12)

Figure 6.2 Loss of grx1 reduced the viability of tpx1¢16%S
strain. Exponentially growing tpx1* (ZU10), tpx1¢%% (zU11),
grx1A (WH10-14), tpx1¢Sgrx1A (ZU40, ZU54, ZU55) and
tpx1A (ZU12) strains were spotted onto YESS agar. Plates were
incubated at 30 °C and scanned after 48 and 72 hours.
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6.2.2 Deletion of grx1 affects the signalling of tpx1¢16%

6.2.2.1 Deleting grx1 in a tpx1©1% strain removes the ability of Papl and Tpx1 to

form high molecular weight complexes

Although Tpx1©1%% Jacks some Tpx1 activity, it retains some Tpx1 signalling functions;
such as, regulation of H>O»-induced Sty1 activation, support of the partial oxidation of
Papl to inactive non-native disulphides, and the formation of disulphides with other
proteins, such as Pkal and Csn5 (as discussed in Chapter 5) (Veal et al., 2004). As the
deletion of grx1 revealed a synthetic lethal genetic interaction with tpx1¢1%% we
investigated whether the deletion of grx1 affected the signalling abilities of a tpx1©16%
strain. Firstly, the oxidation status of Tpx1 and Pap1 in tpx1¢1%%grx1A cells, in response
to 0.2 mM H20> for 1 min, was investigated. As expected, cells wild-type for tpx1*
(tpx1Tgrx1* and tpx1*grx1A) formed Tpx1-Tpx1 dimer complexes in response to H20»,
as well as oxidised forms of Papl (Pap1®) (figure 6.3A) (Brown et al., 2013). In addition,
a very high molecular weight Pap1-containing band (>170 kDa) was also observed in

response to 0.2 mM H;O..
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Figure 6.3 A short exposure [A] and long exposure [B] of the western blot
analysis of Papl and Tpx1 oxidation in tpx1¢1%9Sgrx1A strains in response to
0.2 mM H202. Western blot analysis of Papl and Tpx1 isolated from tpx1*
(ZU10), tpx1©16% (ZU11), tpx1A (ZU12), grx1A (WH10-14) and tpx1¢19Sgrx1A
(ZU40, ZU54, ZU55) cells following treatment with 0.2 mM H2O> for 1 min.
Anti-Papl and anti-Tpx1 antibodies were used to detect Papl and Tpx1
respectively.
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As published, in the trapping mutant tpx11%%Sgrx1*, Tpx1 is unable to form Tpx1-Tpx1
dimers, or oxidise Papl to its active nuclear-localised form, in response to 0.2 mM Hz0>
for 1 min (Brown et al., 2013). Additionally, when blotting for Tpx1, exposure to H20-
does reveal a ladder of high molecular weight bands indicative of Tpx1%% forming
disulphide bonds with other unidentified proteins or protein complexes. This ladder of
high molecular weight bands is also observed when blotting for Papl, revealing the
presence of Papl in multiple protein complexes as well (Brown et al., 2013). These high
molecular weight ladders are tpx1©1%%-dependent, and were lost in the tpx1A strain.

However, the Tpx1 and Pap1 blots for the tpx1©***grx1A strains were identical to the
tpx1A strain, rather than the tpx1©% strain (tpx1“1%*grx1*), even following a longer
exposure (figure 6.3B). This suggested that loss of grx1 removes the ability of Papl and
Tpx1 to form high molecular weight complexes in a tpx1¢1%% mutant strain. We propose
that grx1 is required for the H2O.-reactivity of tpx1©1%%, and hence its ability to promote

the formation of Papl1-disulphide bonded forms.

6.2.2.2 The tpx1¢1%9Sgrx1A strain is resistant to tBOOH-induced hyperoxidation of
the Tpx1 peroxidatic cysteine

To test this hypothesis, we examined the sensitivity of Tpx1©S to hyperoxidation of its
peroxidatic cysteine by high concentrations of tBOOH. In response to high concentrations
of peroxides (e.g. H.O2, tBOOH), as in other eukaryotic Prx, the peroxidatic cysteine of
Tpx1 undergoes hyperoxidation to thioredoxin-resistant sulphinic and sulphonic
derivatives (Day et al., 2012; Veal et al., 2017). With the use of an antibody raised to a
peptide containing the SOz (sulphinate or sulphonate)-derivative of the peroxidatic
cysteine of Prx, this modification can be visualised by western blotting (Tomalin et al.,
2016; Veal et al., 2017). For example, in cells expressing wild-type tpx1* (tpx1*grx1™
and tpx1*grx1A), a band corresponding to hyperoxidised Tpx1, is observed following 10
mins exposure of cells to 1 mM tBOOH (figure 6.4). As expected, this band was also
present in the tpx11%%Sgrx1* strain following tBOOH treatment, but absent from the
tpx1A strain. However, no hyperoxidation of Tpx1¢1%% was detected in multiple,
independently generated, tpx1*%°grx1A strains. This strongly supported our hypothesis

that, in the absence of grx1, the Tpx1°*%S peroxidatic cysteine is insensitive to oxidation.
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Figure 6.4 Western blot analysis of Tpx1 and hyperoxidised Tpx1 in
tpx1©1%9Sgrx1A strains in response to 1 mM tBOOH. Western blot analysis of
Tpx1, Tpx1-SO23 and Tubulin isolated from tpx1* (ZU10), tpx1°16% (ZU11),
tpx1°1%%grx1A (ZU40, ZU54, ZU55), grx1A (WH10-14) and tpx1A (ZU12) cells
following treatment with 1 mM tBOOH for 10 mins. Anti-SOz3 (hyperoxidised
Tpx1), anti-Tpx1 and anti-Tubulin antibodies were used.
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6.2.2.3 Detection of a glutathionylated residue by SDS-PAGE separation

Based on the observations that, unlike the tpx1©1%%, the tpx1°1%%grx1A strains: aren’t able
to form a ladder of high molecular weight complexes in response to low H20>
concentrations, and don’t undergo Tpx1 hyperoxidation in response to high tBOOH
levels, we proposed that the peroxidatic cysteine of Tpx1 may be glutathionylated.
Indeed, Prx2 has been shown to be able to function as a glutathione peroxidase (Peskin et
al., 2016). The presence of this glutathionylation modification would therefore block
hyperoxidation events, and the formation of direct disulphides with other protein/protein
complexes. This hypothesis fits with the current data as following the deletion of grx1,
the Tpx1 peroxidatic cysteine would remain glutathionylated and therefore would be

resistant to subsequent oxidation modifications.

In order to test whether the single remaining cysteine C47 is glutathionylated; tpx1©16% |
tpx1°8%grx1A and tpx1A cells were treated with 1 mM tBOOH and collected. Samples
underwent multiple TCA protein extractions with treatments of: NEM, with or without
DTT, and resuspension with AMS (figure 6.5A). This protocol was designed in order to
allow us to determine whether a glutathionylated residue was present or not, due to
observed changes in protein mobility with different treatments. Initial treatment with
NEM would block a free thiol thereby preventing further modification. However, a
glutathionylated residue would avoid modification by NEM, and would undergo
reduction by treatment with DTT, and subsequently bind AMS. AMS binding causes a
change in protein size and therefore a reduction in protein mobility of ~0.3 kDa.
Therefore, if a glutathionylated residue is present, a size difference of ~0.3 kDa should be
observed when comparing samples with and without DTT treatment. Whereas, if no
glutathionylation occurs no change in protein size should be observed. Samples were
loaded onto 2 separate long gels: one set were run in the presence of S-mercaptoethanol
(figure 6.5C), and one set without (figure 6.5B).
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Figure 6.5 Detection of a glutathionylated residue by SDS-PAGE separation.
[A] Method flowchart. Cells were collected, and following rounds of TCA
protein extractions, pellets were resuspended with 25 mM NEM, then with or
without 50 mM DTT, and finally with 25 mM AMS. [B and C] Western blot
analysis of Tpx1 and Tpx1-SOys isolated from tpx1¢16% (ZU11), tpx1¢1%Sgrx1A
(ZU40, ZU54, ZU55) and tpx1A (ZU12) cells following treatment with 1 mM
tBOOH for 10 mins. Samples were mixed with loading buffer without -
mercaptoethanol [B], or with f-mercaptoethanol [C]. Samples were separated on
a long-gel by SDS-PAGE and analysed by western blotting using anti-Tpx1 and
anti-SO2s3 (hyperoxidised Tpx1) antibodies. A shift in mobility is detected
indicative of a glutathionylated reside (0.3 kDa).
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The treatment of a tpx1*%%Sgrx1* strain with 1 mM tBOOH for 10 mins, resulted in the
hyperoxidation of the Tpx1 peroxidatic cysteine detected by the anti-SO2/z antibody
(figure 6.5B and C). As seen previously (figure 6.4), the hyperoxidation of the Tpx1
peroxidatic cysteine is lost in tpx1©1%%grx1A strains in response to 1 mM tBOOH (figure
6.5B and C).

When blotting for Tpx1 in the tpx11%%grx1* strain, 2 bands were detected following
treatment with DTT, whereas one band was detected in samples that omitted DTT
treatment (figure 6.5B). Interestingly, the higher molecular weight band is lost in samples
prepared with loading dye containing f-mercaptoethanol (figure 6.5C), as opposed to
without (figure 6.5B). This provided supporting evidence towards the hypothesis that in
tpx1©18%grx1* cells, Tpx11%% exists in a mixed population of glutathionylated Tpx1, and
non-glutathionylated Tpx1. For example, in samples that did not undergo reduction by
DTT treatment: glutathionylated thiols would not undergo AMS maodification, and the
non-glutathionylated thiols would be blocked by the NEM treatment and therefore would
also not undergo AMS modification (figure 6.5A). However, following DTT treatment,
glutathionylated cells would be reduced and allow AMS binding (and a subsequent
reduction in mobility of ~0.3 kDa), whereas non-glutathionylated thiols would have
bound DTT-resistant NEM, and not undergone AMS modification; resulting in the

detection of 2 bands of different molecular weight.

In comparison, in the tpx1¢1%%grx1A strains, only one band is detected for Tpx1 in each
sample, with (figure 6.5B) or without (figure 6.5C) S-mercaptoethanol. Excitingly, across
all strains the preparation of samples with the reductant DTT, resulted in a slight
reduction of mobility of bands. This indicates that the DTT treatment has reduced a
glutathionylated residue allowing for AMS binding, as opposed to the presence of a DTT-
resistant NEM-bound thiol. The slight reduction in mobility is representative of an AMS
modification (~0.3 kDa).

6.2.2.4 Deleting grx1 removes tpx1©16% ability to support H202-dependent activation
of the Styl MAPK

At high concentrations of H20», an important role of Tpx1 is to promote the activation of
Styl (Veal et al., 2004). In cells wild-type for tpx1*, Styl phosphorylation can be
observed using a pp38 antibody in response to 6 mM H2O> for 10 mins (figure 6.6A)
(Veal et al., 2004). Interestingly, in the trapping mutant tpx1<%%Sgrx1*, levels of Sty1l
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phosphorylation were increased following H20> treatment. This result is supported by
additional unpublished work in the Veal lab. The increase in Styl phosphorylation was
also observed in the tpx1Agrx1* strain; and could be due to the fact that following the loss
of Tpx1 activity, Sty1 activation becomes much more important for cell survival at high
H.02 concentrations. In the three tpx1°¥%%grx1A strains, Sty1 phosphorylation is
considerably reduced in comparison to the tpx1*, tpx1©%% and tpx1A strains. This result
indicated that deleting grx1 removed tpx1©%% ability to support H,O.-dependent
activation of Styl MAPK. An additional interesting result from this figure, is that Styl
phosphorylation appears highest in the tpx1*grx1A strain.
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Figure 6.6 Western blot analysis of Sty1 phosphorylation in tpx1¢69grx1A
strains compared with tpx1* or tpx1¢1%% in response to 6 mM H202. Western
blot analysis of Styl phosphorylation and Sty1 isolated from tpx1* (ZU10),
tpx1°16%5 (ZU11), tpx1¢1%grx1A (ZU40, ZU54, ZU55), tpx1A (ZU12) and grx1A
(WH210-14) cells following treatment with 6 mM H20- for 0 or 10 mins [A], or
from tpx1* (ZU10), tpx1©16% (ZU11), tpx1°1%%grx1A (ZU40) and tpx1A (ZU12)
cells following treatment with 6 mM H2O. for 0, 10 or 20 mins [B]. Styl
phosphorylation levels were detected using an anti-pp38 antibody, and Styl
protein levels were analysed using an anti-Hog antibody.
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Further evidence that Sty1 phosphorylation is reduced in the tpx1°%%5grx1A strain,
compared with tpx1* or tpx1©1%%, in response to 6 mM H20 is provided using a time
course experiment (figure 6.6B). From this result it is clear that the tpx1°1%%grx1* and
tpx1Agrx1™ strains have increased Styl phosphorylation in response to 6 mM H2O> for 10
to 20 mins, compared with the wild-type tpx1*grx1™ strain. It is also clear that deleting
grx1 in a tpx1©1%% strain (tpx1©*%°Sgrx1A) drastically reduced Styl1 phosphorylation, even
lower than wild-type tpx1*grx1™ levels, despite Sty protein levels remaining constant (a-
Hogl).

6.3 Discussion

Work conducted in the previous chapter identified a number of glutathione-related genes
as being important for growth in cells where the thioredoxin peroxidase activity of Tpx1
is lost (tpx1©1%%). In a different strain background, we have verified that the deletion of
grx1 in a tpx1©1%% reduces cell viability and growth compared to tpx1* or tpx1¢1%% cells.
Interestingly, cell growth inhibition in tpx1©%%grx1A cells is not as severe as in tpx1A
cells, suggesting that some Tpx1 non-signalling properties may still be functional to
promote growth (for example chaperone activity (as discussed in section 1.3.3)). We also
provide qualitative data for the severe morphological defects observed in tpx1¢*%grx1A
cells in contrast to tpx1* or tpx1©%% cells, which are indicative of severe cell cycle

defects.

Most excitingly, we provide extensive evidence that the deletion of grx1 in tpx1©16%
removes important Tpx1 signalling functions in response to a range of oxidative stressors.
In response to a low concentration of H20,, the tpx1¢1%*Sgrx1A cells are unable to form
high molecular weight complexes with Tpx1 or Papl, acting instead like a tpx1A strain.
We therefore propose that grx1 is required for the H.O,-reactivity of a tpx1©1%%, and

hence its ability to promote the formation of Papl-disulphide bonds.

In response to a high concentration of tBOOH, the tpx1©1%%Sgrx1A strains did not undergo
hyperoxidation of the Tpx1 peroxidatic cysteine; thus further supporting the hypothesis
that, in the absence of grx1, the Tpx1°1%S peroxidatic cysteine is insensitive to oxidation.
Following on, analysis of tpx1©1%%grx1* cells provided supporting evidence towards the
hypothesis that Tpx1¢1%% exists in a mixed population of glutathionylated Tpx1, and non-
glutathionylated Tpx1. We therefore conclude that the reason for the loss of Tpx1

signalling functions in a tpx1¢'%%Sgrx1A is due to the constitutive glutathionylation of the
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Tpx1 peroxidatic cysteine. The separation by SDS-PAGE of samples treated with or
without DTT provides evidence of a shift in mobility ~0.3 kDa; indicative of the presence
of a glutathionylated modification. We argue that this glutathionylation modification
blocks Tpx1 from undergoing subsequent oxidation modifications, therefore preventing
direct protein-protein disulphides, as well as hyperoxidation. In support of this, the
mammalian peroxiredoxin 2 (Prx2) has also been observed to undergo glutathionylation,

which was in turn reduced by glutaredoxin 1 (Grx1) (Peskin et al., 2016).

Finally, in response to a high concentration of H,O>, Styl phosphorylation is almost
completely diminished in tpx1©1%%grx1A compared to tpx1*, or tpx1“%grx1* strains.
This result indicated that the deletion of grx1 removed tpx1©1% ability to support H20,-
dependent activation of Styl MAPK, and further supported our hypothesis that a redox-
active peroxidatic cysteine is important for Tpx1’s signalling roles. To conclude, we
provide evidence that the glutathione peroxidase activity of Tpx1 might be important for
regulating some of Tpx1’s signalling activities; for example, in promoting the oxidation
of Papl, and activation of Styl. Based on our discovery, it will also be interesting to
determine whether Tpx1©'%%S is able to support the regulation of Pkal and Csn5, and

whether Grx1 is required for this activity.
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Chapter 7

Chapter 7. Final Discussion

Whilst high concentrations of H.O> cause the cellular damage observed in many diseases
and ageing, low levels have been shown to be important for normal health and longevity.
How organisms sense H20-, and use it to signal positive responses is therefore of great

interest. The research outlined in this thesis has provided new targets and tools, as well as
mechanistic insight, into the role of H.O; and Prx in response to peroxide. The results are

summarised, and future perspectives are discussed below.
7.1 Summarising key findings from this study

To understand how endogenous H20: affects cell growth, migration and ageing, it is
important to be able to monitor changes in H202 concentrations, in real-time, in vivo.
However, to study endogenous signalling events, it is vital that sensors are specific and
sensitive enough to detect these low H2O> levels. To circumvent issues that arise from
using small molecular fluorescent probes, we tested whether the fusion of a roGFP2
sensor to the highly abundant and H>O2-sensitive PRDX-2, in C. elegans, is able to act as
a genetic tool to detect very low, endogenous concentrations of intracellular H.O2. Whilst

our data suggests that the N-roGFP2::prdx-2 sensor shows some specificity for H,O, it

was insufficiently sensitive to detect low levels of H,O> in response to stimuli such as

changes in temperature, larval stages and starvation, or differences in endogenous levels
between tissues. Therefore, for the investigation of low levels of H20,, other more
sensitive detectors would be appropriate, as well as able to undergo targeting to specific

organelles or cell types.

Following the discovery that mutant yeast and worms lacking cytosolic 2-Cys Prx display
a number of mitochondrial defects, and that a pool of Papl and Styl had previously been
co-purified with S. pombe mitochondria; the second aim of the project was to test whether
a pool of Tpx1 is localised to the IMS, and whether this may be involved in supporting
mitochondrial function and the activation of Papl. This hypothesis also reflects the
discovery that a pool of Gpx3 is present in the mitochondrial IMS of S. cerevisiae cells,
and that IMS-based Gpx3 is important for normal mitochondrial function (\Vogtle et al.,
2012; Kritsiligkou et al., 2017). Indeed, we provide further evidence for mitochondrial
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defects in tpx1A mutant S. pombe, and prdx-2(gk169) mutant C. elegans, and identify the

presence of a pool of Tpx1 in the mitochondrial IMS. Additionally, we present evidence

suggesting the IMS localisation of Papl, and that a direct role of Tpx1 in the IMS may

contribute to the function of Tpx1 in H20- resistance, and H20»-induced activation of

Papl, however this requires further study.

Finally, the third aim of this project was to use high throughput genetic screening in Prx
mutant S. pombe in order to identify new targets of H>O., that may not have been detected

by proteomic methods. From SGA analysis of tpx1¢1%% we identify 31 candidate non-

essential genes that are important for growth in the absence of thioredoxin peroxidase

activity. Interestingly, these hits exhibit more overlap with synthetic sick interactions of
S. cerevisiae tsalA, than with S. pombe tpx1A. The distinction between the SGA-
generated candidate genes for tpx1©1%% and tpx1A indicate that some candidate genes may
be important specifically in the presence of Tpx1©%%S, or the absence of any Tpx1

activity. Additionally, we provide further proof that catalase is required for growth of Prx

mutants; as catalase gave a consistently high negative GIS in tpx1©1%% and tpx1A S.
pombe, and was previously identified as required for growth in prdx-2(gk169) C. elegans
(Crook-McMahon et al., 2014).

From QFA analysis, we found that the tpx1°6% is too unstable to undergo high
throughput genetic screening with the Bioneer library. Additionally, we predict that the
Bioneer background has an unidentified mutation that increases resistance to H.O». We
are unaware if other authors have encountered a similar problem using the Bioneer
library. Surprisingly, we found that the loss of txI1 in a tpx1©*% did not restore H20;
resistance, or Papl oxidation, to wild-type tpx1* levels as previously published (Brown et
al., 2013). Sequencing revealed that the rescue in H20- resistance and Pap1 oxidation
observed in the JB92 strain (tpx1°%txI1A) was due to the reversion of the C169S
mutation to wild-type tpx1®.

The SGA analysis for suppressors of tpx1A growth defect identified 5 candidate genes

where loss of function partially suppressed the growth defects associated with loss of

tpx1. At least 2 of these proteins (the single S. pombe cAMP-dependent protein kinase,

Pkal, and the COP9/signalosome complex protease subunit, Csn5) were confirmed to

undergo oxidation, through the formation of direct protein-protein disulphide complexes

with Tpx1 in response to 0.2 mM H»O. Indeed, the loss of pkal in a tpx1A improved cell
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viability. We therefore validate the high throughput genetic screening approach as a

method to identify new candidate H2O- regulated proteins.

Pkal is highly conserved, and the PKA pathway has been linked to CR-induced lifespan
extension and light-sensing (Molin et al., 2011). Indeed, Pkal activity has previously
been identified as being regulated by oxidised thioredoxins in S. cerevisiae (Bodvard et
al., 2017). This is very exciting, and suggests that Prx may have a conserved role in
regulating Pkal. However, our identification of Tpx1-Pkal disulphides suggests that
Tpx1 may inhibit Pkal directly, not just by promoting the oxidation of thioredoxin. This
finding is analogous with Tpx1 having 2 roles in oxidation of Papl (Calvo et al., 2013b;
Brown et al., 2013).

Additionally, we confirmed that loss of csn5 improved the growth and H.O resistance of
tpx1A. The CSN complex is also highly conserved, and our data suggests that specifically
subunit 5 is forming the disulphide with Tpx1. Indeed, Csn5 RNAI had also been
previously discovered to recue some phenotypes of the prdx-2(gk169) mutant in C.
elegans, which is consistent with the results of our S. pombe screen (Crook-McMahon et
al., 2014).

Finally, our high throughput genetic screening also identified that the glutaredoxin, grx1,
was important for growth in tpx11%% cells. Further investigation revealed that the

deletion of grx1 in tpx1°%% removes important Tpx1 signalling functions in response to a

range of oxidative stressors, including the H.O»-dependent activation of Styl MAPK.

This suggested that Tpx1¢% is constitutively glutathionylated in the absence of Grx1,
and supported the hypothesis that a redox-active peroxidatic cysteine is important for
Tpx1’s signalling roles, as well as raising the possibility that Tpx1¢1%°S may function as a
glutathione peroxidase. Indeed, the mammalian Prx2 has also been observed to undergo
glutathionylation, which was in turn reduced by Grx1 (Peskin et al., 2016).

7.2 Future perspectives

Excitingly, testing of the N-roGFP2::prdx-2 sensor in C. elegans revealed a substantial
increase in H20> in anterior intestinal cells in response to infection with the fungal
pathogen C. albicans. However, it was unclear whether the increase in H.O, was
produced as a defence mechanism as part of the C. elegans host response, or as a

mechanism of C. albicans to cause damage and invade host tissue. This requires further
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investigation incorporating avirulent heat-killed C. albicans to determine the role for
H20: in infection. Additionally, we were unable to detect an increase in H2O> in anterior
intestinal cells following starvation for up to 8 hours; this could suggest an alternate
signal is required to activate NHR-49 opposed to peroxide.

Our mitochondrial fractionation data suggested the IMS-localisation of Papl, and that this
may require Tpx1. Additionally, data suggested that the targeting of a low level of Tpx1
to the IMS of tpx1A S. pombe cells may cause a slight increase in the H2O> resistance of
these cells, which could indicate that IMS-targeted expression of Tpx1 is able to restore
H20.-induced Papl activation to these cells. This, however, requires extensive further
research. The dependence of Papl IMS-localisation on the presence of Tpx1 requires
confirmation via repetition of mitochondrial isolations and confocal microscopy analysis.
It is also important to examine the H.O»-induced oxidation state of Pap1l in cells targeting
Tpx1 to the IMS. Similarly, future investigations should examine whether mitochondrial
phenotypes, such as; electron transport chain function, or mitochondrial morphology, are
rescued by the expression of cytb2-Tpx1. This will help elucidate whether the localisation

of Pap1l to the IMS is required for its activation and oxidation.

Our high throughput genetic screening also detected unidentified mutations in 4 strains
from the tpx1¢1%% QFA (which rescued H.O; resistance despite retaining the C169S
mutation): 3 of which rescued H20- resistance, despite the absence of H20.-induced Papl
oxidation, and 1 of which restored H2O> resistance as well as Pap1 oxidation. To
investigate the possibility that the Bioneer background has an unidentified mutation that
increases resistance to H2O2, and in order to identify the mutation in the SGA-generated

strains, isolates could be back-crossed and undergo full genome sequencing.

Additionally, as the Pkal and Csn5 hits from the tpx1A SGA were confirmed as
undergoing oxidation in response to H20>, and forming direct disulphides with Tpx1, the
3 additional candidate genes (pmk1, ssm4 and lys9) should be investigated. Future
evaluation should include analysis of strains viability, growth and H2O: resistance; as
well as, western blot analysis to determine protein oxidation following treatment of H2O2,

and the impact of overexpressing Tpx1, or FlagTpx1.

Pkal and Csn5 themselves require further research. As reduced lifespan is one of the
phenotypes of the tpx1A, it would be exciting to investigate whether the deletion of pkal

in these cells rescues this short lifespan phenotype. This data would reveal whether the
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inability to regulate Pkal may be why the tpx1A is short lived, and does not undergo an
increase in lifespan in response to CR. Additionally, site-directed mutagenesis and an
assay for CSN function is required to determine whether Csn5 activity is regulated by
Prx/H203.

Finally, we provided evidence that the glutathione peroxidase activity of Tpx1 might be
important for regulating some of Tpx1’s signalling activities; for example, in promoting
the oxidation of Papl, and activation of Styl. Based on our discovery, it will also be

interesting to determine whether Tpx1¢1%% is able to support the regulation of Pkal and

Csn5, and whether Grx1 is required for this activity.
7.3 Concluding remarks

Low levels of H202 have been shown to be important for normal health and longevity.
However, the detection of endogenous levels of H20- in vivo, and the identification of
H20,-regulated proteins has had many challenges in the redox field. In this study we have
validated the use of high throughput genetic screening in the identification of new
candidate H2O»-regulated proteins. Excitingly, this has led to a vast number of exciting

avenues for future research.
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Abstract

Significance: In 2003, structural studies revealed that eukaryotic 2-Cys peroxiredoxins (Prx) have evolved to be
sensitive to inactivation of their thioredoxin peroxidase activity by hyperoxidation (sulfinylation) of their
peroxide-reacting catalytic cysteine. This was accompanied by the unexpected discovery, that the sulfinylation
of this cysteine was reversible in vivo and the identification of a new enzyme, sulfiredoxin, that had apparently
co-evolved specifically to reduce hyperoxidized 2-Cys Prx, restoring their peroxidase activity. Together, these
findings have provided the impetus for multiple studies investigating the purpose of this reversible, Prx hy-
peroxidation.

Recent Advances: It has been suggested that inhibition of the thioredoxin peroxidase activity by hyperoxidation
can both promote and inhibit peroxide signal transduction, depending on the context. Prx hyperoxidation has
also been proposed to protect cells against reactive oxygen species (ROS)-induced damage, by preserving
reduced thioredoxin and/or by increasing non-peroxidase chaperone or signaling activities of Prx.

Critical Issues: Here, we will review the evidence in support of each of these proposed functions, in view of the
in vivo contexts in which Prx hyperoxidation occurs, and the role of sulfiredoxin. Thus, we will attempt to
explain the basis for seemingly contradictory roles for Prx hyperoxidation in redox signaling.

Future Directions: We provide a rationale, based on modeling and experimental studies, for why Prx hyper-
oxidation should be considered a suitable, early biomarker for damaging levels of ROS. We discuss the
implications that this has for the role of Prx in aging and the detection of hyperoxidized Prx as a conserved
feature of circadian rhythms. Antioxid. Redox Signal. 28, 574-590.

Keywords: 2-Cys peroxiredoxin, signaling, chaperone, sulfiredoxin, circadian rhythm, thioredoxin, aging

then involves the transfer of electrons from NADPH or NADH
via an oxidoreductase, such as thioredoxin (Trx). This redox
BIOINFORMATIC ANALYSIS HAS identified six families of coupling effectively allows the “catalytic’’ reduction of per-

peroxiredoxins, which all contain a highly peroxide- oxides. However, if disulfide formation does not occur before

Introduction

reactive cysteine. Four of these families are found in eukary-
otes, with animal representatives limited to the Prx1—4 (typical
2-Cys Prx), Prx5 (atypical 2-Cys Prx), and Prx6 (1-Cys Prx)
groups (73, 99). After initial oxidation of the cysteine-thiol to
cysteine-sulfenyl, further oxidation is usually prevented by
formation of a disulfide bond with a resolving cysteine that
may be present in the same peptide, an interacting partner
protein or glutathione. Recycling of the reduced peroxiredoxin

the cysteine-sulfenyl encounters another peroxide molecule,
then it will become ‘‘hyperoxidized” to a cysteine-sulfinyl
(SO,7), which cannot be reduced by thioredoxin or by many
other thiol reductants (Fig. 1). In the case of most prokaryotic
peroxiredoxins, and all Prx5 and Prx6 family members, the
formation of the disulfide with the resolving thiol occurs rap-
idly, such that hyperoxidation is not usually observed unless
the peroxiredoxin is exposed to very high mM levels of

Instltute for Cell and Molecular Biosciences, Newcastle University, Newcastle upon Tyne, United Kingdom.
Newcastle University Institute for Ageing, Newcastle University, Newcastle upon Tyne, United Kingdom.
3School of Life Sciences, University of KwaZulu-Natal, Pietermartizburg, South Africa.
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FUNCTION OF PEROXIREDOXIN HYPEROXIDATION
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Redox reactions of typical 2-Cys Prx in (A) eukaryotes and (B) bacteria in response to H,0,. H,O, oxidizes

the peroxidatic cysteine of 2-Cys Prx (Prx and AhpC) to form a sulfenic acid (-SO™) derivative, which can be resolved by
forming an intermolecular disulfide bond with an adjacent Prx molecule, or undergo further oxidation to sulfinic (-SO,") and
sulfonic (-SO37) derivatives. The sulfinylated peroxidatic cysteine (-SO,") can be reduced by sulfiredoxin (Srx1), and
sulfonylation is irreversible. Prx disulfides are reduced by (A) thioredoxin or (B) flavoprotein disulfide reductase (AhpF) to
complete the catalytic cycle. Thioredoxin is reduced and recycled by thioredoxin reductase (Trr) by using electrons from
NADPH, whereas the thioredoxin-like domain of bacterial AhpF is reduced by a second dithiol center, within the thior-
edoxin reductase-like module of AhpF, by using electrons from NADH.

peroxides. Therefore, based on the high peroxide reactivity of
the peroxidatic cysteine, it has been generally assumed that
the main function of Prx, including the highly abundant 2-Cys
Prx, is to protect cells against oxidative damage by catalyti-
cally removing peroxides. Indeed, the inability of bacterial
and yeast mutants lacking 2-Cys Prx to grow under oxidative
stress conditions is consistent with this view. However, the
observation that eukaryotic typical 2-Cys Prx(Prx1-4) forms
disulfides with their resolving cysteine relatively slowly,
rendering them at least 50 X more susceptible to hyperox-
idation than their bacterial counterparts (98), has inevitably
raised questions as to the value of the peroxidase activity of
hyperoxidation-sensitive Prx in protecting against peroxide-
induced oxidative damage. For instance, if, as their abundance
and the oxidative stress sensitivity of Prx mutants suggests,
2-Cys Prx are an important reactive oxygen species (ROS)
defense, then what selective advantage could there be in
evolving to be sensitive to inactivation of their thioredoxin
peroxidase activity by peroxide? Here, we will review studies
over the past 15 years that have done much to define how and
why these 2-Cys Prx become hyperoxidized and thus provide
more than one answer to this intriguing question.

What Makes Some Prx More Sensitive to Sulfinylation
of the Peroxidatic Cysteine?

Although typical 2-Cys Prxs are practically ubiquitously
expressed, seminal studies by Wood et al. (2003) revealed
that 2-Cys Prx that are sensitive to hyperoxidation share
GGLG and YF motifs, which are not present in their pro-
karyotic peroxide-resistant counterparts (Fig. 2). By imped-
ing the unfolding of the Prx to its locally unfolded state, these
GGLG and YF motifs serve to delay the formation of the
disulfide between the sulfenylated peroxidatic cysteine and
the resolving cysteine, thus greatly increasing the probability
that the sulfenylated cysteine will encounter a second per-
oxide molecule and become further oxidized to the sulfiny-
lated form (Fig. 1). Subsequent work has identified that some
eukaryotic 2-Cys Prx are more sensitive to hyperoxidation
than others. For example, the peroxidatic cysteine of the

mitochondrial 2-Cys Prx, Prx3, is more resistant to hyper-
oxidation than its cytoplasmic counterparts, Prx1 and Prx2,
due to its higher rate of disulfide formation (23, 32, 70).
Other factors have also been shown to influence the sen-
sitivity of Prx to hyperoxidation. Although the minimal cat-
alytic unit of 2-Cys Prx is dimeric, under physiological
conditions these dimers are cooperatively associated into
oligomeric complexes, usually decamers, in which the reac-
tivity of the peroxidatic cysteine (and thus the thioredoxin
peroxidase activity) is increased, apart from the susceptibility
to hyperoxidation (3, 67, 78). The rate of reduction of Prx
disulfides also influences the extent to which Prx will become
hyperoxidized in vivo. For instance, the lack of thioredoxin
reductase activity in the endoplasmic reticulum (ER) limits
the recycling of Prx4 disulfide dimers to the thiol state and
thus the rate at which Prx4 can become hyperoxidized (15).
The presence of other peroxide-removing activities has also
been shown to protect Prx from hyperoxidation both in vitro
and in vivo (21, 70, 84). Thus, the extent to which any 2-Cys
Prx becomes hyperoxidized in vivo (Table 1) depends on a
number of things, including the local concentration of per-
oxide and rate at which the sulfenylated form is able to lo-
cally unfold to allow disulfide formation, but also the
concentrations of 2-Cys Prx and availability of thioredoxin.

How Is Hyperoxidation of Prx Reversed?

Although glutathione/glutaredoxins and thioredoxins can
reduce oxidized cysteine derivatives, such as sulfenic, sul-
fenylamide, and disulfides, cysteine sulfinylation is resistant
to reduction by any of these enzymes/redox couples. Con-
sequently, cysteine sulfinylation has generally been consid-
ered irreversible. However, Woo et al. made the remarkable
discovery that the hyperoxidation of the peroxide-reacting
cysteine in human Prx1 to the sulfinylated derivative was
slowly reversed in vivo, actively regenerating the thioredoxin
peroxidase active form (94). At the same time, the enzyme
responsible for reducing hyperoxidized 2-Cys Prx in yeast
was identified as a 13 kDa H,O,-induced protein of previ-
ously unknown function and thus named ‘‘sulfiredoxin’’ (8).
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hPrx2 EGIAYRGLFIIDGKGVLROITVNDLEVGRSVDEALRLVOAFQYTDEH-GEVC PAGWK PGSDTIKPNVDDSKEYF SKHN--- -~ 198
* loARDIRLD U ] SRR ek BOSRN R RTE_R 5
FIG. 2. Alignment of 2-Cys Prxs from Salmonella enterica (seAhpC and seTsaA), Vibrio vulnificus (vPrx1 and

vPrx2), Caenorhabditis elegans (cePRDX-2 and cePRDX-3), Saccharomyces cerevisiae (scTSA1 and scTSA2), human
(hPrx1, hPrx2, hPrx3, and hPrx4), and Schizosaccharomyces pombe (spTpx1). The amino acid sequences retrieved from
the NCBI protein database (NCBI, ncbi.nlm.nih.gov) (accession numbers AAL19559 for se AhpC, AAL19356 for seTsaA,
ADV88988 for vPrx1, ADV87477 for vPrx2, CTQ86475.1 for cePRDX-2, CAA83619.1 for cePRDX-3, KZV08815.1 for
scTSA1, KZV12693.1 for scTSA2, NP_001189360.1 for hPrx1, NP_005800.3 for hPrx2, AAH59169.1 for hPrx3,
NP_006397.1 for hPrx4, and CAA21182.1 for spTpx1) were aligned by using the Clustal Omega programme. Peroxidatic
and resolving cysteines are indicated (C,) and (Cg), respectively. The motifs, GG(L/I)G and YF/FL, considered specific for
hyperoxidation-sensitive Prx (98) are highlighted (bold text/gray). Conserved amino acids are indicated: ““*” indicates

T2

identity,

Significantly, homologues of sulfiredoxin were found to be
encoded in the genomes of almost all the eukaryotes and
prokaryotes where hyperoxidation-sensitive Prx are present,
suggesting that this mechanism for reduction of hyperox-
idized Prx is conserved (69). Although sulfiredoxin-mediated
reduction of cysteine sulfinate still appears to be limited to the
sulfinylated peroxidatic cysteine of 2-Cys Prx (95), human
sulfiredoxin has also been shown to deglutathionylate actin
and PTP1B (29) and denitrosylate the peroxidatic cysteine of
Prx2 (81), raising the possibility that these activities also
contribute to its in vivo function. Interestingly, sulfiredoxin
shares some homology with bacterial ParB, a DNA-binding
protein that is required for chromosomal partitioning, from
which it appears to have evolved (4). However, importantly,
the catalytic cysteine 99 that is essential for all known en-
zymatic activities of sulfiredoxin is not present in ParB.
Shortly after the discovery of sulfiredoxin, it was pro-
posed that a second eukaryotic protein, sestrin, also cata-
lyzed the reduction of hyperoxidized Prx (13). This function
was proposed, in part, based on homology between sestrin
and mycobacterial AhpD, an enzyme that reduces alkyl
hydroperoxides and also disulfides in the Prx AhpC. How-
ever, subsequent studies have been unable to detect any
in vitro or in vivo activity of sestrin in reducing hyperox-
idized Prx (93). This is even the case in the nematode worm
Caenorhabditis elegans, which lacks a sulfiredoxin encod-
ing gene but expresses a sestrin homologue (61, 83). Fur-
ther, other roles for sestrin have been identified that suggest
that the lower levels of hyperoxidized Prx in cells in which
sestrin is overexpressed may be due to indirect effects on the

indicates similar, and ‘“.”’ indicates some similarity.

expression of sulfiredoxin and even other ROS-metabolizing
enzymes [reviewed in Ho et al. (35)].

In contrast to sestrin, there is substantial evidence that
sulfiredoxin is important for the reduction of hyperoxidized
2-Cys Prx under stress conditions in diverse phyla, including
cyanobacteria (10), plants (75, 76), mammals (17), and the
divergent yeasts Saccharomyces cerevisiae and Schizo-
saccharomyces pombe (8, 11, 88). Interestingly, the levels of
sulfiredoxin mRNA have been found to be undetectably low
in many organisms under normal growth conditions (11, 76,
88). Indeed, consistent with sulfiredoxin’s functions being
restricted to stress conditions, the phenotypes associated with
loss of sulfiredoxin in mice, yeast, and plants have generally
been found to relate to stress or toxin-induced conditions
where its expression is induced (8, 11, 41, 43, 72, 76, 88, 91,
100). Moreover, although Prx are found in multiple cell
compartments, organisms generally express a single sulfir-
edoxin gene, encoding proteins that have been shown to be
largely confined to the cytoplasm in mammalian cells (57) or
chloroplast in plants (76). These findings have raised ques-
tions as to whether reduction of hyperoxidized Prx has any
significant role under normal physiological conditions, par-
ticularly in cell compartments that lack sulfiredoxin. Indeed,
the absence of sulfiredoxin, or any evidence that hyperox-
idized Prx become reduced, in C. elegans suggests that re-
ducing hyperoxidized Prx is not of major importance, even
in organisms where the Prx is sensitive to hyperoxidation
(61, 83). However, in evolutionarily divergent yeast and in
mammalian cells, sulfiredoxin gene expression is rapidly
induced in response to various stress conditions. Moreover,
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TABLE 1. A COMPARISON OF THE FINDINGS OF IN VIvo STUDIES INVESTIGATING
THE SENSITIVITY OF PRX TO HYPEROXIDATION
Source of ROS/% Prx hyperoxidized
Exogenous treatment
(bolus) required
to increase Physiological/ Detection method
Species/cells 2-Cys Prx hyperoxidation other (antibody) References
Bacteria
Vibrio vPrx1 1000 uM H,0, — Non-reducing western 2)
vulnificus (5 min)/<1% (oPrx1, oPrx2,
vPrx2 30 uM H,0; (5 min)/ oaPrxS0O,,3)
>80%
Anabaena NP_488681 50 uM H,0, Light (800 uE m? 2D PAGE, non- (68)
(15 min)/ ~100% s 1Y/ ~100% reducing western
(oPrx [rice], aPrx
[Synechocystis])
Synechocystis NP_442066 1000 uM H,0O,
(15 min)/<50%
Eukaryotes
Saccharomyces Tsal 500 uM H,0, 2D PAGE, Redox (8)
cerevisiae (2 min)/>50% western (AMS)
(oTsal-Myc)
Tsal 400 uM H,0, Replicative aging/ 2D PAGE (aTsal-Myc)  (53)
(20 min)/=50% ~20%
Schizosaccharomyces Tpxl 200 uM H,0, — Redox western (AMS) (11, 88)
pombe (5 min)/<10% (Tpx1-pk or Tpx1-
HA), 2D PAGE
(5 min)/>50%
1000 uM H,0, — Redox western (AMS) 227
(10 min)/ ~ 100% (oTpx1)
200 uM H,0, (305s)/ Redox western (AMS) (84)
~5% (oTpx1)
Caenorhabditis PRDX-2 1000 uM H,0, — Redox western (AMS) 61)
elegans (5 min)/<10% («PRDX-2)
(5 min)/ ~50%
Mouse Prdx3 ACTH injection Adrenal gland/ oPrxSO,,3 compared 43)
(1h)/~30% 10%-20% with recombinant
hyperoxidized Prdx3
Prdx2 Hemoglobin oPrxSO,,3 compared (18)
autoxidation/ with a Prx2 standard
~1% analyzed by 2D
PAGE
Rat
Hearts Prdx1 100 uM H,0, — Non-reducing western 77)
(5 min)/<10% (maleimide) (aPrdx1,
Prdx2 100 uM H,0, oaPrdx2, oPrdx3,
(5 min)/<10% oPrxS0O,,3)
Ovarian tissue Prdx3 High-fat diet/8% Non-reducing western @)
maternal (oPrx3)
undernutrition/
12%
Preovulatory follicles Prdx2 Gonadotropin (eCG/ ~15% 2D PAGE («Prdx2) (65)
hCG)
treatment (2 h)/
~28%
Human
HT1080 cells Prx2 100 uM H,0, ~2% 1D IEF (aPrx2, oPrx3, (15)
(10 min)/ ~ 81% oPrx4)
Prx3 100 uM H,0, ~10%
(10 min)/ ~30%
Prx4 1000 uM H,O, ~15%
(10 min)/ ~27%

(continued)
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TABLE 1. (CONTINUED)
Source of ROS/% Prx hyperoxidized
Exogenous treatment
(bolus) required
to increase Physiological/ Detection method
Species/cells 2-Cys Prx hyperoxidation other (antibody) References
Jurkat (T lymphoma) Prx1 20 uM H,0, UVB (5 min) Non-reducing western (23)
cells (10 min)/ ~48% <10% (oPrx1, oPrx2,
Prx2 20 uM H,0, UVB (5 min) oPrx3)
(10 min)/ ~ 80% <10%
Prx3 40 uM H,0, —
(10 min) ~5%
Confluent human Prx2 25 uM menadione Age of donor/ Non-reducing western (21)
articular (60 min) <20% (IAM) (aPrxSO,3,
chondrocytes Prx3 25 uM menadione Age of donor/<5% oPrx2 and oPrx3)
(5 min)

Examples of studies investigating the extent of hyperoxidation of Prx in response to physiological changes and exogenous sources of
reactive oxygen species. The minimum level of stress and earliest time point at which Prx hyperoxidation was detected are indicated,
together with the extent of hyperoxidation and the methodology by which this was estimated.

1D, one-dimensional; 2D, two-dimensional; ACTH, adrencorticotrophic hormone; eCG, equine chorionic gonadotropin; hCG, human
chorionic gonadotropin; IAM, iodoacetamide; IEF, isoelectric focusing; PAGE, polyacrylamide gel electrophoresis; ROS, reactive oxygen

species; UVB, ultraviolet B.

sulfiredoxin is also imported into the mitochondria under
stress conditions where it is important for reducing hyper-
oxidized Prx3 (44, 57). Nevertheless, although it is widely
accepted that sulfiredoxin is important for the reduction of
hyperoxidized Prx, it is notable that transcriptional, post-
transcriptional, and post-translational mechanisms are present
to ensure that, under optimal growth conditions, sulfiredoxin
levels are kept very low and restricted to specific compartments
(8,11,41, 44, 53). Indeed, the evolved sensitivity of eukaryotic
2-Cys Prx to hyperoxidation of the peroxidatic cysteine, and
the tightly regulated expression and localization of sulfir-
edoxin, provides strong circumstantial evidence to suggest
there are advantages to be gained from hyperoxidation of
2-Cys Prx in response to rises in intracellular H,O; levels. In
the remainder of this review, we will explore the various pos-
sible advantages that Prx hyperoxidation has been proposed to
confer and the evidence in support of each hypothesis.

Loss of Function: Advantages of Inhibiting
Thioredoxin Peroxidase Activity

The co-evolution of sensitivity to hyperoxidation with the
utilization of H,O, as a signaling molecule led to the original
proposal of ““The Floodgate Model” (98). In this model, it was
suggested that the abundance and reactivity of 2-Cys Prx with
H,0, meant that they presented a significant barrier to the
utilization of H,O, as a signaling molecule. Accordingly, it was
proposed that, for H>O, to encounter and react with a cysteine
ona ‘“‘signaling” protein, it was important to first overcome this
Prx barrier. By inactivating the thioredoxin peroxidase activity,
Prx hyperoxidation would thus allow H,O, to accumulate and
react with target H,O,-sensitive signaling proteins (Fig. 3A).
The Floodgate model has certainly provided a plausible ex-
planation for why Prx might have evolved to be sensitive to
hyperoxidation, potentially solving the conundrum as to how
H,0,-regulated target signaling proteins ever become oxidized
in the presence of more abundant and more reactive 2-Cys Prx.
In support of the principle underlying this hypothesis, phos-

phorylation has been shown to reduce the thioredoxin peroxi-
dase activity of mammalian Prx1 and thus promote H,0,-
dependent signaling in response to growth factors (16, 19, 97).
However, there is no evidence that 2-Cys Prx become hyper-
oxidized to any significant extent by H,O, generated in re-
sponse to growth factors or most other physiological stimuli
(19, 25, 97) (Table 1). Moreover, although Prx hyperoxidation
has now been detected in many biological situations (Tables 1
and 2), there remain few examples demonstrating that Prx
hyperoxidation is important for downstream increases in sig-
naling. Perhaps the best evidence to date in support of the
Floodgate model has come from studies that have detected
increased hyperoxidation of mitochondrial Prx3 in the adrenal
cortex in response to adrenocorticotrophic hormone (ACTH).
This Prx3 hyperoxidation is caused by increased levels of
mitochondrial HO, generated by cytochrome P450s during
corticosteroid production. Importantly, ACTH-induced Prx3
hyperoxidation has been shown to be required for the associ-
ated increase in cytoplasmic activation of the p38 mitogen
activated protein kinase (MAPK) (Fig. 3A) (43). However, the
activation of p38 MAPK has been shown to require cytosolic
Prx (22, 87) and involve the formation of disulfides between
Prx1 and the mitogen activated protein kinase kinase kinase
(MAPKKK) Askl (40). Thus, the hyperoxidation of Prx3 de-
tected by Kil e al. may actually serve to increase the H,O,
available to oxidize another Prx, Prx1, rather than, as suggested
by the Floodgate model, a less peroxide-reactive signaling
protein. Moreover, despite the attention that this model has
received, there is still remarkably little evidence that inacti-
vation of the thioredoxin peroxidase activity of 2-Cys Prx by
hyperoxidation is responsible for in vivo increases in H,O,. For
example, even in the case of the significant ACTH-induced
increases in Prx3 hyperoxidation, described earlier, it is unclear
as to whether the extent to which Prx3 becomes hyperoxidized
(<30%) would limit the removal of mitochondrial H,O, suf-
ficiently to cause an increase in cytoplasmic H,O, (43).
Certainly the levels and duration of H,O, exposure re-
quired to hyperoxidize the bulk of 2-Cys Prx activity seem to
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FIG. 3. Hyperoxidation of Prx has been proposed to (A) allow H,0, signaling, (B) preserve thioredoxin activity by
inhibiting their thioredoxin peroxidase activity, and (C) to promote alternative chaperone and signaling activities.
(A) 2-Cys Prx are proposed to act as floodgates; buffering low levels of H,O, and thus inhibiting the oxidation of signaling
proteins (e.g., PTP) with hyperoxidation, permitting the accumulation of H,O, that activates H,O, signal transduction (98).
In support of this model, circadian increases in the hyperoxidation of mitochondrial Prx3 are important for the cytoplasmic
activation of p38 in the adrenal cortex (43, 44). (B) In response to low levels of H,O,, the thioredoxin peroxidase activity of
2-Cys Prx promotes H,O, signal transduction by competitively inhibiting the reduction of signaling proteins, for example,
the AP-1-like transcription factor Papl, by thioredoxin family proteins. Hyperoxidation of Prx to thioredoxin-resistant forms
inhibits Papl activation (11, 88), but it is proposed to increase the availability of thioredoxin to reduce other oxidized
proteins. In support of this, hyperoxidation of Prx is important for maintenance of thioredoxin and MSRA activity and
survival of cells under acute stress conditions (27). (C) Hyperoxidation of Prx has also been demonstrated to increase the
stability of Prx oligomers, thus enhancing signaling and chaperone activities that help repair oxidative stress-induced
damage. For example, sulfinylated Prx interact with Hsp70, Hspl104, and misfolded protein aggregates, promoting the
disaggregation of misfolded proteins (31, 38) and hyperoxidized Prx oligomers have been proposed to inhibit cell cycle
progression (71) and senescence by differentially regulating the activity of specific phosphatases (MKP) to alter signal
transduction under oxidative stress conditions (86). MKP, mitogen-activated kinase phosphatase; MSRA, methionine
sulfoxide reductase A; PTP, protein tyrosine phosphatase.

be far in excess of that produced in response to growth fac- growth factor-induced Prx phosphorylation and for ACTH-
tors or other endogenous ‘‘non-stressful’”’ H,O,-generating induced increases in p38 activity (19, 43, 97). However, it
events (Table 1). It is possible that the inactivation of the remains challenging to detect such proposed local increases,
thioredoxin peroxidase activity of 2-Cys Prx leads to local and even more difficult to determine whether any increases in
increases in H,O, available for signaling, as proposed for H,0, are actually caused by, rather than the cause of, Prx
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TABLE 2. PHYSIOLOGICAL SITUATIONS IN WHICH HYPEROXIDIZED PRX HAVE BEEN DETECTED BUT THE FRACTION
OF THE PrRX THAT Is HYPEROXIDIZED Is NOT DETERMINED

Species/cells 2-Cys-Prx Physiological condition Detection Method Reference
Bacteria
Synechococcus Prx Circadian time (0-64h) Non-reducing western («PrxSO,,3) (28)
elongatus Peak intensity every 24 h
Archaea
Halobacterium Prx Circadian time (0-68 h) Non-reducing western («PrxSO,,3) (28)
salinarum Peak intensity every 12h
Plants
Ostreococcus tauri Prx Constant darkness (0-96 h) Non-reducing western («PrxSO,,3) (60)
Peak intensity every 12h
Arabidopsis thaliana  Prx Diurnal pattern (0—47 h) Non-reducing western (x-2-Cys (75)
(16 h light, 8 h dark, Prx (rice), aPrxSO,/3)
24 h light)
Peak intensity continuous light
Animals
C. elegans (N2) PRDX-2 Temperature cycle (16 h 13°C, Non-reducing western («PrxSO,/3) (63)
8h 16°C)
Peak intensity every 20 h
Drosophila Prx Circadian time (0—48h) Non-reducing western («PrxS0O,3) (28)
melanogaster Peak intensity at 4-8
and 20-24h
Mice
Erythrocytes Prx2 Circadian time (0—48h) (ePrxS0O,3) (18)
Peak intensity every 24 h
Adrenal gland, brown Prx1/2, Prx3 12/12h dark/light cycle (ePrxS0O,/3) 44)
adipose, and heart Peak intensity every 24 h
cytosolic and mito
fractions
Adrenal gland Prx3 Peak intensity every 24 h (ePrxSOy,/3) 43)
homogenates
Liver Prx1 Circadian time (0-21h) Non-reducing western («PrxSO,,3) (28)
Peak intensity at 0—12h
Rat
Carotid artery Prx1/2, Prx3 Balloon injury (0-7 days) (ePrxS0O,/3) “42)
Peak intensity 1-5 days
Mongolian gerbil
Hippocampal Prx Aged (1-24 months) (oPrxS0O5/3) (102)
homogenates Peak intensity 1-3,
18-24 months
Hippocampal Prx Forebrain ischemia (5 min) (ePrxS0Oy,/3) 36)
CA1 region Peak intensity 5 days later
Human
PBMC PRDX Before, during, and 30 min post Reducing western («PrxSOy;, (89)
exercise o-f-actin®)
Peak intensity during high
exercise
PBMC PRDX Asthma patients Reducing western («PrxSO,3) 46)
Erythrocytes Prx1/2, Prx3 Constant darkness (0—-60h) Non-reducing western («PrxS0O,3) 59)
Peak intensity every 12h
Cartilage Prx Increased during aging and in ~ (¢PrxSO,/3) immunostaining 2n

osteoarthritis

Examples of the physiological situations in which increases in hyperoxidized Prx have been detected, indicating the point at which peak
levels of hyperoxidized Prx were detected and the method of detection. Immunoblots using anti-PrxSO,,; antibodies (96) to detect
hyperoxidized Prx were normalized to levels of the indicated Prx, using appropriate anti-Prx antibodies, unless otherwise indicated (*).

PBMC, proliferating blood monocytes.

hyperoxidation. Moreover, recent in silico investigations have
suggested that even localized increases in H,O, are unlikely to
be sufficient to promote rapid oxidation of signaling proteins,
such as protein tyrosine phosphatase (PTP) (85). Indeed, there
is increasing evidence that, rather than acting as barriers, Prx

play direct, positive roles in promoting the H,O,-induced
oxidation of, at least some, signaling proteins [for a review, see
Netto and Antunes (55)]. For instance, in the fission yeast
S. pombe, increases in exogenous H,O, that are sufficient to
cause H,O,-induced hyperoxidation of the 2-Cys Prx Tpxl
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actually prevent the H,O,-induced oxidation and activation of
the AP-1-like transcription factor Papl, in complete contra-
diction to the predictions of the Floodgate model (11, 88).

Indeed, our further work in S. pombe has suggested an
alternative advantage of inhibiting the thioredoxin peroxi-
dase activity of Prx. Similar to the premise of the Floodgate
model, we also proposed that the high abundance and H,0,
reactivity of 2-Cys Prx means that there are conditions under
which loss of the thioredoxin peroxidase activity by hyper-
oxidation of Prx is important. However, in contrast to Wood
et al.’s proposal that loss of Prx activity increases the H,O,
available for signaling functions, our work suggests that
hyperoxidation is important to limit the oxidation of thior-
edoxin, the other substrate of Prx activity, thus increasing the
amount of reduced thioredoxin available to reduce other
oxidized proteins under stress conditions (Fig. 3B) (27). This
alternative hypothesis arose, in part, from our observation
that the sensitivity of 2-Cys Prx to hyperoxidation had co-
evolved in organisms in which Prx disulfides, generated
during the catalytic reduction of peroxides, were reduced by
thioredoxin, rather than by a dedicated Prx reductase, AhpF
(Fig. 1). Thioredoxin is a relatively broad specificity oxido-
reductase that not only is an essential cofactor for many en-
zymes that involve a redox step in their catalytic mechanism
but also functions to reduce disulfides in signaling proteins,
such as PTPs, the Askl MAPKKK or yeast AP-1-like tran-
scription factors, and oxidatively ‘‘damaged’’ proteins under
oxidative stress conditions [for reviews, see Refs. (30, 50)].
Accordingly, as demonstrated in S. pombe, when thioredoxin
reductase activity is limiting, the consequence of coupling the
peroxidase activity of the single 2-Cys Prx, Tpxl1, to thior-
edoxin is that, in cells exposed to H,O,, Prx disulfides can
dramatically deplete the amount of reduced thioredoxin
available to reduce other substrates and repair oxidative
protein damage (27). Indeed, we have shown that this ability
of Tpx1 disulfides to drive thioredoxin oxidation, and thus
inhibit the reduction of other oxidized proteins, is vital for
stable H,O,-induced oxidation of the Papl transcription
factor, which in its oxidized form activates a stress-protective
gene expression program (12). These findings suggest that the
coupling of Prx to thioredoxin may have evolved to provide a
means for low levels of H>O, to promote thioredoxin oxidation,
and thus regulate the activity of downstream thioredoxin/
thioredoxin family substrate proteins (Fig. 3B).

As Prx acquired this new H,0,-signaling function, as
H,0O,-dependent regulators of thioredoxin activity, we
speculated that this may have generated the selection pres-
sure for increased sensitivity to hyperoxidation; to uncouple
Prx activity from thioredoxin under acute stress conditions
and thus divert thioredoxin toward repair pathways (Fig. 3B).
Indeed, we demonstrated that both thioredoxin and the
thioredoxin-dependent repair enzyme, methionine sulfoxide
reductase A (Mxrl), were inhibited under oxidative stress
conditions in S. pombe cells expressing a hyperoxidation-
resistant Tpx1 mutant (Tpxll'lgl) (27). Notably, although
new gene expression is inhibited, preventing cells from
adapting by increasing the expression of ROS defense pro-
teins, both wild-type and Afpx/ mutant yeast are able to re-
cover after prolonged exposure to very high (25mM)
concentrations of H,O, (27). However, ectopic expression of
sulfiredoxin under these acute stress conditions, where it is
not usually expressed, maintains the levels of Tpxl dis-
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ulfides, increasing the inhibition of thioredoxin and resulting
in a Tpxl-dependent loss of cell viability (27). Thus, we
demonstrated that hyperoxidation of Tpx1 is important for
cell survival under acute stress conditions. This suggests that
inactivation of the thioredoxin peroxidase activity of Tpx1 is
vital to allow thioredoxin-dependent maintenance of essen-
tial activities when ROS levels inhibit new gene expression/
protein synthesis.

Moreover, our data suggest that the inactivation of Tpx1 by
hyperoxidation also protects S. pombe from damage at lower,
sub-lethal concentrations. Notably, thioredoxin is not only
important for repairing oxidative protein damage, and sup-
porting the activity of methionine sulfoxide reductase, but
also required for ribonucleotide reductase, which is impor-
tant for DNA synthesis and repair. Indeed, consistent with
the prolonged inhibition of thioredoxin in cells expressing
hyperoxidation-resistant Tpx1'"'8! (27), the cell division cycle
of these cells is de-regulated, and nuclear damage increased,
when these cells are exposed to non-lethal levels of H,O, at
which Tpx1 is usually hyperoxidized [Brown, Morgan, and
Veal, unpublished observations and Day et al. (27)].

Apart from revealing that inactivation of the thioredoxin
peroxidase activity of Prx is important to repair damage and
allow cell survival under acute stress conditions, these yeast
studies suggest that the coupling of Prx to thioredoxins may
have evolved as a key mechanism to allow H,O, signaling.
For instance, we have subsequently demonstrated that the
thioredoxin peroxidase activity of Tpx1 is required for the
H,0,-induced oxidation of the Pap1 transcription factor and
oxidative stress resistance, not because it is required to re-
move peroxides, but because it promotes the H,O,-induced
oxidation of the thioredoxin-like protein, Txl1 that reduces
Papl (12). Accordingly, in cells expressing a thioredoxin
peroxidase-defective Tpx1 mutant, Tpx 1'%, the thioredoxin-
like protein TxI1 is not oxidized in response to H,O,, Papl
oxidation is inhibited, and cells are unable to mount Papl-
dependent transcriptional responses (12). Although the ef-
fect of Prx hyperoxidation on thioredoxin activity has yet to
be investigated in other systems, Prx have been shown to act
as important Trx regulators in plants and budding yeast,
where they promote thioredoxin oxidation in response to
light-stimulated increases in H,O, (9, 26). Moreover, the ob-
servation that the facultative anaerobe, Vibrio vulnificus, pos-
sesses both a thioredoxin-coupled, hyperoxidation-sensitive
2-Cys Prx and a stress-induced, AhpF-coupled 2-Cys Prx
suggests that 2-Cys Prx may also have evolved distinct func-
tions in response to different levels of H>O, in Vibrio and other
prokaryotes (Enterobacter sp., Pseudomonas sp., Pseudoalter-
omonas sp., Salmonella sp., Shewanella sp.) where both robust
and hyperoxidation-sensitive 2-Cys Prx are present (2, 33)
(Fig. 2).

Thus, we propose that the coupling of thioredoxin to the
reduction of 2-Cys Prx may have evolved originally in some
bacteria as an effective means to regulate the host of cellular
thioredoxin-dependent enzymatic and signaling activities in
response to rises in H,O,. However, inevitably with this
advantage came the risk that, under acute stress conditions,
the continuous formation of Prx disulfides could lead to
prolonged thioredoxin oxidation, preventing maintenance of
vital cellular activities and repair of oxidatively damaged
proteins or DNA. Moreover, if thioredoxin reductase activity
is not limiting then, unchecked, the thioredoxin peroxidase
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activity of Prx could potentially deplete NADPH and, con-
sequently, inhibit the glutathione system too. Thus, given the
importance of NADPH, thioredoxin, and glutathione for
survival under oxidative stress conditions, this connection of
the peroxidase activity of 2-Cys Prx to the thioredoxin system
would be predicted to generate a strong selective pressure to
de-couple thioredoxin from Prx reduction in cells exposed to
high levels of oxidants.

Gain of Function: Increased Non-Peroxidase
Activities of Hyperoxidized Prx

Both the models discussed earlier consider advantages of
Prx hyperoxidation in terms of “‘loss of function” of the
thioredoxin peroxidase activity, either to allow H,O, sig-
naling or to preserve thioredoxin in times of acute stress
(Fig. 3). In addition to these proposals, Prx have been shown
to be multifunctional proteins, with a chaperone activity that
protects against protein aggregation (18, 34). Accordingly,
although hyperoxidation inhibits the thioredoxin peroxidase
activity of Prx, it has been proposed that it increases other
chaperone and signaling activities of Prx that protect against
oxidative damage (Fig. 3C). Here, we will review the evi-
dence that although hyperoxidation inactivates the thior-
edoxin peroxidase activity of Prx, it may lead to a ‘‘gain of
function” in other activities.

Chaperone Activity

The identification that 2-Cys Prx also have a chaperone
function came from studies in the budding yeast S. cerevisiae.
Investigations into the reduced thermotolerance of S. cere-
visiae lacking the predominant 2-Cys Prx, Tsal, lead to the
discovery that 2-Cys Prx can protect against thermal aggre-
gation of proteins in vitro and in vivo independent from their
peroxidase activity by acting as molecular chaperones (38).
This chaperone activity is promoted by heat or H,O,-induced
formation of higher order Prx complexes (38, 82). Although
the chaperone activity of Prx does not appear to require either
of the cysteines that are essential for thioredoxin peroxidase
activity, the reversible, H,O,-induced formation of higher
order Prx complexes does require the peroxide-reacting
cysteine, as well as the cycling activity of thioredoxin.
Moreover, in cells lacking sulfiredoxin, these H,O,-induced
higher molecular weight forms with increased chaperone
activity persist for longer (38). Together, these findings
suggest that hyperoxidized Prx more readily participates in
higher molecular weight forms with increased chaperone
activity. Thus, it has been proposed that, although hyperox-
idation inactivates the peroxidase activity of Prx, it promotes
this chaperone activity, reducing protein aggregation and,
consequently, promotes the survival of cells exposed to ther-
mal stress (38). Moreover, further oxidation of the peroxide-
reacting cysteine to a sulfonyl derivative has been shown to
further increase the chaperone activity of Tsal (48).

In vitro assays suggest that chaperone activity is likely to
be a general feature of 2-Cys Prx, for example shared by
human Prx1 and Prx2 (37, 54), and Prx from plants (45),
protozoa (82), and bacteria (20). Other studies have also
identified that other post-translational modifications (37),
mutations, and changes in pH that promote formation of
higher molecular weight oligomeric forms of Prx also in-
crease this chaperone activity (20, 37). However, given that
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hyperoxidation is not essential for this chaperone activity
(82), yet completely inhibits the thioredoxin peroxidase
activity, it seems unlikely that increased chaperone activity
alone could provide enough selective pressure to drive the
evolution of peroxide-sensitive Prx. Indeed, it is possible
that some of the in vivo protection against thermal protein
aggregation associated with Prx hyperoxidation could also
be due to increased availability of thioredoxin to reduce
oxidized proteins (27). Recently, further light was cast on
this issue by the discovery that hyperoxidation of S. cere-
visiae Tsal is important for the in vivo recruitment of ATP-
dependent chaperones (heat shock proteins) to aggregates
that form under oxidative stress conditions (31). This sug-
gests that hyperoxidized Prx can also facilitate the action of
heat shock proteins (e.g., Hsp70) in actively removing or
refolding damaged proteins. Accordingly, this may provide
an important advantage under oxidative stress conditions
(31) (Fig. 4).

Other Activities for Hyperoxidized Prx

Prx hyperoxidation has also been proposed to increase or
promote other peroxidase-independent signaling activities.
In many cases, this is also proposed to be due to an increase
in the stability of oligomeric forms. For instance, hyper-
oxidation of human Prx2 has been shown to result in the
formation of filamentous oligomers. Interestingly, the
presence of these forms is associated with cell cycle arrest
(71). Although it is currently unclear how these structural
changes serve to regulate cell responses, the potential for
altering the interaction partners of Prx has been revealed by
more recent studies. For example, in contrast with the pre-
dictions of the Floodgate model, and with the increased p38
activation associated with hyperoxidation of Prx3 (43)
(Fig. 3A), hyperoxidation of human Prx1 increases its as-
sociation with the phosphatase mitogen-activated kinase
phosphatase (MKP)-5, thus preventing ROS-induced inac-
tivation of MKP-5 and maintaining low p38MAPKu activity
(86). By stabilizing the decameric form, hyperoxidation has
also been shown to promote the non-covalent interaction of
human Prx2 with a thioredoxin-like protein, Erp46 (64).
Intriguingly, this latter study is consistent with the view that
hyperoxidation may also serve to regulate the activity of
thioredoxin/PDI-like proteins, which could also lead to
downstream effects on protein folding/homeostasis or sig-
naling under oxidative stress conditions.

Although Prx hyperoxidation leads to a loss of peroxidase
activity, the recent identification that at least some eu-
karyotic Prx, including human Prdx1, also have catalase
activity (2 H,0,—2H,0+0,), even when exposed to
concentrations of H,O, at which they are usually hyperox-
idized, suggests that hyperoxidized Prx may retain some
catalytic peroxide-removing activity (80, 101). Although
the functional significance of this catalase activity has yet to
be established, the dependence of this catalase activity on
Fe’" and a conserved GVL motif found in the majority of
hyperoxidation-sensitive Prx (Fig. 2) raises the intriguing
possibility that these Prx may have a bifunctional activity
profile; with thioredoxin-dependent peroxidase and signal-
ing activities at low H,O, concentrations and catalase and
chaperone/other signaling activities that are retained, or
gained, at higher H,O, concentrations.
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FIG. 4. Models depicting the bi-phasic intracellular response to external rises in H,O, and the role of Prx hy-
peroxidation. Cells are able to buffer the intracellular environment against external rises in H>O, (84). (A) Low levels of
H,0;: Endogenous H,O, react with the peroxidatic cysteine of Prx present in reduced decamers, in which it is highly
sensitive to oxidation. During the catalytic cycle of Prx, disulfide bond formation promotes dissociation from the decamer.
Prx disulfides promote H,O, signal transduction by (i) promoting the oxidation and (ii) inhibiting the reduction of H,O,-
signaling proteins, for example, the MAPKKK, Askl, or transcription factors Papl and STAT3, by thioredoxin. If the
extracellular H,O, concentration exceeds the H,O,-buffering capacity of cellular thiols, intracellular levels of H,O, rise.
This rise in H,O, causes the peroxidatic cysteines in Prx decamers to become hyperoxidized to sulfinylated derivatives that
are resistant to reduction by thioredoxin. Hyperoxidation stabilizes oligomeric forms and promotes the interaction of Prx
with misfolded proteins, generating aggregates to which it recruits heat shock proteins that actively promote refolding. At
low H,O,, Trx reduces oxidized Prx disulfides. As H,O, concentrations increase above the H,O,-buffering capacity,
increased hyperoxidation of Prx means that more Trx is free to reduce oxidized proteins and act as a cofactor to other
thioredoxin-dependent enzymes, such as MSRA and RNR, that are important for repair of oxidatively damaged proteins and
DNA, respectively. (B) Effect of cell state/aging on the bi-phasic response to H,O,; our modeling predicts that lower levels
of H,O, are required to saturate the H,O,-buffering capacity of quiescent S. pombe, compared with cells that are expo-
nentially growing. This is consistent with other work suggesting that aged cells are more sensitive to Prx hyperoxidation
(21, 53) and suggests that Prx hyperoxidation may, therefore, play a more prominent role in protecting aging cells against
damage. MAPKKK, mitogen-activated protein kinase kinase kinase; RNR, ribonucleotide reductase.
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When Does Prx Hyperoxidation Occur In Vivo
and to What Extent?

Detecting Prx hyperoxidation

In assessing the relative contributions of each of the pro-
posed functions for Prx hyperoxidation in vivo, it is important
to understand the circumstances under which Prx become
hyperoxidized. The generation of antibodies that are specific
to the hyperoxidized, sulfinylated or sulfonylated, forms of
Prx («PrxSO,,3) has provided an important tool for detection
of hyperoxidized Prx, circumventing the need for electro-
phoretic or mass spectrometric methods to distinguish hy-
peroxidized from reduced Prx monomers (48, 96). This has
led to a dramatic increase over recent years in the number of
conditions under which Prx hyperoxidation has been detected
(Table 2). In most cases, comparisons with the signal from an
antibody that detects all Prx redox states is used as a control to
ensure that changes in the level of hyperoxidized Prx are not
due to changes in total Prx levels. These studies have pro-
vided important information as to the circumstances under
which there is a detectable increase in hyperoxidized Prx.
However, use of «PrxSQ,,; antibodies alone to detect Prx
hyperoxidation does have some limitations. Most impor-
tantly, this approach gives no indication of the extent to
which Prx are hyperoxidized, preventing any assessment of
whether a tiny fraction or the vast majority of peroxide-
reacting Prx cysteines are hyperoxidized. Moreover, al-
though sulfonylation is unlikely to occur to any significant
extent in physiological conditions, the «PrxSO,,; antibodies,
most frequently used, recognize both sulfinylated Prx, which
is a substrate for sulfiredoxin, and sulfonylated Prx, which is
not. Further, although the sequence identity of the sulfiny-
lated peptide against which they are raised means these an-
tibodies are effective at detecting hyperoxidation of 2-Cys
Prx from a broad range of species, this also prevents them
from distinguishing between different hyperoxidized 2-Cys
Prx in the same sample, unless the Prx are sufficiently dif-
ferent in size to allow electrophoretic separation from other
Prx, for example, Prx3 (Fig. 2). To examine whether specific
Prx are hyperoxidized, and whether this hyperoxidized Prx
represents a significant proportion of the total Prx, it is nec-
essary to separate hyperoxidized Prx from other redox forms,
before immunoblotting and analysis with antibodies to Prx
that are not specific to a particular redox state. This separation
can be effected in a number of ways; for example, by covalent
modification of the reduced cysteines in protein samples with
agents that allow electrophoretic separation of reduced and
hyperoxidized Prx forms based on differences in mobility, for
example, AMS, or by using isoelectric focusing gels that
allow separation on the basis of charge differences (8, 14, 24,
90). Notably, the sensitivity of the peroxidatic thiol to oxi-
dation means that, unless care is taken to prevent oxidation
occurring in vitro during protein extraction, the relative
amounts of reduced and disulfide-bonded Prx will not reflect
the in vivo distribution (24). However, using these methods, it
is possible to quantitatively determine the extent to which a
specific Prx become hyperoxidized (14, 24, 27, 84) (Table 1).
Nevertheless, although there are now a vast number of studies
reporting in vivo hyperoxidation of Prx, in few cases has the
percentage of Prx that remains in its catalytically active form
also been determined (Tables 1 and 2). This is important for
assessing the effect of hyperoxidation. For instance, even if
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hyperoxidized Prx is detected, if this only represents a tiny
fraction of the total Prx, then it is unlikely that this will have a
significant downstream, general effect on either H,O, levels
or the availability of reduced thioredoxin. It is possible that
localized Prx hyperoxidation might have a localized effect on
levels of H,O, or reduced thioredoxin, particularly if there
are physical constraints on the diffusion of H,O, from the site
at which it is generated in vivo [as discussed by Heppner et al.
(34)]. However, if the bulk of the Prx remains in active cy-
cling forms, we speculate that it is perhaps more likely that
any biological effect of hyperoxidation is due to an increase
in a Prx’s chaperone or signaling activities (Fig. 3C).

Is Prx hyperoxidation a cause or consequence
of oxidative stress?

In addition to providing invaluable insight into the structure
and redox biochemistry of Prx, in vitro studies have demon-
strated that some eukaryotic Prx are intrinsically more sensi-
tive to hyperoxidation than others (23, 70). However, it is
impossible for in vitro studies to simulate the complex cellular
environment. The potential influence of other cell components
on the sensitivity of Prx to hyperoxidation is illustrated by an
in vitro study from the Winterbourn lab that demonstrated that
the presence of other peroxide-removing enzymes, such as
catalase, protects Prx against hyperoxidation (70). Indeed, the
in vitro and in vivo sensitivity of Prx to hyperoxidation can be
quite different. For instance, although Prx4 is as intrinsically
sensitive to hyperoxidation as Prx2 in vitro, the absence of an
efficient ER recycling system for Prx4 disulfides means that
much less Prx4 becomes hyperoxidized in vivo, even in cells
exposed to very high (10mM) concentrations of H,O, (15)
(Table 1). Similarly, Prx2 has been shown to be less suscep-
tible to extensive hyperoxidation in cells where thioredoxin
activity is limiting (49). Therefore, to understand the physio-
logical causes of Prx hyperoxidation, it is important to take
into account the relative in vivo levels of Prx, thioredoxin, and
other peroxide-metabolizing systems.

Over recent years, computational models, incorporating
both reaction rate parameters, determined from biochemical
studies of purified proteins, and in vivo considerations, such
as cell H,O, permeability and the relative concentrations of
different enzymes, have started to be utilized to address how
cells respond to oxidants (1, 6, 84, 85). In our recent study, we
took this approach to investigate how the in vivo environment
affects the oxidation state of Prx. Taking advantage of the
presence of a single S. pombe Prx, Tpx1, the availability of
quantitative proteomic data for the concentration of each
S. pombe protein (52), and established redox Western blotting
methods (27), we obtained quantitative time course data for
the distribution of Tpx1 between different oxidation states in
cells exposed to different concentrations of H,O,. Using
these data, we were able to construct a mathematical model
representing the redox reactions of Tpxl that was able to
simulate the in vivo data (84). We learned a number of things
from this model. Notably, rather than a linear increase in the
amount of Tpx1 that became hyperoxidized in response to
exogenous H,0,, we discovered that Tpx1 was protected
from hyperoxidation by an in vivo peroxide-removing ac-
tivity, such that Tpx 1 hyperoxidation was only detected when
this activity was overcome and intracellular H,O, concen-
trations began to increase (Fig. 4). Notably, this observation



Downloaded by Guangxi University for Nationalities from online.liebertpub.com at 02/21/18. For personal use only.

FUNCTION OF PEROXIREDOXIN HYPEROXIDATION

that intracellular H,O, levels undergo a biphasic response to
increasing doses of extracellular H,O, was also found to be
true for a human kidney cell line (HEK293) (84). Moreover,
although the amount of exogenous H,O, required to breach
the cellular peroxide-buffering capacity was much lower,
nevertheless, as in S. pombe, hyperoxidation of Prx was only
detected in kidney cells once the intracellular H,O, con-
centrations began to rise more rapidly. Indeed, a perusal of
the literature suggests that Prx hyperoxidation is also corre-
lated with increases in intracellular H,O, in other cells (Ta-
ble 1). Of course, as Prx are very efficient at removing H,O,,
it might be expected that inactivation of Prx by hyperoxida-
tion would be correlated with a rise in intracellular H,O,.
However, we were able to show that there was no change in
the threshold extracellular H,O, bolus required to cause in-
tracellular H,O, concentrations to rise in cells expressing a
hyperoxidation-resistant Tpx 1 mutant (84). Moreover, loss of
Tpx1, the single glutathione peroxidase, Gpx1, or catalase
did not affect the bi-phasic response of S. pombe. This sug-
gests that none of these peroxidases makes a significant
contribution to the cell’s ability to buffer the internal envi-
ronment against an external bolus of H,O,. In contrast,
thioredoxin was found to be critical for this bi-phasic re-
sponse. It is likely that other reductants, such as glutathione
and methionine, also contribute to the cellular H,O,-
buffering capacity, but a key role for thioredoxin is consistent
with findings from a model constructed by the Kemp group
that suggested that the thiol proteome makes an important
contribution to the H,O,-buffering capacity of the cell (1).
Although relatively limited protein thiol oxidation has gen-
erally been observed in mammalian cells treated with suffi-
cient H,O, to cause some Prx hyperoxidation (5), to our
knowledge, the effect/s of sustained Prx activity in these
circumstances on thioredoxin activity and the thiol proteome
have not been investigated. Therefore, it remains possible
that rapid thioredoxin-mediated reduction of protein dis-
ulfides, enhanced by diversion of thioredoxin from Prx to-
ward other substrates, plays a widespread role in protecting
proteins against sustained oxidation (Fig. 4). In any case,
regardless of the nature of the H,O,-removing activity, our
data imply that Prx hyperoxidation only occurs in vivo once
this peroxide-buffering capacity is saturated and the intra-
cellular H,O, levels start to rise more rapidly (Fig. 4).

Intriguingly, our model and in vivo data also suggest that the
main route by which Prx become hyperoxidized involves the
sulfenylation of both peroxidatic cysteines in a Prx dimer,
before formation of the disulfide bond between the Prx part-
ners. The remaining sulfenylated peroxidatic cysteine in the
disulfide-bonded dimer subsequently becomes sulfinylated by
reacting with a second H,O, molecule. Although other routes
may also contribute, this reaction sequence is consistent with
the detection of hyperoxidized disulfides before hyperoxidized
monomer (27, 39, 84). Moreover, it also fits with our finding
that hyperoxidized Prx were only detected once the cellular
H,0,-buffering capacity was breached, as the chances of a
second sulfenylation event taking place before disulfide for-
mation would be greatly increased once intracellular H,O,
levels began to increase more substantially (84).

The finding that the trigger for Prx hyperoxidation is a rise
in H,0, after saturation of cellular H,O,-buffering capacity
has important implications for the various situations in which
hyperoxidized Prx are detected in vivo. For example, this
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implies that increases in Prx hyperoxidation, detected as a
conserved feature of many circadian rhythms (Table 2 and
references within), are preceded by an increase in the levels of
H,0, above the cell’s H,O,-buffering capacity. Moreover, our
data raise the intriguing possibility that differences between
the intrinsic sensitivity of different Prx to hyperoxidation in
different organisms or organelles may reflect the H,O,-
buffering capacity of the specific Prx’s in vivo environment.

Implications for the physiological roles of Prx

As discussed earlier, the simple view that, like their more
robust bacterial counterparts, the main function of eukaryotic
2-Cys Prx is to remove H,O, has been challenged by a
number of discoveries. These include the increasing evidence
that these 2-Cys Prx are multifunctional proteins, with
chaperone and signaling activities that do not require their
thioredoxin peroxidase activity, but that are increased by
post-translational modifications, including hyperoxidation.
In addition to peroxidase-independent functions of Prx, in
their thioredoxin peroxidase-active form, Prx have been
shown to actively promote redox signaling, both by acting as
peroxide transducers to initiate the oxidation of redox-
regulated proteins (40, 79) and by promoting the oxidation of
thioredoxin family proteins (12) [for a review, see Netto and
Antunes (55); Fig. 3B]. Both these functions are inhibited by
Prx hyperoxidation, along with any ROS-detoxifying func-
tion of the thioredoxin peroxidase activity.

Based on these findings, it is possible that the increased
ROS levels, oxidative damage, and/or activation of stress-
activated signaling pathways frequently observed in cells
lacking Prx could partly reflect loss of one or more of Prx’s
other activities, rather than rises in H,O, directly caused by
loss of the thioredoxin peroxidase activity. Indeed, as our
studies suggest, although Prx may provide an effective means
to reduce the low levels of peroxides generated by normal
metabolism, in organisms where they are coupled with
thioredoxin, this peroxidase activity is not well suited to deal
with an increase in H,O, above these levels, particularly
when thioredoxin reductase activity is limiting (12, 84).
Hence, we propose that Prx hyperoxidation should be viewed
as a consequence rather than a cause of the associated rises in
ROS. This is in accordance with others that have proposed
that hyperoxidized Prx are a suitable early biomarker for
oxidative stress (74).

Increases in hyperoxidized Prx have now been detected in
response to many stimuli and, most intriguingly, as a con-
served feature of many circadian rhythms (Table 2). In most
of these studies, the anti-PrxSO,; signal is normalized to the
signal from an antibody that detects both reduced and hy-
peroxidized forms of the Prx in question (Table 2). Although,
as discussed earlier, this is sufficient to demonstrate that the
changes in hyperoxidized Prx do not reflect changes in total
Prx levels, there remain few studies in which the % of Prx that
is hyperoxidized has been accurately determined. Filling this
gap will be important if we are to discern whether the main
function of hyperoxidation in a given situation is to limit
either the removal of H,O, and/or oxidation of thioredoxin,
which would most likely require the bulk of Prx to become
hyperoxidized, or as a post-translational modification pro-
moting the formation of stable oligomeric forms and inter-
actions with signaling or chaperone/misfolded proteins. For
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example, formation of a small or localized amount of hy-
peroxidized Prx, such as has been frequently observed (Ta-
ble 1), may be unlikely to impact rates of peroxide removal or
thioredoxin oxidation, but they might be sufficient to promote
alternative chaperone or signaling functions (Figs. 3C and 4).
Indeed, although Prx have been demonstrated to have local-
ized ROS-protective activities, in some cases these do not
require the resolving cysteine, which is essential for thior-
edoxin peroxidase activity. Hence, it seems likely that, in at
least some cases, chaperone or signaling activities of Prx are
responsible for protecting against rises in ROS (12, 51, 92).

Role of Prx hyperoxidation in aging

Increases in hyperoxidized Prx (Tsal) have been detected
during the replicative aging of budding yeast (53) (Table 1)
that recent work suggests are important to protect against the
aggregation of proteins (31). Accordingly, this raises the
possibility that it is this increased chaperone function that
may be responsible for the lower ROS levels and extended
replicative lifespan of cells expressing sulfiredoxin, rather
than the increased thioredoxin peroxidase activity of Tsal
(53). This raises the possibility that hyperoxidized Prx may
also contribute to the pro-longevity function of Prx in other
models of aging (58).

We have used our modeling approach to examine how
chronological aging might be predicted to affect the sensi-
tivity of the S. pombe Prx, Tpx1, to hyperoxidation. Quies-
cent cells are an established model of chronological aging,
with the chronological lifespan determined as the length of
time quiescent cells retain the capacity to re-enter the cell
cycle and divide. S. pombe cells undergo extensive changes
in gene expression as they enter quiescence that promote their
survival in stressful conditions (52). When our model is re-
populated with the concentrations of proteins found in qui-
escent cells, it predicts that the H,O,-buffering capacity of
quiescent S. pombe is much lower than that of exponentially
growing cells (Fig. 4B). Although these predictions require
experimental confirmation, this would be expected to in-
crease the sensitivity of Tpxl to hyperoxidation, consistent
with the possibility that Prx hyperoxidation might also have a
protective life-extending role in aging S. pombe. This fits
with the observation that Prx2 is more susceptible to hyper-
oxidation in chondrocytes from older human subjects (21).
However, it remains to be determined whether a chaperone
activity for hyperoxidized Prx is important for the pro-
longevity functions of Prx in animal models (47, 56, 61, 62).
Although hyperoxidized PRDX-2 has been shown to extend
C. elegans survival of a thermal stress (61), increases in
hyperoxidized Prx are not detected during C. elegans aging,
despite the lack of any sulfiredoxin activity (83). Notably, all
somatic cells in adult C. elegans are post-mitotic, so together
these studies raise the possibility that hyperoxidized Prx may
be specifically important for maintaining the replicative ca-
pacity of aging mitotic cells (53).

Conclusions and Future Directions

Although, as discussed, the thioredoxin peroxidase activity
of Prx may be more important for maintaining redox homeo-
stasis and promoting ROS signal transduction than directly
counteracting damaging rises in ROS, Prx, undoubtedly, play
central roles in protective ROS responses. It is, therefore, not
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surprising that deregulation of their activity should have been
linked to many diseases and aging [for reviews, see Refs. (58,
66)]. It is currently difficult to discern whether ROS-protective
effects of Prx are due to removal of H,O,, positive H,O,-
signaling functions, chaperone activity, or a combination of all
three. Accordingly, a full understanding of how the different
activities of Prx contribute to cellular defenses against rises in
ROS will require a better spatial resolution of (i) where ROS
levels increase, (ii) where hyperoxidized Prx are detected, (iii)
correlation with the localized distribution of Prx between di-
mers and decamers, and (iv) the availability of thioredoxin/
thioredoxin reductase and sulfiredoxin. We predict that new
methods to measure intracellular changes in H,O, or NADPH
in vivo and mathematical models, incorporating in vitro kinetic
analysis of the association and disassociation of Prx oligomers,
and interactions with thioredoxin, sulfiredoxin, and other
partner proteins, will together provide valuable tools toward a
more complete understanding of how cells initiate appropriate
responses to different levels of ROS and the key role/s that Prx
play in these responses.
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Reactive oxygen species, such as H,0,, can damage cells but also promote fundamental processes, in-
cluding growth, differentiation and migration. The mechanisms allowing cells to differentially respond to
toxic or signaling H,0-, levels are poorly defined. Here we reveal that increasing external H,O, produces a
bi-phasic response in intracellular H,0,. Peroxiredoxins (Prx) are abundant peroxidases which protect
against genome instability, ageing and cancer. We have developed a dynamic model simulating in vivo
changes in Prx oxidation. Remarkably, we show that the thioredoxin peroxidase activity of Prx does not
provide any significant protection against external rises in H,0,. Instead, our model and experimental
data are consistent with low levels of extracellular H,O, being efficiently buffered by other thioredoxin-
dependent activities, including H,O,-reactive cysteines in the thiol-proteome. We show that when ex-
tracellular H,O, levels overwhelm this buffering capacity, the consequent rise in intracellular H,O,
triggers hyperoxidation of Prx to thioredoxin-resistant, peroxidase-inactive form/s. Accordingly, Prx

hyperoxidation signals that H,O, defenses are breached, diverting thioredoxin to repair damage.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

following exposure to radiation can cause lethal levels of cell da-
mage. Hence, there is a strong driving force to evolve and maintain

Reactive oxygen species (ROS) generated by the partial reduc-
tion of oxygen during aerobic metabolism, immune cell attack or

Abbreviations: Prx, peroxiredoxins; Trx, thioredoxin; TxI1, thioredoxin-like pro-
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stilbene-2,2"-disulfonic acid; NEM, N-ethylmaleimide; ROS, reactive oxygen spe-
cies; H,0,, hydrogen peroxide; CysP, peroxidatic cysteine; CysR, resolving cysteine;
Pr-SS, protein disulfides; Pr-SH, protein thiols; DMEM, Dulbecco’s Modified Eagles
Medium; EMM, Edinburgh minimal media; TCA, trichloroacetic acid; DPBS, Dul-
becco’s phosphate-buffered saline; HRP, horse radish peroxidase; PF3, acetylated
peroxyfluorescein 3; AIC, Akaike Information Criterion
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ROS-protective mechanisms. Nevertheless, altered redox home-
ostasis and increased oxidative cell damage are associated with
the development of many common diseases, including cancer,
diabetes, cardiovascular and neurodegenerative diseases. How-
ever, there is increasing evidence that low levels of ROS can also
have beneficial effects; acting as signaling molecules to regulate
diverse biological processes (for a review see [1]). Hence, there is
considerable interest in understanding how cells optimize ROS
defenses to provide adequate protection without compromising
ROS-signaling functions. Here we have developed and used a
mathematical model as a tool to understand what governs how
cells respond to increases in hydrogen peroxide (H,0,).
Peroxiredoxins (Prx) are amongst the most prevalent enzymes
involved in responses to H,0,. Prx are ubiquitous and highly ex-
pressed peroxidases which utilize reversibly oxidized cysteine
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residues to reduce peroxides (for a review see [2]) (Fig. 1A). In-
triguingly, peroxiredoxins appear to have dual roles in cancer,
acting as tumor suppressors but with increased Prx expression
also associated with poor prognosis tumors and increased me-
tastasis. Prx have also been shown to promote longevity in yeast,
worms, flies and mammals (for a review see [3]). There is therefore
great interest in understanding how Prx influence cell responses
to H202.

The catalytic mechanism of the typical 2-Cys Prx subfamily
involves the initial reaction of an active, peroxidatic cysteine (Cysp)
with peroxide to form a cysteine-sulfenic acid (SOH) (Fig. 1A). The
sulfenylated peroxidatic cysteine then forms a disulfide with a
second, resolving cysteine (Cysg) in an adjacent Prx molecule. In
eukaryotes, these Prx disulfides are reduced by the thioredoxin
system. However, the sulfenylated peroxidatic cysteines of thior-
edoxin-coupled Prx are highly susceptible to further ‘hyperoxida-
tion’ to thioredoxin-resistant sulfinic-derivatives, thus inactivating
their thioredoxin peroxidase activity [4] (Fig. 1A). In contrast,
bacterial 2-Cys Prx, such as the E. coli peroxiredoxin AhpC, are
much less sensitive to hyperoxidation [5]. Conserved YF and GG(L/
V/I)G amino acid motifs found in all hyperoxidation-sensitive Prx
are responsible for this sensitivity [5]. The evolution of these
conserved amino acid motifs suggests that Prx hyperoxidation
confers a selective advantage in eukaryotes. Indeed, as described
below, several possible functions have been proposed for hyper-
oxidation of Prx.

In eukaryotes, in which Prx are sensitive to inactivation, H,05 is
generated and utilized as a signaling molecule [2]. Thus it has been
proposed that the thioredoxin peroxidase activity of Prx might act
as a barrier to this signaling, and that inactivation of Prx might be
important to allow H,0, to regulate target proteins [5]. Although,
Prx are not hyperoxidized in response to the low levels of H,0,
generated in response to growth factors [6], oscillations in the
amount of hyperoxidized Prx have been associated with circadian
rhythms across a wide range of species (for a review see [7]).
Moreover, oscillations in the hyperoxidation of the mouse mi-
tochondrial Prx, Prx3, have been shown to be important for cir-
cadian oscillations in p38 activation and adrenal steroid synthesis
[8]. Nevertheless, it remains unclear whether the hyperoxidation
of Prx in any of these contexts serves to increase the levels of H,0,
available for signaling. Moreover, work in the fission yeast Schi-
zosaccharomyces pombe has shown that, rather than acting as a
barrier, the thioredoxin peroxidase activity of the single S. pombe
peroxiredoxin, Tpx1, is actually required for the H,0O,-induced
activation of the AP-1-like transcription factor Pap1 [9-11]. We
have shown that the role of the thioredoxin peroxidase activity of
Tpx1 in Hy0,-induced Pap1 activation is to competitively inhibit
the reduction of the active, oxidized form of Pap1 by the thior-
edoxin-like protein, TxI1 [11]. Accordingly, hyperoxidation of Tpx1
to a thioredoxin-resistant form prevents the H,0,-induced acti-
vation of Pap1 by increasing the availability of reduced TxI1 [11].
Based on these studies, it has been proposed that hyperoxidation
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Fig. 1. The Prx, Tpx1, undergoes oxidation to multiple redox states following exposure to different concentrations of H,0,: (A) the thioredoxin peroxidase activity of Prx,
such as Tpx1, involves the reversible oxidation of catalytic cysteines but is inactivated by hyperoxidation of the peroxidatic cysteine at high concentrations of H,O,. The
catalytic breakdown of H,0, by 2-Cys peroxiredoxins (Prx) involves the reaction of the peroxidatic cysteine (Cysp) with H>0-. In the catalytic cycle the sulfenylated cysteine is
stabilized by forming a disulfide with the resolving cysteine (Cysg) in a neighboring Prx molecule. These Prx disulfides are reduced by the thioredoxin system using electrons
from NADPH. In eukaryotes Prx disulfide formation is slow, rendering the sulfenylated Prx, Prx-SOH, susceptible to further oxidation to a sulfinylated, ‘hyperoxidized’ form
(Prx-SOOH) that cannot be reduced by thioredoxin. This hyperoxidation is favored at higher concentrations of H,0, inactivating the thioredoxin peroxidase activity of the
Prx. Western blot analysis (anti-Tpx1 antibodies) of (B) and (C) AMS-treated protein extracts from wild-type (972) and Atpx1 mutant (VX00) cells treated, as indicated, for
20 s with 0-6 mM H,0, reveals that Tpx1 undergoes oxidation to a number of redox states following exposure to H,0,. The absence of bands in Atpx1 mutant (VX00) cells
indicates that all the bands detected in wild-type cells represent Tpx1 or Tpx1-containing complexes. (C) A magnified image of the ~40 kDa region outlined by the dotted
line in (B) shows that 3 different Tpx1-containing disulfide dimers (Tpx10x) are detected following treatment with concentrations > 200 uM. (D) Different Tpx1ox forms are
depicted which were separated in (E) on the basis of the reduced mobility associated with modification of free cysteine thiols by AMS (0.6 kDa) compared with NEM
(0.1 kDa). (E) disulfide dimers (Tpx1ox) in duplicate samples extracted from wild-type or Atpx1 mutant (VX00) cells before or following treatment for 20 s with the indicated
concentration of H,0, then reacted with AMS or NEM. As in (B), only low levels of Tpx1ox (disulfides) are detected in untreated cells or cells treated with 50 uM. See also

Table S1 and Fig. S1.
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of Tpx1 to a thioredoxin-resistant form is important to increase
the pool of reduced thioredoxin available to repair oxidatively
damaged proteins and support the activity of other enzymes, such
as the methionine sulfoxide reductase, Mxr1 [12]. Consistent with
this hypothesis, hyperoxidation of Tpx1 and the C. elegans perox-
iredoxin PRDX-2 are important for cell survival under acute stress
conditions [12,13]. Hyperoxidation of Prx has also been proposed
to have other roles, for example, protecting cells against protein
aggregation by promoting the ability of Prx to act as a chaperone
[14]. However, it is still unclear under what conditions extensive
Prx hyperoxidation occurs in vivo and when and where this might
be important.

Although all eukaryotic Prx are inherently sensitive to hyper-
oxidation, other factors affect this sensitivity. For example, in vitro
studies revealed that human cytosolic Prx1 is much more sensitive
to hyperoxidation than the mitochondrial Prx, Prx3 [15]. This in-
creased sensitivity reflects a 10-fold slower rate of Prx1 disulfide
formation that increases the risk of further oxidation of the sul-
fenylated peroxidatic cysteine [16,17]. In addition to the intrinsic
biochemical properties of the Prx itself, the in vivo sensitivity of
Prx to hyperoxidation is also influenced by the local environment.
For example, although in vitro the ER-localized Prx, Prx4, has a
similar sensitivity to hyperoxidation to Prx1, a negligible propor-
tion of Prx4 becomes hyperoxidized to its sulfinic form in vivo. This
is due to the low abundance of disulfide reductases in the ER
which causes Prx4 disulfides to accumulate instead [18]. As well as
the availability of disulfide reductases, the extent to which Prx
become hyperoxidized in vivo will also be influenced by other
aspects of its local environment, such as local HO, concentration,
compartmental volumes and competition with other peroxidases.
Here we have developed a computational model incorporating
both the biochemical properties and in vivo environment as a tool
to investigate when Prx become hyperoxidized and the effect of
hyperoxidation on cell responses to H,O,. Notably, our model
predicts that cell’s contain a Prx-independent H,O,-removing ac-
tivity that becomes saturated following exposure to specific con-
centrations of extracellular H,0,. This results in a bi-phasic re-
sponse to increased levels of ectopic H0, with Prx hyperoxidation
only occurring once this H,O,-removing activity is saturated and
intracellular H,O, levels start to rise more rapidly. Importantly, we
have experimentally confirmed these predictions in both yeast and
human cells. As we discuss, our study provides new mechanistic
insight into how Prx hyperoxidation and regulation of thioredoxin
activity allow cells to implement appropriate responses to the
different levels of H,O, encountered in vivo.

2. Results

2.1. Quantitative analysis of how the in vivo oxidation of the Prx,
Tpx1, changes in response to different concentrations of H>0»

To facilitate the generation of a mathematical model capable of
simulating in vivo changes in Prx oxidation, we first obtained
quantitative data for the in vivo oxidation of the single S. pombe
peroxiredoxin Tpx1 following exposure of cells for 20 s to a range
of H,0, concentrations (0-6 mM) (Fig. 1 and Table S1). Western
blot analysis of AMS-treated proteins using anti-Tpx1 antibodies
detected multiple Tpx1-containing bands, as confirmed by the
absence of these bands in Atpx1 mutant cells (Fig. 1B). These in-
cluded bands with mobilities of ~20 kDa and ~40 kDa consistent
with representing reduced Tpx1 monomers (Tpx1SH) and Tpx1
disulfide dimers respectively. Under normal growth conditions the
reduced monomeric band (Tpx1SH) was prevalent (Fig. 1B and
Table S1). However, following treatment with H,0,, the levels of
Tpx1SH decreased with the concomitant increased formation of

disulfide dimers and higher molecular weight bands ( > 40 kDa),
which likely include mixed disulfides with other proteins (Fig. 1B
and data not shown). The sensitivity of all of these bands to re-
duction by beta-mercaptoethanol to 20 kDa forms (Fig. STA) in-
dicating that each represents a different disulfide-bonded form of
Tpx1.

Although difficult to resolve, as expected, a magnified image
revealed three distinct bands with mobilities consistent with Tpx1
disulfide homodimers (40 kDa) (Fig. 1C). The differences in the
mobility of these three Tpx1 dimer bands was consistent with
each representing a different redox state, as observed previously
for Tpx1 and human Prx [15,16,19] (Fig. 1D). Indeed, in samples
treated with NEM, which alkylates reduced cysteines producing a
minimal increase in MW (0.1 kDa), a single Tpx1-containing band
was detected at ~40 kDa (Fig. 1E). This confirms that the differ-
ences in the mobility of the 3 bands in AMS-treated samples re-
flect the different numbers of cysteine residues available to react
with AMS, which increases the MW by 0.6 kDa per reduced cy-
steine. The single Tpx1 disulfide dimer band detected under nor-
mal conditions was significantly retarded by AMS. This is con-
sistent with this band representing Tpx1-Tpx1 dimers containing
a single disulfide bond between one peroxidatic (Cysp) and one
resolving cysteine (Cysg) with the other cysteines reduced and
AMS-reactive (Tpxlox#1) (Fig. 1D and E). In cells treated with
200 pM H,0, two additional Tpx1 disulfide bands were detected
in the AMS-treated samples. The similar mobility of the lowest of
these bands in NEM and AMS-treated samples suggests that it
lacks any reduced cysteine thiols to react with NEM or AMS,
consistent with it representing Tpx1 disulfide dimer containing
two disulfide bonds (Tpx1ox#2) (Fig. 1D and E). The third band
detected after treatment with 200 uM H,0, (Tpx10x:SOOH +AMS)
had an intermediate mobility. This was consistent with the bind-
ing of a single AMS molecule to a single reduced cysteine thiol, as
would be expected for Tpx1 disulfide dimers containing a single
disulfide bond and a hyperoxidized Cysp (Tpx10x:SOOH) with the
remaining Cysg available to react with AMS (Fig. 1D and E). This
form has also been detected using anti-PrxSO3 antibodies specific
to the sulfinylated/sulfonylated peroxidatic cysteine [12]. Thus we
confirmed that the three distinct Tpx1 disulfide dimers we de-
tected represented redox states previously described for S. pombe
and human peroxiredoxins [15,16,19]. In addition to the bands at
40 kDa, a band at 55 kDa was also detected (Figs. 1B, 2A, B and S1)
that represents a Tpx1 dimer in a disulfide complex with Trx1 (Fig.
S1B), a reaction intermediate in the reduction of Tpxlox#2 by
Trx1. Changes in the relative intensities of the various Tpx1 forms
in cells treated with different H,O, concentrations indicated that,
as expected, Tpx1ox#1, Tpx1ox#2 and Tpx10x:SOOH become the
most prominent forms at the lowest, mid and high H,0, con-
centrations respectively (Fig. 1 and Table S1).

2.2. Quantitative analysis of in vivo changes in the oxidation of Tpx1
with time following exposure to H,0,

To allow development of a dynamic model, we obtained kinetic
data; determining how the relative abundance of different Tpx1
redox forms changed with time (<600s) following treatment
with 100 uM or 200 puM H,0,. This time-course was selected to
represent the initial H,O, response, before H,0,-induced increases
in mRNA levels [20,21] have had any significant effect on total
Tpx1 protein levels, or the levels of other proteins which might
impact on Tpx1 oxidation [9,10,22] (Fig. 2 and data not shown).
Tpx1ox#1 and Tpx1ox#2 were detected following treatment with
100 uM H,0,, but the relative levels of these forms did not change
with time (Fig. 2A). Importantly, there was negligible formation of
Tpx10x:SOOH during the 100 uM time course (Table S1), as was
confirmed using antibodies specific to hyperoxidized Tpx1 (Fig.
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removal of H,0, (H,0, metab) from the intracellular compartment were also included in the model. For rate laws see Table S2 and for parameters see Table S3. (B)—(G) Plots
show simulated and experimentally determined concentrations of (B) extracellular H,0, (C) reduced Tpx1; Tpx1SH (D) single Tpx1 disulfides; Tpx1ox#1 (E) double Tpx1
disulfides; Tpx1ox#2 (F) disulfide bonded hyperoxidized Tpx1; Tpx10x:SOOH (G) hyperoxidized Tpx1 monomer; Tpx1SOOH in wild-type S. pombe following 20 s exposure
to between 0 and 1000 uM H,0,. Simulated data derived from the model were plotted against the experimental data used in the parameter estimation (Table S1) (see also

Tables S2 and S3, Figs. S3 and S4).
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S2). In contrast, as expected (Fig. 1) Tpxlox#1, Tpxlox#2 and
Tpx10x:SOOH dimers were all detected in cells treated with
200 uM H,0, (Fig. 2B and C). However, the intensity of the Tpx1
dimer bands decreased over time with the concomitant formation
of a Tpx1-containing monomeric band (~20 kDa). The increased
mobility, compared with the AMS-reactive Tpx1-SH monomer
band detected before addition of H,0,, suggests this H,0,-induced
band represents monomeric Tpx1 containing a single AMS-re-
active cysteine thiol. This is consistent with the hyperoxidized
Tpx1SOOH monomer previously observed following treatment of
cells with higher H,O, concentrations [9-12]. The formation of
Tpx1-SOOH monomer was confirmed using antibodies specific to
hyperoxidized Tpx1 (Figs. 2C and S2). The 200 uM time course
data thus suggests that Tpx1ox:SOOH appears rapidly and is
converted to Tpx1SOOH over time with the reaction essentially
complete by 600 s. The detection of Prxox:SOOH dimers prior to
PrxSOOH monomers is consistent with previous studies of Prx
hyperoxidation [15,19]. At 500 uM and 1000 uM H,0, the mono-
meric Tpx1SOOH form was maximal by 60 s, suggesting that in-
creased H,0, concentration results in an increased rate of for-
mation of Tpx1SOOH (Fig. S2). Importantly, consistent with pub-
lished studies [9,10,22], western blot analysis of beta-mercap-
toethanol treated samples confirmed that differences in the in-
tensity of different Tpx1-containing bands did not reflect changes
in total Tpx1 levels (Fig. 2A and B). Thus quantitative analysis of
images, obtained for multiple independent biological repeats of
these experiments (Figs. 1 and 2), was used to estimate the con-
centrations of each Tpx1 oxidation state at each time point and
level of H,0, (Table S1).

2.3. A kinetic model of Tpx1 oxidation was developed that can
replicate the experimental data

Computational models to describe Tpx1 oxidation were then
constructed using reaction networks and parameters that were
selected based on published mechanisms, in vitro kinetic data, and
our in vivo experimental data (Figs. 1, 2 and Tables S1-S3). We
carried out qualitative and quantitative assessments of the ability
of each model to describe the experimental data. This led to the
selection of a final model, depicted in Fig. 3A, that used the
parameter set in Table S3. This final model was able to simulate
the removal of H,0, from the extracellular space, indicating that
this model could effectively represent the peroxide-removing ac-
tivity of the cells (Fig. 3B). The final model also simulated the
changes in the concentrations of the different Tpx1 redox states
following 20 s exposure to H,O, concentrations between O and
1000 pM (Fig. 3C-G) or up to 600 s following exposure to 100 or
200 uM H,0, (Fig. 4). Importantly, the parameters that were pre-
dicted for this model were similar to published values (Table S3).
For instance, the parameters Kaisuipn_red1, Kaisuiph_rea2 Were predicted
to be 0.190 and 0.143 uM ! s~ ! respectively (Table S3, Figs. S3 and
S4), broadly consistent with experimentally determined values
[23,24]. This indicated that the model accurately represents the
rapid Trx1-mediated reduction of the disulfide bonds in Tpx1ox#1
and Tpx1ox#2. Interestingly, the rate constant for the reduction of
Tpx10x:SOOH, Kaisuipn_reas, Was predicted, to be 0.029 uM~'s~ 7,
5 fold lower than either kgisuipn_rea1 OT Kaisuipn_rea> (Table S3, Figs. S3
and S4). This suggests that Trx1 may be less efficient at reducing
the disulfide bond in Tpx10x:SOOH compared with the other Tpx1
disulfide dimers. Notably, the first order rate constant for Tpx1
disulfide formation (rate constant Kgisuiph_form2) €Stimated by our
model as 3.44 s~ ! was in a similar range to the rates of disulfide
formation estimated for human Prx1 and Prx3 (2s~! and 20s™!
respectively) from in vitro experimental investigations [16]. This
supports the use of our model and in vitro studies as com-
plementary tools to understand the in vivo oxidation of yeast and

human Prx.

2.4. Modeling suggests that oxidation of the peroxidatic cysteine
thiol (Cysp) in Tpx10x#1 is not the major route for further oxidation of
Tpx1

Having built and parameterized a dynamic model capable of
simulating the in vivo oxidation of Tpx1 (Figs. 3 and 4), we tested
which aspects of our model were important for simulation of the
experimental data by comparing the ability of our final model and
2 alternative models to simulate the dynamics of Tpx1 oxidation.
Although difficult to demonstrate experimentally, it seemed likely
that the reaction of the free Cysp in Tpx1ox#1 with H,0, to form
Tpx10x:SOH would be involved in the formation of both the
Tpxlox#2 disulfide dimer and Tpx1ox:SOOH. However, un-
expectedly, alternative Model A which included this additional
reaction (Table S4) was less able to simulate the experimentally
observed dynamics of Tpx1 oxidation (Fig. 5) and had an increased
AIC compared with the final model (Table S5). Accordingly, this
alternative model was rejected in favor of our final model (Fig. 3A)
in which the simultaneous oxidation of neighboring Cysp-SH
(disulph_form1b) is the major route of Tpx1ox:SOH formation.
Interestingly, this suggests that the reduced Cysp in Tpx1ox#1 may
be less sensitive to H,O, and that, in vivo, the reaction of neigh-
boring peroxidatic cysteines with H,0,, prior to disulfide bond
formation, may be prerequisite for the generation of hyperox-
idized SOOH derivatives.

Although an alternative route for the formation of hyperox-
idized Tpx1 would be via the oxidation of the sulfenylated per-
oxidatic cysteine in Tpx1-SOH, the inclusion of this reaction was
not required to fit the experimental data, and actually rendered
models less able to simulate the experimentally observed dy-
namics of Tpx1 oxidation (data not shown). Thus, we conclude
that this route makes a negligible contribution to the pool of hy-
peroxidized Tpx1SOOH detected at these H,O, concentrations.
This is consistent with previous work [19] suggesting that the
hyperoxidation of Tpx1ox:SOH precedes the formation of
Tpx1SOOH disulfide dimers and is the dominant route for Tpx1
sulfinylation in vivo.

2.5. The removal of H>0, by an additional process/es (H>0,_metab)
was required to explain the dynamics of Tpx1 hyperoxidation

The final model (Fig. 3A) accurately simulated our experimental
observation that there was negligible formation of either of the
hyperoxidized Tpx1 forms (Tpx1ox:SOOH and Tpx1-SOOH) at
H,0, concentrations below 200 uM (Figs. 1, 4 and S2). However,
this particular feature of the experimental data was not captured
by alternative Model B which did not contain the reaction
‘H,0,_metab’ (Table S4). Instead, alternative Model B predicted
that Tpx1 would be hyperoxidized at all H,O, concentrations, even
below 200 uM (Alt Model B Fig. 5C and E). This suggests that, al-
though Tpx1 reacts with extremely low H,0O, concentrations to
generate Tpx1-Tpx1 disulfides, other components of the cell’s
H,0,-buffering capacity normally inhibit hyperoxidation in vivo.
Together these results suggest that the sensitivity of peroxir-
edoxins to hyperoxidation is not just dependent on the kinetics of
Prx reaction with H,O, but is also heavily influenced by the other
peroxide-reactive molecules present in their in vivo environment.

2.6. As predicted by our model, there is a two phase relationship
between intracellular and extracellular H>O, concentration

To further investigate the conditions which cause Prx to be-
come hyperoxidized, we used our model to predict how increasing
extracellular H,O0, concentrations ([H,O»]ex) would affect the
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Fig. 5. Alternative models, Alt Model A and Alt Model B, were unable to simulate the experimentally determined changes in Tpx1 oxidation state following treatment of
wild-type S. pombe with H,0, as effectively as the final model. All 3 models were constructed using the same reaction network (Fig. 3A) and rate laws (Table S2) except that
in alternative model A, Tpx10x:SOH was also produced by the H,0,-induced oxidation of Tpx1ox#1 in a reaction governed by the rate law Keys ox3 [Tpx10x#1][H20:]inc.
Alternative model B was identical with the final model except that it lacked the peroxide-removing reaction, HO,_metab. For parameters sets used in models see Tables S3

and S4. See also Table S5.

intracellular H,O, concentration ([H20;]ine) (Fig. 6A). Interestingly,
the final model predicted that [H;0,]ex <100 pM would cause
little net change in [Hy0;]ine but that at [HyOz]ex > 150 uM the
[H205]ine increases linearly with increasing [H0;]ex (Fig. 6A). This
two phase relationship between intracellular and extracellular
[H;0,] was dependent on the reaction H,O,_metab (Figs. 3A and
6A). This reaction, absent from alternative Model B, represents the
cell’s other peroxidase activities and is required for the model to
accurately simulate the dynamics of Tpx1SOOH formation
(Figs. 5C, E and 6B). Thus our model predicts that this peroxidase
activity is saturated following treatment of wild-type cells with
150 uM H,0,. To test this prediction we used the H,0, sensitive
fluorescent dye, PF3, to measure the rate at which [HyO03]int

increases in cells following exposure to different [HyO03]ex [25].
Although we detected a steady increase in the accumulation of
intracellular H,0, in cells exposed to low concentrations of H,0,,
as predicted by our model, the rate of intracellular H,O, accu-
mulation was much faster in cells exposed to extracellular H,O,
concentrations greater than 150 uM (Fig. 6C). Notably, as predicted
by the model, and experimentally confirmed, significant formation
of hyperoxidized Tpx1 (Tpx10x:SOOH) only begins to occur fol-
lowing exposure of cells to similar [H;0;]ex to those saturating
H,0,_metab (Fig. 6B). Having established that our model was able
to make accurate predictions in S. pombe we examined whether
these findings held true in human cells.

To test whether there was also a biphasic effect of increasing
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(actin).

[H205]ex on the rate at which intracellular H,0, levels increase in
human cells, we examined how exposure to different extracellular
concentrations of H,0, affected the intracellular H,O, concentra-
tion in human embryonic kidney (HEK293) cells. A lower level of
extracellular H,0, was required to breach the H,0,-buffering ca-
pacity of HEK293 cells than S. pombe, possibly reflecting the in-
creased H,0,-permeability of human cells (Fig. 6C and D).
Nevertheless, we observed a similar 2 phase relationship between
extracellular and intracellular H,0, concentrations; human cells
were able to maintain a low intracellular H,O, concentration fol-
lowing exposure to lower concentrations of H,O, but once this
buffering capacity was exceeded ( > 40 pM) the intracellular H,0,
concentration rose more rapidly (Fig. 6D). Furthermore, using anti-
PrxSO3 antibodies that recognize the hyperoxidized forms of all
4 human 2-Cys Prx [18,26], we found that, similar to our findings
in yeast (Fig. 6B), the in vivo hyperoxidation of human Prx only
began to increase once the H,0,-buffering capacity of HEK293
cells was overwhelmed and intracellular H,O, levels started to

increase more rapidly (Fig. 6E and F). Together these data reveal
that there is a biphasic increase in intracellular H,0, in response to
increases in extracellular H,05 in yeast and human cells, with cells
able to buffer exposure to low levels of extracellular H,O, more
effectively. Moreover, these data are consistent with the model’s
prediction that saturation of this buffering capacity triggers the
hyperoxidation of Prx.

2.7. Hyperoxidation of Prx detects the point at which other peroxide-
removing processes (H>0,_metab) become saturated

Accordingly, based on these modeling and experimental ap-
proaches, we propose that Prx hyperoxidation only occurs in vivo
once the cell’s peroxide-removing capacity becomes saturated and
intracellular H,O, levels start to increase more rapidly. This hy-
pothesis, is consistent with in vitro work demonstrating that cat-
alase is able to specifically inhibit the hyperoxidation of human
Prx1 [16]. However, it was possible that the increased
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accumulation, measured using a fluorescent H,0,-specific dye (PF3) [25], following exposure of (A) wild type (NT4) (B) Atpx1 (VX00) mutant (C) cells expressing higher
levels of wild-type Tpx1; High Tpx1 WT (JR68) or (D) truncated, hyperoxidation-resistant Tpx1; Tpx1''8! (JR20) (E) Actt1 (LT3) (F) Agpx1 (SB13) to a range of H,0,
concentrations. The results of three independent experiments are shown. The gradient (m + SE) and intercept (c + SE) for the data points 0-100 uM were calculated and
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accumulation of H,0, observed in cells exposed to higher [H,05]ex
e.g. > 150 uM H,0, in S. pombe (Fig. 6C) was due to the coincident
hyperoxidation of Prx to peroxidase-inactive forms, rather than
the saturation of other cellular peroxidases, To test this possibility
we began by examining the effect of increasing [H,03]ex On in-
tracellular H,O, in Atpx1 mutant S. pombe. Notably, loss of Tpx1
had little effect on the H,0,-buffering capacity of cells (Fig. 7A and
B). Furthermore, the peroxide-buffering capacity of cells expres-
sing increased levels of either wild-type Tpx1 or a Tpx1 isoform
that is 10 x more resistant to hyperoxidation [12,27], was also
saturated following exposure to 150 uM H,0, (Fig. 7C and D). To-
gether these data strongly suggest that the increase in the rate of
H,0, accumulation in cells exposed to [H;03]ex > 150 uM is due to
the saturation of other cellular peroxide-buffering processes, ra-
ther than the inactivation of the thioredoxin peroxidase activity of
Tpx1. Instead, this suggests that the hyperoxidation of Tpx1 in vivo
actually detects the point at which the H,0, buffering capacity of

the cell is overcome and intracellular levels of H,O, begin to rise
more rapidly.

2.8. Thioredoxin is required to buffer low levels of extracellular H>0»

Having established that Tpx1 activity did not make an im-
portant contribution to the cell’s ability to maintain low in-
tracellular H,0, levels following exposure to exogenous H,0,, we
next investigated which other enzyme/s might be responsible for
this H,O,-buffering capacity. Catalase has previously been de-
monstrated to protect Prx against hyperoxidation in vitro [16].
However, although Cttl appears to limit the increase in in-
tracellular H,O, at higher concentrations of H,O, (Fig. 7E), the
similar 2 phase relationship between extracellular and in-
tracellular H,O, concentrations in Actt1 mutant cells suggests that
catalase does not make an important contribution to the cell’s
ability to buffer low levels of H,0, <150 uM (Fig. 7E). It was
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possible that the Gpx/GSH system [28], or other subfamilies of Prx,
contributed to the H,0,-buffering capacity of S. pombe, this
seemed unlikely given the minimal effect that deletion of the
genes encoding these enzymes (gpx1, pmp20 or dot5) has on H,0,
resistance [10]. Indeed, loss of Gpx1 had no effect upon the bi-
phasic relationship between extracellular and intracellular H,0,
(Fig. 7F).

Our previous studies have established that treatment with
0.2 mM H,0, causes the majority of Trx1 and TxI1 to become ra-
pidly oxidized [11,12]. As broad specificity oxidoreductases,
thioredoxin family proteins are important cofactors for many en-
zymes and for the reduction of other oxidized proteins that may
also impact on intracellular H,0, levels [12,29,30]. Although, Tpx1
and Gpx1 were not important for buffering low levels of H,0,
(Fig. 7), it was still possible that the point at which the
H,0,-buffering capacity is breached might reflect the point at
which thioredoxin reductase activity becomes limiting for the
removal of H,0, by other thioredoxin-dependent activities. Hence,
to test whether thioredoxin-dependent processes are important
for inhibiting increases in intracellular H,O, in cells exposed to
<150 pM H,0,, we examined how extracellular H,0, treatment
affected intracellular H,O, concentration in mutant S. pombe
lacking, or ectopically expressing additional thioredoxin and/or

343

Trrl. Strikingly, the bi-phasic relationship between extracellular
[H,0,] and the rate of increase in intracellular [H,0,] was lost in
Atrx1Atxl1 cells in which both thioredoxin family proteins are
absent (Fig. 8A). This linear relationship between intracellular and
extracellular H,O, concentrations up to 500pM H,O, in
Atrx1Atxl1 mutant cells indicated that the peroxide-removing
activity that is normally saturated by low levels of H,0,
(H20,_metab) requires thioredoxin (Fig. 8A).

Accordingly, we tested whether the point at which the
H,0,-buffering capacity is breached might reflect the point at
which thioredoxin reductase activity becomes limiting for the
removal of H,0, by thioredoxin-dependent processes. Im-
portantly, overexpressing Trr1 prevented the rapid and sustained
oxidation of Trx1 in cells treated with 0.2 mM H,0,, indicating
that thioredoxin reductase activity, rather than NADPH levels,
normally limits Trx1 reduction under these conditions (Fig. 8B).
However, overexpressing Trx1 and/or Trr1 had a negligible effect
on the relationship between extracellular [H,0;] and the rate of
increase in intracellular [H,0,] (Fig. 8C-E). This suggests that the
saturation of the cell’s H,O,-buffering capacity is not due to the
saturation of thioredoxin reductase activity.

Computational modeling and experimental studies have sug-
gested that, although most protein thiols are relatively insensitive
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hyperoxidized to sulfinic derivatives (SOOH) and diverting thioredoxin towards the reduction of other protein disulfides. See also Tables S6, S7 and Fig. S5.
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to oxidation, the reversible oxidation of H,0,-sensitive protein
cysteine-thiols (PSH) (the thiol proteome) might still make an
important contribution to the peroxide-buffering capacity of hu-
man cells [31,32]. Indeed, it has been estimated that the con-
centration of oxidant accessible protein thiols is around 13 mM,
similar to the total concentration of glutathione [32]. Although
most cellular thiols have a much lower reactivity with H,O, than
Prxs [33], the shear abundance of these H,0,-reactive thiols could
mean that collectively they make a large contribution to the
H,0,-buffering capacity of the cell. Moreover, previous work has
shown that, like Trx1 and Txl1, the thiol proteome is also maxi-
mally oxidized following exposure of S. pombe to 200 pM H,0,
[29]. Hence, by causing constitutive, maximal oxidation of the thiol
proteome [29], the absence of both cytosolic thioredoxin family
proteins, Trx1 and TxI1, could potentially ablate the
H,0,-buffering ability of this thiol pool. To test whether, despite
their lower reactivity, the intracellular concentration of
H,0,-oxidizable protein-thiols could be sufficient to make a sig-
nificant contribution to the cell's capacity to buffer H,0, we
constructed a simple computer model, assuming 13 mM protein
thiols with an average reactivity with H,0, of 0.0005 yM~ s~ 1.
This model was able to simulate the in vivo bi-phasic response in
intracellular H,0,, illustrating the concept that the oxidation of
13 mM reduced protein-thiols (Tables S6 and S7), could prevent
rises in intracellular H,O, following treatment with up to 0.2 mM
H,0, (Fig. 8F). This model also predicted that, provided the
thioredoxin-reactivity of the resulting protein disulfides is low, the
initial concentration of reactive thiols, will have a greater influence
on the buffering capacity than the availability of thioredoxin (Trx1)
(Figs. 8F and S5). Accordingly, this model simulates the negligible
effect of overexpressing Trx1 and/or Trr1 on the relationship be-
tween extracellular [H,0,] and the rate of increase in intracellular
[H,0,] (Fig. 8C-F). This is consistent with the idea that the initial
oxidation of protein thiols, rather than other thioredoxin-depen-
dent enzymatic processes, could be responsible for the observed
buffering of low levels of external H,0, (Figs. 7 and 8C-E). Im-
portantly, our model also recapitulated the effect of loss of Trx1
and TxI1 on intracellular H,0, (Fig. 8A and F). Given that systems
of redox-couples have previously been demonstrated to display
‘apparent’ Michaelis-Menten kinetics [34,35], this suggests that
the Vo« of the H,0,_metab, predicted in our model (Fig. 3 and
Table S3), could represent the apparent V4 for removal of H,0,
by oxidation of the thiol proteome. Clearly the representation of
the diverse protein-thiol pool in our model is a gross over-
simplification and we note that the average reactivity we use re-
quires a larger pool of protein thiols to react rapidly with H,0,
than might be expected from in vitro studies. Hence, although our
experimental data indicate that thioredoxin is vital (Fig. 8A), it is
possible that H,O,-reactants, such as glutathione or methionine,
not investigated here, also make important contributions to the
cell’s capacity to buffer the intracellular environment against rises
in extracellular H,O,. Nevertheless, our model and data are con-
sistent with other studies that have suggested that the oxidation of
the thiol proteome makes a major contribution to the in vivo re-
moval of H,0, (Fig. 8) [31,32]. Importantly, here we show that the
H,0,-induced hyperoxidation of Prx only occurs once this per-
oxide-buffering capacity is saturated (Figs. 6 and 8G). Based on
these findings, we propose that hyperoxidation is a response to
increased intracellular H,0,, allowing downstream signaling, as
well as protective chaperone functions of hyperoxidized peroxir-
edoxin [8,14]. These findings are also consistent with our previous
studies which indicated that peroxiredoxin hyperoxidation is im-
portant for thioredoxin-mediated repair and cell survival (Fig. 8G)
[12].

3. Discussion

The role of peroxiredoxins in cell responses to H,O, has come
under considerable scrutiny in recent years since the discovery
that the thioredoxin peroxidase activity of Prx is sensitive to in-
activation by H,0,. Several functions have been proposed for the
H,0,-induced inactivation of this peroxidase activity. However, to
assess iff/when any or all of these functions are important, it is
important to understand under which circumstances Prx become
hyperoxidized (inactivated) in vivo. Here we have developed a
mathematical model describing the kinetics of oxidation of the
single S. pombe 2-Cys Prx in response to H,O, as a tool to in-
vestigate the precise circumstances that cause Prx to become hy-
peroxidized in vivo. This model has made several unexpected
predictions.

Firstly, our model suggested that there is a biphasic relation-
ship between extracellular and intracellular H,O, such that ex-
posure to low levels of H,O, produces only small increases in the
intracellular H,O, concentration, whereas above a certain
threshold the cell’'s peroxide-removing capacity becomes over-
whelmed and intracellular H,O, concentrations increase at a much
faster rate. Importantly, this prediction was experimentally con-
firmed in both yeast and human cells.

Secondly, our model reveals that this peroxide-removing ac-
tivity protects Tpx1 from hyperoxidation. This explains why hy-
peroxidized Tpx1 is only detected following exposure to extra-
cellular concentrations of H,0, above 100 uM. Notably, this is
consistent with work in mammalian cells, which can effectively
buffer extracellular H,O, concentrations of 10 pM that cause some
hyperoxidation of Prx2 in vitro [16,36] but which require higher
extracellular H,O, concentrations to increase intracellular H,O,
levels and also cause in vivo hyperoxidation of Prx [6,36,37]. In-
deed, not only do we confirm that the biphasic relationship be-
tween extracellular and intracellular H,O, also holds true in
HEK293 cells, but also that hyperoxidation of human Prx only
occurs once the ability of these cells to buffer H,O, becomes sa-
turated (Fig. 6D-F).

Thirdly, our modeling suggests that the main route for forma-
tion of the hyperoxidized Prx involves reaction of 2 neighboring
catalytic centers (Cysp) with H,O, prior to formation of Prx dis-
ulfides. Interestingly, this suggests that the reduced Cysp in
Tpx1ox#1 may be less sensitive to H,O, than that in reduced Tpx1.
This still needs to be experimentally validated, but could be ex-
plained by the propensity of disulfide formation to destabilize Prx
decamers resulting in Prx dimers which are approximately 100
fold less reactive with H,O, [38,39]. Intriguingly, this would pro-
vide an explanation as to why Prx hyperoxidation only occurs once
the peroxide-buffering capacity of the cell is saturated, as the more
rapid increase in intracellular H,O, concentration would greatly
increase the probability of neighboring Cysp reacting with H,0,
prior to disulfide formation.

Fourthly, our modeling and experimental investigations to-
gether indicate that the peroxide-removing processes that are
saturated in S. pombe are likely to include the reversible oxidation
of the thiol proteome. Notably, although the H,0,-buffering ca-
pacity predicted by our model is eliminated in the absence of
disulfide reductase activity, loss of Trx1 alone had little effect upon
the ability of cells to buffer intracellular H,O, (data not shown).
Moreover, ectopically overexpressing Trr1 and Trx1 did not in-
crease the intracellular H,O,-buffering capacity (Fig. 8C-E). This
suggests that the maximum rate of H,O,-removal is independent
of the availability of these disulfide reductases. Instead, this sug-
gests that the limiting factor for H,0,-buffering is the initial
availability of reduced protein thiols, with the low affinity of these
protein disulfides for Trx1/TxI1 limiting the rate at which they are
regenerated. It has been estimated that the concentration of
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oxidant accessible protein thiols is around 13 mM, similar to the
total concentration of glutathione [32]. Although it is possible that
other activities, such as glutathione and methionine oxidation,
also contribute, this is consistent with the saturation of this
abundant pool of free protein-thiols making the most important
contribution to the saturable H,O, buffering capacity revealed by
our computer model.

In response to 200 pM H,0, both thioredoxin family proteins
(Trx1 and TxI1) are completely oxidized in the reduction of Tpx1-
Tpx1 disulfides [11,12]. This Tpx1-dependent inhibition of TxI1,
allows the sustained activation of the Pap1 transcription factor
which promotes the expression of a host of oxidative stress de-
fense enzymes [11]. However, thioredoxin (Trx1) is also vital for
the reduction of oxidized protein cysteine-thiols and the activity of
methionine sulfoxide reductase enzymes. Indeed, the thiol pro-
teome is maximally oxidized in cells where Trx1 and TxI1 are in-
hibited genetically, or as a result of Tpx1-dependent oxidation
[29]. Hence, it is logical that, once reactive protein thiols have fully
reacted with H,0,, it is important to target thioredoxin activity
away from Prx disulfides, for which they have much greater affi-
nity, towards reducing these oxidized cysteine and methionine
residues. Hyperoxidized Prx cannot be reduced by thioredoxin.
Accordingly, it has been proposed that, by converting Prx to a form
that is no longer a thioredoxin substrate, Prx hyperoxidation en-
ables thioredoxin to be targeted to other oxidized proteins instead
[12]. Interestingly, our model predicts that Tpx1 disulfides are less
efficiently reduced by thioredoxin if the non-bonded Cysp is sul-
finylated (Tpx10x:SOOH). It is possible that, under conditions
where thioredoxin reductase is limiting, this may also help re-
direct thioredoxin activity towards other substrates, for which it
has a much lower affinity. Indeed, consistent with these findings,
the hyperoxidation of Tpx1 is important to maintain thioredoxin
activity, allowing the repair of oxidized proteins, and cell survival
following exposure of cells to higher concentrations of H>O, [12].

The high H,0,-scavenging activity of Prx, such as Tpx1, when
recycling systems are provided in excess in vitro, supports previous
reports suggesting that the thioredoxin peroxidase activity of Tpx1
is important for removing the low levels of endogenous H,0,
generated during normal aerobic growth and metabolism [16,40].
However, here we show that this thioredoxin peroxidase activity
makes a negligible contribution to S. pombe’s capacity to buffer the
internal environment against extracellular increases in H,0,
(Fig. 7A-D). Perhaps this is not surprising given that under these
in vivo conditions thioredoxin reductase activity is limiting, pre-
venting the efficient recycling of Tpx1 disulfides (Fig. 8B) [12].
Indeed, our previous work, has suggested that, rather than its
H,0,-detoxifying capacity, the important role of the thioredoxin
peroxidase activity of Tpx1 in cells exposed to these levels of
exogenous H,0, is to promote the oxidation of TxI1 and hence
H,0,-induced gene expression and oxidative stress resistance [11].
Consistent with this, a model of Prx2 oxidation in human ery-
throcytes has also suggested that the abundance and peroxidase
activity of the Prxs favors a signaling rather than a peroxide-de-
toxification role [41].

The hyperoxidation of 2-Cys Prx has been identified as a con-
served feature of circadian rhythms in eukaryotes [42-44] (for a
review see [7]). Our model suggests that hyperoxidation only occurs
when the cell’s capacity for H,O,-removal is breached, allowing the
concerted reaction of 2 H,0, molecules with adjacent peroxidatic
cysteines. This raises the possibility that the hyperoxidized Prx
detected in each of these organisms reflects a transient, daily in-
crease in the intracellular H,O, concentration above the cell’s per-
oxide-buffering capacity. Consistent with the possibility that a cyclic
increase in ROS might be important for circadian rhythms, Nrf2, the
transcription factor controlling the levels of peroxidase-removing
enzymes in mammals, was recently shown to be regulated in a

circadian pattern [45]. If an increase in intracellular H,O, is im-
portant for circadian control of cellular activities, then it is possible
that loss of this regulation may contribute to the deleterious effects
that can be associated with increased dietary antioxidants and
constitutively activated stress defenses.

The inactivation of 2-Cys Prx by hyperoxidation has been pro-
posed to allow H,0, to act as a signal [5]. However, where the
amount of hyperoxidized has been compared with the total Prx,
only a small proportion of the total pool of 2-Cys Prx appears to be
hyperoxidized under normal growth conditions/during circadian
rhythms [6,8,46]. Moreover, hyperoxidation of Prx is undetectable
in response to the low H,0,, levels produced in response to growth
factor activated NADPH oxidases [6,37]. As 2-Cys Prx are highly
abundant, and only 1 of a repertoire of peroxidase enzymes, it has
seemed unlikely that inactivation of a small proportion would
significantly impact on intracellular H,O, levels. Indeed, as pre-
dicted by our model, our experimental data suggests that the
complete inactivation of Tpx1, either by deletion or hyperoxida-
tion, has minimal effect on S. pombe’s ability to prevent the in-
tracellular accumulation of H,O, (Fig. 7). Instead, our model is
consistent with other work suggesting that hyperoxidation of Prx
may have other functions in signaling or protein homeostasis
[12,14,16,47,48].

In summary, our study provides new insight into the under-
lying causes and function of Prx hyperoxidation. Moreover, the
discovery that extracellular increases in H,O, produce non-linear
increases in intracellular levels, which are dependent upon the
levels of thioredoxin activity, has important implications for the
host of studies which have used a bolus of H,0, either as a stress
or signaling stimulus. Indeed, the model we have developed pro-
vides an important new tool to predict responses to altered redox
conditions. For example, our model reveals how differences be-
tween the thioredoxin or Prx activity in individual cells could
precisely tailor the sensitivity/response of specific cells within a
population to H,0, signals and oxidative stress. Therefore, this has
important implications for how dynamic redox changes initiate
changes in cell function and behavior during normal physiology
and in disease.

4. Materials and methods
4.1. Cell culture conditions

The S. pombe strains (Table S8) and human kidney (HEK293)
cells used in this study were maintained using standard media and
growth conditions. For experiments, S. pombe were grown with
agitation at 30°C in 50 ml Edinburgh minimal media (EMM)
supplemented with 048 mM histidine, 0.56 mM adenine,
0.67 mM wuracil, 1.91 mM leucine. In experiments involving
Atrx1Atxl1 cells, which are auxotrophic for cysteine, media was
also supplemented with 0.52 mM cysteine. HEK293 cells were
grown in a humidified CO, incubator at 37 °C in 24 ml Dulbecco’s
Modified Eagles Medium (DMEM) supplemented with 10% (v/v)
fetal calf serum (FCS), 100 units/ml penicillin, 100 pg/ml strepto-
mycin, 2 mM L-glutamine and 1% non-essential amino acids (NES).

4.2. Quantitative measurement of Prx or FlagTrx1 oxidation

S. pombe: 50 ml cultures of exponentially growing S. pombe (OD
0.4-0.5) were harvested before and after exposure to a range of
H,0, concentrations. At specific time points following addition of
H,0,, 3 ml of culture (2.4-4.0 x 107 cells) was harvested by adding
an equal volume of 20% Trichloroacetic acid (TCA). Protein extracts
were prepared essentially as described previously [49] but without
phosphatase treatment. Proteins were re-suspended and
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incubated in 100 mM Tris-HCI pH 8.0, 1% SDS, 1 mM EDTA, 1 mg/
ml PMSF containing 25 mM AMS or 25 mM NEM for 30 min at
25 °C then 5 min at 37 °C. Human embryonic kidney cells: A 10 cm
plate of confluent HEK293 cells was washed three times with
Dulbecco’s phosphate-buffered saline (DPBS) (Sigma), then in-
cubated for 10 min at 37 °C in DPBS supplemented, as indicated,
with H,0, (Sigma). Cells were washed three times in DPBS and
then re-suspended in 500 pl of lysis buffer (50 mM Tris-HCl pH
7.5, 150 mM Nadl, 0.5% NP40 (IGEPAL), 10 mM imidazole, 2 pg/ml
pepstatin, 2 pg/ml leupeptin, 100 pg/ml PMSF and 1%(v/v) aproti-
nin). Western blotting: Insoluble material was pelleted by cen-
trifugation (13,000 rpm, 3 min). The concentration of the solubi-
lised proteins (supernatant) was determined using a Pierce® BCA
protein assay kit (Thermo Scientific). Protein samples were mixed
with an equal volume of 2 x SDS loading dye (625 mM Tris-HCl,
pH 6.7, 50%(v/v) glycerol, 10% sodium dodecyl sulfate (SDS), 0.5%
Bromophenol Blue) and sample volumes equivalent to 2 pg of
protein were analyzed by 15% SDS-PAGE and western blotting.
Tpx1 was detected using anti-Tpx1 polyclonal antibodies [12] and
hyperoxidized Prx were detected with monoclonal anti-peroxir-
edoxin-SO3 antibodies (LabFrontiers) [26]. FlagTrx1 was detected
with mononclonal anti-Flag (M2-Sigma) antibodies. For S. pombe
anti-tubulin antibodies and for HEK293 cells anti-actin (Sigma)
antibodies were used to confirm that gels were evenly loaded.
Primary antibodies were diluted 1 in 1000 in TBST (1 mM Tris-HCl
pH 8.0, 15 mM NaCl, 0.01%(v/v) Tween 20). As appropriate, HRP-
conjugated anti-rabbit or anti-mouse IgG secondary antibodies
(Sigma) were used, followed by the fluorescent substrate ECL Plus
to visualize antibody-labeled proteins (Thermo Scientific). Digital
images of western blots were acquired with a Typhoon™ 9400 (GE
Healthcare) and densitometry analysis performed using Im-
ageQuantTL (Version 7).

4.3. Hydrogen peroxide colorimetric quantitation in media

PeroXOquant Quantitative Peroxide Assay kit with aqueous
compatible formulation (Thermo scientific) was used according to
manufacturer’s protocol. Briefly, S. pombe cells were grown in EMM
media to ODggp 0.5. H,O, was added to the growing cultures at a
final concentration of 50 pM. 20 pl of media taken at various time
points as indicated, were mixed in a 96-well microplate with 200 pl
of working solution (freshly prepared according to manufacturer’s
instructions). The mix was incubated at room temperature for
20 min. Absorbance at 560 nm was measured using a TECAN in-
finite M200 plate reader. The blank value (EMM without H,0,) was
automatically subtracted from all sample measurements.

4.4. Measuring changes in intracellular H>0, concentration

The H,0, sensor, acetylated Peroxyfluorescein 3 (PF3) [25], was
added to 10 ml (2 x 107) exponentially growing S. pombe cells
(ODsgs 0.4-0.5) to a final concentration of 5 uM. Cells were in-
cubated in the dark for 20 min, washed once then re-suspended in
an equal volume of PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,4, and 1.8 mM KH,PO4, pH 7.4). HEK293 cells were in-
cubated for 20 min in DPBS containing 5 uM PF3, washed three
times then re-suspended in DPBS to a final concentration of
2 x 10° cells/ml. Following re-suspension, 200 ul aliquots (4 x 10°
S. pombe cells, 4 x 10° HEK293 cells) of PF3-labeled cells, unlabeled
cells or PBS controls were transferred to a 96-well plate. Fluores-
cence measurements were made at 529 nm following excitation at
495 nm using a TECAN Infinite M200PRO plate reader and the
average fluorescence of the unlabeled cells was deducted to cal-
culate fluorescence due to PF3 (F). Measurements were taken
0 and 60 s before addition of H,0, to determine the basal rate of
reaction of PF3 with endogenously produced H,0,

( AF ) _ Fieo = Fro
At no_stress 60 ¢))

Fluorescence measurements were made 30, 60 and 120 s fol-
lowing addition of H,0, (0-500 uM) and used to calculate the rate
of change of fluorescence.

( AF ) _ Fa2o — Fi3o
At stress 90 (2)

The rate of fluorescence change due to exogenous H,O, (AF/At)
was then calculated using Eq. (3) and plotted against HO, con-
centration using the graphics and statistics package R.

(3 -50),.. (3
At AL ) stress At no_stress 3)

The R linear model function [50] was used to calculate the
derivative and 95% confidence interval for the change (AF/At)
when H,0, is increased from 0 to 100 uM H,0, (S. pombe) or in-
creased from 0 to 20 uM (HEK293 cells). This gradient was extra-
polated using the equation y=mx+c and plotted on the same axis
as the (AF/At) data.

4.5. Computational method: Selection of a suitable reaction network
for the kinetic model of Tpx1 oxidation

To find a set of reactions able to describe the formation of the
Tpx1 monomers and disulfide homodimers detected in our ex-
periments, we built a series of alternative models which contained
different sets of biochemically feasible reactions. Parameter esti-
mation was performed for each preliminary model, including
preliminary models A and B (Fig. 5 and Table S4) (see below for
details), and the model with parameters similar to published va-
lues that gave the lowest Akaike information criterion (AIC)
parameter set [51] was selected for the final model (Fig. 3 and
Table S5).

4.6. Computational Methods: Rate laws and measured parameters

The model contained two compartments, an extracellular
compartment with volume Vol., (1) representing the growth media
around the cells and an intracellular compartment of volume Vol;,,;
(1) representing the total volume of all of the cells. The volume of
the intracellular compartment was estimated using

Vol = Cell,o; x Cellyym 4)

where Cellyum=4 x 108 (the number of cells in 50 ml of an ODsgs
0.4 culture) and Celly,, is the mean volume of an S. pombe cell,
measured for exponentially growing wild-type (972) cells (CASY®,
Schirfe System) as 126 pM>. The rate of movement of H,0, be-
tween these compartments was modeled to move down its con-
centration gradient using the rate equations Eq. (5) (H,0,_influx)
and Eq. (6) (Hy0,_efflux).

Vin = Krooz_perm X [ Ha02],, (5)

Veir = K202 perm X [ H202 ], (6)

where v;, is the rate of influx and v,y =rate of efflux, [H,0;]ex and
[H203]ine represent the extracellular and intracellular H,O, con-
centration and Kgzoz_perm iS @ constant representing all other fac-
tors that influence the rate of H,0, movement between each
compartment. The non-Tpx1 metabolism of H,O, was modeled
using Michaelis-Menten kinetics and all other reactions in the
model were governed by mass action kinetics.
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The parameters for the model were either derived from pub-
lished work, measured experimentally or estimated from our ex-
perimental data. The initial concentrations of Tpx1 and Trx1 in the
model were based on the global quantification of the S. pombe
proteome [52]. The copy number per cell for these two proteins
was used to calculate the concentration of each protein in the
intracellular compartment using:

_ cpc
" Ny x Cellyy @

where M is the molar protein concentration, cpc=copy number
per cell [52] and N, =Avagadro constant 6.02 x 10> mol ~ .

Rate constants for the oxidation of the peroxidatic cysteine
(Cysp-SH) and the hyperoxidation of the sulfenic acid intermediate
(Cysp-SOH) were taken from a recent study of human Prx1 and
Prx3 [16]. Michaelis—-Menten parameters for the reduction of Trx1
by Trr1 were based on those experimentally determined for the
orthologous S. cerevisiae enzymes [53]. All other parameters were
estimated from our experimental data using parameter estimation.

4.7. Computational Methods: Parameter estimation, time course
simulation, identifiability analysis and data representation

Parameter estimation was performed in COPASI 4.13 [54]. The
data set used for the parameter estimation was calculated from the
relative intensities of the Tpx1 monomer and disulfide homodimer
bands detected in 2-5 independent biological replicates of Tpx1
oxidation experiments depicted in Fig. 1A and Fig. 2A, B (Table S1),
and PeroXOquant measurements for the removal of extracellular
H,0, (Fig. 3B and Table S1). Based on a broad range of experi-
mental evidence (reviewed in [55]), a mock data set assuming a
steady-state intracellular H,O, concentration of 1nM in ex-
ponentially growing cells was also included in the parameter
estimation.

Parameter estimation was performed 500 times from random
initial parameter values using the Levenberg-Marquardt algorithm
[56] for each model (Table S2). The parameter set used for the final
model had an AIC of 77.6 and was found on 327 out of 500 esti-
mations, each of these 327 parameter estimations converged on
similar values as indicated by the frequency distributions for each
parameter (Fig. S3). One-dimensional likelihood profiles for each
parameter and 95% confidence intervals were calculated using a
simple identifiability analysis [57]. This analysis demonstrated that
the estimated parameters were identifiable (Fig. S4) with accep-
table 95% percent confidence regions calculated for each para-
meter (Table S3 and Fig. S4). Time course simulation was per-
formed in COPASI 4.10 [54] using the deterministic (LSODA) al-
gorithm. All graphics and further analysis of the simulation and
identifiability data were performed using R.
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