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Abstract 

In the context of redox biology's oxidative eustress/distress model, the contrasting roles 

of ROS, such as hydrogen peroxide, under normoxic and toxic oxidative stress conditions has 

been more clearly elucidated. However, a fundamental question in the field has been 

understanding how dynamic redox signalling processes contribute to balancing the cellular 

response to oxidative eustress/distress. We employed a quantitative approach, evaluating redox 

signals based on area under the curve (AUC), signal amplitude, time, and duration. These 

parameters allowed us to investigate how dynamic profiles changed in response to various 

oxidants across three distinct experimental contexts. First, quantifying the dynamic response 

of the Tpx1/Pap1 redox-regulated pathway in Schizosaccharoymyces pombe revealed a graded 

signal and transcriptional response to input peroxide concentrations. Secondly, we applied this 

method to establish the upper and lower limits of detection for the redox probes HyPer7 and 

roGFP-TSA2/Tpx1 in Saccharomyces cerevisiae and S. pombe, providing a set of criteria for 

improved selection and comparison of probes. Thirdly, we quantitatively evaluated the 

dynamic response of the mammalian NRF2/Keap1 pathway following pre-exposure to DEM 

and tBHQ. Our findings revealed that, unlike the Tpx1/Pap1 pathway, this pathway showed 

that the timing of oxidant exposure influenced the NRF2 response. These metrics have 

therefore provided useful insights to several different pathways in both experimental and 

analytical contexts. Importantly, these measures allow for further exploratory questions to be 

asked and provide a fundamental framework for assessing dynamic responses of redox-

regulated pathways associated with cell physiology and disease. 
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Chapter 1  

Literature Review 

 

“Progress in science depends on new techniques, new discoveries and new ideas, 

probably in that order” ~ Sydney Brenner 

1.1  Introduction 

A predominant concept in redox biology is that organisms utilising oxygen for energy 

production generate reactive oxygen species (ROS), which play a role in various diseases 

(Szechyńska-Hebda et al., 2022; Brieger et al., 2012). Interestingly, it has also become evident 

that ROS also play crucial roles in normal cellular functions (Valko et al., 2007). The discovery 

of key ROS species, antioxidant proteins, and cellular redox signalling pathways spurred the 

emergence of several theories aiming to explain the links between redox processes and disease 

(Flohé, 2020; Holmström & Finkel, 2014). These prevalent theories are the Free Radical 

Theory of Aging, the Oxidative Stress Theory, and the Oxidative Eustress and Distress Theory 

(Figure 1.1), which are discussed below.  

 

Figure 1.1: The timeline of significant discoveries within redox biology.  

Redox biology has three major theories to explain the role of ROS in cell physiology that were 

informed by methodological advances. The discovery of ROS species by absorption 

spectrophotometry, enzymology and kinetic studies led to the Free Radical Theory of Disease 

and Aging. The characterisation of antioxidants like superoxide dismutase (McCord & 

Fridovich), glutaredoxins (Holmgren), thioredoxins (Laurent), peroxiredoxins (Rhee), and the 
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tripeptide glutathione (de Rey-Paihade), through (bio)chemical, genetic and cellular 

techniques culminated in the Oxidative Stress Theory. Lastly, the redox Eustress and Distress 

Theory was informed by discoveries in cell biology. This figure was adapted from Berndt et al, 

(2022).  

 

This review will explore these themes in redox biology and the methodologies that 

informed them. We will also highlight where there are limitations in our current approaches, 

and the additional methods required for a better understanding of redox-regulated processes. 

1.1.1 Free radical theory of disease and ageing 

The initial concept of free radicals dates back to the late 1800s with the Fenton reaction. 

In a series of experiments, Fenton combined ferrous ions, hydrogen peroxide, and tartic acid 

with the addition of sodium hydroxide, resulting in a bright purple solution, which indicated 

the presence of hydroxyl radicals (Fenton, 1894). Additional intermediate compounds were 

discovered using manometric readings, such as the reduction of hydrogen peroxide by catalase 

to water (Figure 1.2) (Keilin & Hartree, 1939). These studies highlighted the significance of 

oxygen being reduced into unstable by-products. However, the link between these harmful 

compounds and the cellular environment was unclear.  

 

Figure 1.2: The reduction of oxygen into reactive oxygen species.  

Oxygen is metabolized into superoxide which is converted to hydrogen peroxide by superoxide 

dismutase. Hydrogen peroxide combined with iron has the propensity to form hydroxyl radicals 

or is degraded to water by catalase. Figure adapted from Bardaweel et al., (2018). 
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It was only by the 1950’s that the connection between cellular damage, radiation 

exposure and the generation of oxidising free radicals was fully understood. Gerschman and 

colleagues demonstrated that mice exposed to high oxygen concentrations had life expectancies 

similar to those exposed to ionising radiation (Gerschman et al., 1954). These data began to 

clarify the link between ROS formation and their negative effects on living organisms. 

However, the specific molecular mechanisms involved, and whether these processes occurred 

under normoxic conditions were poorly understood. Interestingly, the toxic effects of ROS 

could be mitigated by protective agents like glutathione, β-mercaptoethylamine, cysteine, and 

oxytryamine which increased the life expectancy in mice exposed to toxic oxygen levels 

(Gerschman et al., 1954). Following a series of studies showing similar results, the Free Radical 

Theory of Disease and Aging was developed (Alper, 1956; Bacq & Herve, 1951; Boyland & 

Sargent, 1951; George & Irivine, 1954; Harman, 1956). The theory proposed that ageing and 

age-related diseases result from cumulative damage caused by exposure to exogenous ROS 

(Gladyshev, 2014; Ivanova & Yankova, 2013). As a result, efforts shifted toward mitigating 

these effects in diseased or aged organisms (Halliwell & Gutteridge, 2015). 

1.1.1.1 Intracellular generation of ROS 

The first steps to offset the effects of ROS was to identify these species in a biological 

setting. The paramagnetic resonance spectroscopy (EPR) technique enabled researchers to 

study chemical species with unpaired electrons. An initial demonstration of this capability was 

seen with riboflavin complexes, which formed free radicals showing that endogenous proteins 

were capable of generating ROS (Isenberg & Szent-Gyorgyi, 1958). Using spectrophotometric 

analysis, McCord and Fridovich also showed how superoxide dismutase, an innate cellular 

protein, was capable of converting superoxide to hydrogen peroxide (Mccords & Fridovich, 

1969). This study highlighted that ROS, like superoxide were substrates for enzymes which 

changed the view that ROS were only a result of external stressors. Further studies highlighted 

how cellular antioxidant systems counteracted the effects of ROS. For example, inhibition of 

superoxide dismutase caused spinal neural death and degeneration in vitro (Rothstein et al., 

1994).  

A significant source of ROS production is the mitochondrial electron transport chain, 

where oxygen is the terminal electron acceptor for energy production (Matsuzaki et al., 2009). 

Initially, indirect methods were used to identify this ROS formation in the mitochondria. 

Specifically, Clark oxygen sensors in bovine heart tissue revealed that the ATP production, 
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which is coupled to oxygen consumption during oxidative phosphorylation, was less than 

expected (Jensen, 1966). This discrepancy was attributed to 'electron leaks' which then lead to 

superoxide formation (Finikova et al., 2007). In recent studies, the efflux of hydrogen peroxide 

from the mitochondrial electron transport chain has been better measured by using enzyme-

coupled assays or fluorescent probes (Tabassum et al., 2020). 

Further use of EPR demonstrated that molecular oxygen undergoes reduction by 

NADPH, producing superoxide, which, in turn, leads to respiratory bursts of superoxide that 

serve as a protective mechanism against pathogens (Rossi & Zatti, 1964; Berndt et al., 2022;). 

This protective role of ROS complicated the perspective of ROS solely being harmful by-

products of aerobic metabolism. Significantly, these methods established the foundation for the 

discovery of NADPH oxidase (NOX) enzymes, which transfer of electrons to molecular 

oxygen, leading to the formation of superoxide (Figure 1.3; Sumimoto, 2008; Vermot et al., 

2021) and are significant producers of hydrogen peroxide by cells (Wong et al., 2019). 

 

 

Figure 1.3: Intracellular generation of ROS from metabolic processes.  

Superoxide is converted to hydrogen peroxide by SOD1, SOD2 and SOD3 in the mitochondria, 

cytosol and across the lipid membrane, respectively (1, 2, 3). NADPH oxidase (NOX) catalyses 

the production of superoxide from oxygen (4), and lipid oxidation in peroxisomes results in 

hydrogen peroxide (5). Fenton chemistry in the lysosome leads to ROS production from 
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interactions with iron (6, 7), and peroxynitrite is formed from nitric oxide synthase (NOS) (8). 

Hydrogen peroxide is degraded to water by catalase (9) and can also form hypochlorous acid 

by myeloperoxidase (10). The reduction of hydrogen peroxide is undertaken by many systems 

including glutathione peroxidase (Gpx) and catalase (CAT) (11). Permission to reproduce this 

image from Kim et al, (2015) was obtained by Elsevier.  

 

The endoplasmic reticulum (ER) actively engages in oxidative protein folding, a 

process associated with the production of hydrogen peroxide (Pluquet et al., 2015; Shergalis et 

al., 2020). Using ferrothiocyanate, cytochrome c peroxidase assays and scopoletin 

fluorescence, hepatic microsomes (fragments of the ER) were found to generate hydrogen 

peroxide (Thurman et al., 1972). In several mammalian cells, a combination of genetic and 

biochemical investigations established that the formation of eukaryotic disulfide bonds during 

protein folding was facilitated by protein disulfide isomerase (PDI) and endoplasmic reticulum 

oxidoreductin-1 (ERO-1), which transfer electrons from molecular oxygen to PDI (Shergalis 

et al., 2020). Another source of hydrogen peroxide within cells is fatty acid oxidation within 

peroxisomes (Figure 1.3). The oxidation rates of purified peroxisomes from rat liver tissue 

were assessed in response to various substrates such as glycolate and L-lactate (Baumgart et 

al., 1996; Mcgroarty et al., 1974). By calculating the oxidation rate of peroxisomes in relation 

to glycolate and L-lactate concentrations, hydrogen peroxide generation could be inferred as a 

by-product of fatty acid oxidation process within peroxisomes (Oshino et al., 1975). These 

critical discoveries provided evidence that ROS were indeed produced in the cellular 

environment and prompted researchers to investigate the potential role of ROS in disease. 

1.1.2 The role of ROS in disease 

ROS, particularly high levels of hydrogen peroxide, have been implicated in various 

diseases such as cardiovascular diseases, neurological disorders, and cancer (Brieger et al., 

2012; Berndt et al., 2022; Kawagishi & Finkel, 2014). For example, the heart, requiring high 

oxygen levels for efficient energy production, contains thousands of mitochondria per cell 

(Pohjoismäki & Goffart, 2017). Tissue samples associated with atherosclerosis (Yu et al., 

2013), ischemia (Rodrigo et al., 2013), and hypertension (Rawat et al., 2014) were either 

measured for ROS and/or assessed for damage to proteins, lipids, and DNA. Elevated ROS and 

molecular oxidation levels were identified in these studies linking ROS to these diseases. 

Similarly, elevated monoamine oxidase (MAO) protein expression was assessed using 
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chemiluminescence and western blotting of heart tissue from aged mice. The study revealed an 

increase in MAO-dependent hydrogen peroxide production, suggesting that MAO acts as a 

significant source of hydrogen peroxide in aging hearts.(Maurel et al., 2003). ROS production 

in human erythrocytes was also elevated in patients with Alzheimer’s disease (Sultana & 

Perluigi, 2006).  

Given the high energy demands of the brain, several studies aimed to explore the 

connection between ROS levels and neurological disorders. Assessments of DNA damage in 

brain tissue samples were conducted using immunohistochemistry and found that the DNA 

damage markers, 8-hydroxyl-2’-deoxyguanosine (8-OHdG) and apurine/apyrimidine (AP), 

were elevated in mice with brain injuries (Leak et al., 2015). Additionally, protein oxidation, 

as measured by western blotting using anti-dinitrophenyl (DNP) antibodies (Shacter et al., 

1994), linked oxidative stress to brain injuries (Nakamura et al., 2005). In post-mortem samples 

of Parkinson’s disease brains, the measurement of glutathionyl and cysteinyl conjugates using 

HPLC revealed elevated oxidation of L-DOPA (a precursor to dopamine) and D-aspartate in 

Parkinson’s disease patients compared to control patients (Sian et al., 1999). These findings 

and others provided supporting evidence that ROS contribute to disease development, leading 

to the widespread acceptance of the Free Radical Theory of Disease (Forman & Zhang, 2021). 

However, and in parallel, the discovery that manganese superoxide dismutase (MnSOD) was 

required for cell proliferation, revolutionised the understanding of ROS in redox biology 

showing that ROS were required for normal cellular function and therefore, a more 

sophisticated theory was required (Oberley & Buettner, 1979).  

1.1.3 Oxidative Stress Theory 

The Oxidative Stress Theory posits that there is a balance between ROS production and 

the removal of ROS by antioxidants within the cellular environment (Figure 1.4). Only when 

this balance is disrupted do ROS become capable of damaging crucial cellular constituents 

(Figure 1.4) (Cadenas & Sies, 1985). Consequently, developing therapeutic interventions 

aimed at preserving cellular homeostasis and preventing oxidative damage became the focus 

of many clinical trials. Initially, antioxidant compounds, sourced from plant or animal tissues, 

including vitamins C and E, found application in extending the shelf life of foods (Eskin & 

Przybylski R, 2001). Recognizing the inhibitory role of these antioxidants sparked significant 

interest in exploring their potential benefits for human health (Mousa et al., 2019). This shift 



7 

 

in perspective has since driven extensive research into the broader implications of antioxidants, 

transcending their initial use in food preservation (Eskin & Przybylski R, 2001). 

 

Figure 1.4: Typical representation of the oxidative stress theory.  

The physiological redox balance is disturbed when there is an increase in the production or 

exposure to ROS simultaneously combined with a decrease in antioxidant capabilities, usually 

through a decrease in the availability of antioxidant enzymes. These factors combined 

constitute the Oxidative Stress Theory. This image was recreated based on Poljsak et al, (2013) 

 

Antioxidants can be broadly divided into two classes, enzymatic and non-enzymatic, 

according to their mode of activity (Flieger et al., 2021; Mamta et al., 2014). Non-enzymatic 

antioxidants can be further divided into endogenous and exogenous antioxidants and primarily 

work by terminating free radical chain reactions (Flieger et al., 2021). Exogenous non-

enzymatic antioxidants like vitamins A, C, and E, along with flavonoids, carotenoids, and 

phenolic acids, work by donating electrons to ROS leading to neutralisation (Mamta et al., 

2014; Mousa et al., 2019). However, upon oxidation these compounds are seldom recycled 

(Mousa et al., 2019).  

Enzymatic antioxidants consist of thiol-based and non-thiol-based antioxidants that 

detoxify the cellular environment from ROS. One of the oldest enzymatic antioxidants 

identified was catalase in 1818 by Louis Thenard, who, along with Joseph Louis Gay-Lussac, 

also contributed to the discovery of hydrogen peroxide. The enzymatic activity of catalase 

rapidly degrades hydrogen peroxide to water through a heme or manganese group at its active 

site (Fita & Rossmann, 1985; Whittaker, 2012). The first mechanistic insight into how thiol-
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based antioxidants detoxify oxidants emerged from the characterisation of glutathione 

extracted from yeast lysates in 1932 by Willstätter (Willstatter, 1932). Here, cysteine residues 

on glutathione were shown to be oxidised by hydrogen peroxide, resulting in intermolecular 

disulfide bridge formation. Understanding the conformational changes of proteins after oxidant 

addition led to the discovery of additional thiol-based antioxidant proteins, which were later 

revealed to be part of complex signalling networks (Birben et al., 2012). An array of methods, 

ranging from genetic screens, biochemical assays, PCR-based methodologies, DNA 

sequencing, kinetic assays, and immunoblotting, were employed in discovering and 

characterising the three major thiol-based redox systems in cells: thioredoxin, glutaredoxin, 

and peroxiredoxin systems (Hanschmann et al., 2013). These systems play essential roles in 

cellular defence against oxidative stress and will be further described in the following sections.  

1.1.3.1 The thioredoxin system 

In a 1964 study, thioredoxin was first characterised in Escherichia coli when its role in 

the synthesis of deoxyribonucleotides was uncovered (Laurent et al., 1964). In this in vitro 

study, thioredoxin reductase reduced the oxidised form of thioredoxin which in turn provided 

reducing equivalents to ribonucleotide reductase for the synthesis of deoxyribonucleotides 

(Laurent et al., 1964). In a subsequent study, the secondary structure of thioredoxin was 

characterised using chromatography, which identified two critical cysteines essential for 

disulfide bridge formation (Reichard, 1968). Additionally, fluorescence spectroscopy was used 

to identify the oxidised and reduced forms of thioredoxin, which enabled subsequent studies to 

explore the role of thioredoxin in response to various stimuli (Reichard, 1968). The sequencing 

of this protein revealed an active site motif (Cys-Gly-Pro-Cys) which was later found to be 

conserved across most kingdoms (Lee et al., 2013).  

The thioredoxin system works through thiol-disulfide exchange, where thioredoxin 

undergoes nucleophilic exchange with the disulfide bond of a substrate protein (Figure 1.5) 

(Dyson et al., 1991; Roos et al., 2009). This results in the oxidised form of thioredoxin while 

the substrate protein becomes reduced. The oxidised form of thioredoxin is recycled by 

thioredoxin reductase utilising NADPH as an electron donor (Figure 1.5) (Roos et al., 2009). 

Several studies have employed gene knockout technologies to delete or disrupt genes 

associated with the thioredoxin system. Yeast and bacterial cells subjected to these genetic 

modifications exhibit heightened sensitivity to oxidative stress, leading to a notable reduction 
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in viability (Lee et al., 2019; Raninga et al., 2015; Stancill et al., 2022). In mammals, mutations 

in this system are lethal for embryonic development (Matsui et al., 1996). 

 

Figure 1.5: The thioredoxin system regulates cellular processes and maintains the cellular 

redox balance.  

The cysteine residues (SH) on reduced thioredoxin undergo oxidation leading to the formation 

of an intramolecular disulfide bridge. Thioredoxin reductase facilitates its reduction, utilizing 

reducing equivalents derived from NADPH. Subsequently, the reduced thioredoxin becomes 

available for interactions with oxidized target proteins. Figure adapted from Karlenius & 

Tonissen, (2010) 

1.1.3.2 The glutaredoxin system 

 

The glutaredoxin (Grx) system was initially discovered in 1976 by Holmgren and 

colleagues when an E. coli strain deleted for thioredoxin still showed reduction of 

ribonucleotide reductase (Holmgren, 1976). In vitro assays further characterised the stability, 

molecular size, catalytic properties, and thiol specificity of glutaredoxins (Holmgren, 

1985).There are two classes of glutaredoxins. The first, known as monothiol glutaredoxins, 

typically feature a CGFS motif with one active cysteine residue in the active site (Herrero & 

De La Torre-Ruiz, 2007). These glutaredoxins play critical roles in iron-sulfur cluster 

biogenesis (Talib & Outten, 2021). 
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Figure 1.6: The glutaredoxin system maintains thiol-disulfide homeostasis.  

In the glutaredoxin system, GSSG becomes oxidised and forms two glutathione molecules 

which then oxidises glutaredoxin, reducing target proteins. Oxidised GSSG is recycled into the 

system using glutathione reductase and reducing equivalents from NADPH. Figure adapted 

from Ren et al., (2017). 

 

The second class of glutaredoxins (dithiol) functions similarly to thioredoxins. These 

low molecular weight (~12 kDa) proteins generally feature a redox-regulated disulfide motif 

(CXXC) (Lillig & Berndt, 2013; Netto & Antunes, 2016a). The electron flow in this system is 

similar to the thioredoxin system (Figure 1.6). Electrons from NADPH are used by 

glutaredoxin reductase, to reduce glutathione disulfide (GSSG) into two glutathione (GSH) 

molecules (Miller & Schmidt, 2019). Glutathione then reduces oxidised glutaredoxin, which, 

in turn, reduces oxidised proteins (Fernandes & Holmgren, 2004). The glutaredoxin system, in 

contrast to thioredoxin system, is also responsible for deglutathionylation. Under oxidative 

stress or even under normoxic conditions, free thiol or sulfenic acid residues form mixed 

disulfide bonds with glutathione molecule(s), in a process known as glutathionylation. These 

thiol residues are protected from hyperoxidation but the activity of these proteins can be 

disrupted (Fernandes & Holmgren, 2004; Gallogly & Mieyal, 2007). Glutathionylation is 

reversed by the glutaredoxin system (Fernandes & Holmgren, 2004; Gallogly & Mieyal, 2007).  

1.1.3.3 The peroxiredoxin system  

Initially, peroxiredoxins were purified from Saccharomyces cerevisiae using 

polyethylene glycol precipitation, chromatography, and gel filtration (Kim et al., 1988). The 

antioxidant activity of the then unidentified protein did not show catalase, superoxide 

dismutase, or glutathione peroxidase activity (Kim et al., 1988) and was found to require thiol 

reduction and was called thiol-specific antioxidant (TSA) (Kim et al., 1988). The unidentified 

protein was later renamed to ‘peroxiredoxin’, and six subtypes have been identified to date 

(Poole & Nelson, 2016; Wood et al., 2003).  

All peroxiredoxins contain a conserved peroxidatic cysteine found in the protein’s N-

terminal region (Rhee et al., 2001; Toledano & Huang, 2016). Crystallographic studies have 

revealed that peroxiredoxins belonging to subtypes one through four exhibit an additional 
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cysteine residue in the C-terminal region, serving as a resolving component in the protein's 

structure. When the peroxidatic cysteine is oxidised by a peroxide, it forms sulfenic acid 

(SOH), leading to an intermolecular disulfide bridge with the resolving cysteine residue and 

this disulfide is reduced by the thioredoxin system, recycling the peroxiredoxin (Figure 1.7; 

Sue et al., 2005). The oxidised form of the peroxiredoxin is also able to oxidise other proteins 

and can therefore act a redox signalling relay (Sobotta et al., 2015).  

Figure 1.7: The peroxiredoxin system has a complex role in antioxidant defence and redox 

signalling.  

Peroxiredoxins are directly oxidized by hydrogen peroxide, and this oxidation is subsequently 

reduced by the thioredoxin system. Additionally, peroxiredoxins have the capability to undergo 

hyperoxidation, forming sulfinic acid, a state that can be reduced by sulfiredoxin and ATP. The 

figure was adapted from Rhee (2016). 

In most cells, peroxiredoxins are be reduced by the thioredoxin system (Figure 1.7). 

Kinetic studies revealed that peroxiredoxins are highly efficient in reducing hydrogen peroxide 

and alkyl hydroperoxides (k2 ~ 105-108 M−1 s−1) (Ogusucu et al., 2007) at rates comparable to 

catalase (k2 ~ 107-108 M−1 s−1) (Davies et al., 2008) and glutathione peroxidase (k2 ~ 105−108 

M−1s−1) (Ferrer-Sueta et al., 2011). However, as peroxiredoxins are present at higher 

concentrations (10-100 µM) within cells (Cox et al., 2010), they are considered the primary 

reducers of peroxides in most cell types.  

In eukaryotes, under high hydrogen peroxide concentrations, the peroxidatic sulfenic 

acid can be further oxidized to sulfinic acid (SOOH) (Figure 1.7). Initially, this hyperoxidised 

isoform was considered catalytically dead, but work by Biteau and colleagues showed that 
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hyperoxidised peroxiredoxins could be reduced by a protein called sulfiredoxin along with 

ATP (Figure 1.7) (Biteau et al., 2003). The precise role(s) of peroxiredoxin hyperoxidation 

remains unclear (Veal et al., 2014). In the floodgate mechanism of redox signalling, 

hyperoxidation presumably inhibits peroxiredoxins, and hydrogen peroxide can go on to 

oxidise other peroxide-sensitive target proteins, allowing for peroxide-dependent signalling 

events to occur (Wood et al., 2003b). However, it is unclear how this mechanism operates in 

the presence of other hyperoxidation-resistant peroxiredoxins, catalases and non-thiol 

peroxidases (Forman et al., 2014). Alternatively, it has been demonstrated that peroxiredoxin 

hyperoxidation inhibits the thioredoxin-dependent reduction of peroxiredoxins, leading to 

increased levels of reduced thioredoxin which can support the repair of oxidised proteins by 

methionine sulfoxide reductases (Day et al., 2012). Lastly, hyperoxidised peroxiredoxins form 

decamer structures that show little peroxidase activity (Wood et al., 2002) but act as chaperones 

to refold damaged proteins (Jang et al., 2004). 

1.1.3.4 Oxidative stress theory and clinical trials 

The Free Radical Theory of Disease and Aging, and advances in our understanding of 

cellular antioxidants paved the way for clinical trials with the goal of mitigating excess ROS 

or enhancing intracellular antioxidant enzyme production. According to the Cochrane database 

(https://www.cochranelibrary.com/, accessed January 2024), more than 16,000 studies 

investigating the use of antioxidant supplementation for disease treatment have been 

conducted, with varied results.  

Some trials indicate potential benefits, while others report no improvements or adverse 

effects. N-Acetylcysteine (NAC) supplementation in infertile men appeared to enhance the 

activity of the NRF2 pathway, resulting in increased sperm production (Jannatifar et al., 2020). 

Limited to no support has been observed for antioxidant use in preventing chronic diseases, as 

exemplified by large-scale trials investigating vitamin E and selenium in prostate cancer, which 

did not demonstrate clear preventative effects (Eidelman et al., 2004; Robinson et al., 2012). 

Interestingly, evidence suggests that obtaining antioxidants through a well-balanced diet, rather 

than supplements, may be more beneficial for overall health (Valko et al., 2007). Rather than 

exerting an antioxidant effect, consumption of redox active compounds within the diet may 

induce a mild oxidative stress and concomitant antioxidant response (Rahal et al., 2014). This 

effect has been well documented for mild exercise where oxidative stress in skeletal muscle 

induces an antioxidant response and the repair of damaged tissues (Thirupathi et al., 2020). 
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Ongoing research aims to explore more targeted and effective antioxidant therapies (Deledda 

et al., 2021). However, it is crucial to note that the use of antioxidant supplements for general 

health and disease prevention is not universally endorsed, and caution is advised, particularly 

against high-dose supplementation (Firuzi et al., 2011). 

Recognizing the faster reactivity of enzymatic antioxidants compared to non-enzymatic 

counterparts, attention has shifted towards targeting these enzymes to alter signalling pathways 

to restore redox imbalances (Poljsak et al., 2013). For instance, mimics for catalase and 

superoxide dismutases (SODs) were proposed to remove superoxide and hydrogen peroxide 

(Table 1.1) (Anderson et al., 2018). However, these enzyme-based therapies were primarily 

effective in the extracellular space, and SOD mimics, being non-specific, may act as pro-

oxidants, potentially impacting redox signalling pathways (Sotler et al., 2019). Glutathione 

peroxidase mimics have shown efficacy in eliminating hydrogen peroxide, small organic 

hydroperoxides, and cholesterol hydroperoxides. These compounds have been investigated in 

clinical trials involving patients with complete occlusion of the middle cerebral artery. Their 

application resulted in reduced oxidative stress damage to both gray and white matter in the 

brain. (Table 1.1) (Imai et al., 2002; Singh et al., 2017). Strategies involving the inhibition of 

NADPH oxidases or maintaining/replenishing glutathione (GSH) levels have also been 

explored with some success in replenishing depleted glutathione (Antoniades et al., 2010; 

Panda et al., 2022). While some clinical trials have reported positive outcomes, such as in the 

case of male and female fertility (Zavras et al., 2016), achieving effective antioxidant therapies 

for chronic diseases remains elusive, possibly due to the need for a deeper understanding of 

redox signalling processes (Margaritelis et al., 2022).  
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Table 1.1: Antioxidant clinical trials to intervene in chronic illness.  

Meta-analysis of clinical trials from the Cochrane database examined the efficacy of antioxidants as an intervention to chronic illnesses such as 

cancer, heart disease, and other lifestyle-related conditions. Overall, antioxidant supplementation, demonstrated no effect in improving patient 

outcomes across various chronic illnesses. 

Antioxidant 
Clinical trial objective (Clinical trial phase- 

Result) 
Reference 

Non-enzymatic 

antioxidants  

Vitamin E 
Ageing, oxidative stress, cancers (Phase I; II -No 

effect) 
Buettner et al., 1993; Bruno et al., 2016 

Vitamin C Cardiovascular diseases (Phase I; II- No effect) Hill et al., 2003; Fangelak, 2002 

N-acetylcysteine 

(NAC) 

Liver paracetamol, cystic fibrosis (Phase I; II- No 

effect) 
Smilkstein et al., 1998; Xu et al., 2016 

β-carotene 

 

Selenium    

Zinc                

Coenzyme Q10 

Alpha‐lipoic acid 

(ALA)              

Lung cancer (Phase I, No effect) 

Cardiovascular disease (Phase I – No effect) 

Lung cancer (Phase I – No effect)  

ALS/motor neuron disease/MS (Phase I – No 

effect) 

Heart failure (Phase 1- No effect) 

Diabetic peripheral neuropathy (Phase I-No effect) 

Pryor et al., 2000 

Rees et al., 2013 

Cartes-Jofre et al., 2020, Parks et al., 2020 

Orrell et al., 2007. Saadi et al., 2021 

Baicus et al., 2024 

Enzymatic 

antioxidant 

mimics 

SOD (Mn porphyrin) Amyotrophic lateral sclerosis (ALS) (Phase I) Benatar, 2007 

SOD (GC4419) Oral mucositis of oropharyngeal cancer (Phase I) Anderson et al., 2018 
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Salens (EUK-8, EUK-

134, EUK-189) 

Sepsis, heart ischaemia-reperfusion, ALS (Pre-

clinical) 

Chatterjee et al., 2004; Langan et al., 

2006; Zhang et al., 2006 

GPX (Ebselen) 

Meniere disease (Phase III-No result); Bipolar 

disorder, acute ischaemic stroke, middle cerebral 

artery disease (Phase I- Some benefits) 

Singh et al., 2016; Imai et al., 2003 

GSH esters 
Aim to increase GSH in organs (Pre-clinical -No 

result) 
Levy et al., 1993 

NRF2 activators 

(sulforaphane) 

Bladder cancer, diabetes mellitus (Phase II, III- No 

result); Dilated cardiomyopathy (Phase III- No 

result) 

Wise et al., 2016; Ungvari et al., 2010 
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1.1.4 Oxidative Eustress and Distress Theory 

Accumulating evidence of the critical role played by hydrogen peroxide in cellular 

signalling processes, together with the failure of antioxidant clinical trials, challenged the 

concepts posited by the Oxidative Stress Theory (Gough & Cotter, 2011). To readdress the 

current limitations with the prevailing theories of oxidative stress, Sies and Jones suggested 

that the oxidative stress theory should be broadened to include oxidative eustress and oxidative 

distress (Figure 1.8) (Sies, 2017; Sies & Jones, 2020). This revised perspective suggested that 

hydrogen peroxide is necessary at low concentrations, but beyond a certain threshold, becomes 

detrimental (Sies & Jones, 2020).  

 

 

Figure 1.8: Oxidative eustress and distress theory. 

The eustress/distress theory states that when hydrogen peroxide concentrations are too low, 

normal cellular function will be impaired. But at a suitable concentration, positive signalling 

processes will occur to ensure physiological function. However, as the hydrogen peroxide 

concentration increases, the cell will become stressed and need to mount an antioxidant 

defence response. This image was adapted from Fitzpatrick, (2020) and Sies, (2020).  

 

The theory emphasized the dual nature of hydrogen peroxide recognizing its damaging 

effects and crucial roles in redox signalling and cellular adaptation to oxidative challenges (Sies 
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& Jones, 2020). For instance, investigations into the development of neurons utilising 

fluorescent-based sensors revealed that axodendritic cells failed to develop or regenerate when 

the concentration of internal hydrogen peroxide was below 0.1 nM (Ledo et al., 2022; Wilson 

et al., 2017). Conversely, in the range of 1-10 nM, neuron growth was normal and showed 

better regeneration efficiency at the upper limit of this range (Wilson et al., 2017). However, 

axonal growth would collapse at hydrogen peroxide concentrations greater than 100 nM. These 

studies revealed that important signalling events occur in the presence of mid-range hydrogen 

peroxide concentrations (Gough & Cotter, 2011). In the following section, we will define redox 

signalling, explore three mechanisms of redox signalling, and examine how cells adapt to 

oxidative stress. 

1.1.4.1 Redox signalling 

Defining redox signalling is nuanced and may encompass several definitions. For the 

purpose of this study, we define redox signalling as a kinetic process involving coordinated 

changes in the oxidation state of redox transduction machinery leading to specific outputs in 

response to hydrogen peroxide and other oxidants (Pillay et al., 2016). Redox-active molecules 

such as hydrogen peroxide, superoxide, or nitric oxide play a pivotal role in this process, 

leading to the formation of disulfide bridges that, in turn, induce structural alterations in 

proteins (Go et al., 2015; Klomsiri et al., 2011). Alternatively, the sulfinic acid form of a protein 

(SOH) may also contribute to redox signalling by oxidising cysteine residues of other proteins. 

Nevertheless, these proteins modified by oxidants activate or inhibit specific signalling 

cascades or transcription factors (Go et al., 2015; Klomsiri et al., 2011).  

Hydrogen peroxide's role as an intracellular secondary messenger is attributed to its 

unique chemical properties, enabling it to participate in various cellular signalling pathways 

(Rhee, 2016). For example, hydrogen peroxide can diffuse from the site of its production or 

across the cell membrane with a relatively stable half-life of 1 ms (Reth, 2002). Additionally, 

hydrogen peroxide appears to have selective reactivity towards specific thiols (e.g.) hydrogen 

peroxide reacts with GSH with a second order rate constant of only 0.9 M-1s-1 and this rate 

constant increases dramatically for peroxiredoxins and glutathione peroxidases at around ~105-

108 M-1s-1. Interestingly, mammalian plasma contains a bicarbonate/CO2 buffer, which, upon 

interaction with hydrogen peroxide, generates the peroxymonocarbonate anion. When 

compared to hydrogen peroxide (Bakhmutova-Albert et al., 2010) this species can more readily 
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hyperoxidize peroxiredoxins allowing for oxidation of phosphatases in signalling pathways 

(Peskin et al., 2019).  

In an immunoblot time-course study, it was found that protein kinase C (PKC) 

pathways, traditionally thought to be activated solely by diacylglycerol through calcium, can 

also be activated by hydrogen peroxide, indicating its role as a secondary signalling molecule 

(Kaul et al., 2003; Singh et al., 2022). Likewise, protein tyrosine phosphatases (PTPs), pivotal 

for numerous fundamental physiological processes, can be inactivated by hydrogen peroxide 

(Östman et al., 2011). Research has demonstrated that these enzymes harbour a crucial cysteine 

residue (His-Cys-X-X-Gly-X-X-Arg-Ser/Thr) essential for the inactivation of this signalling 

cascade, a process that can be subsequently reversed by glutathione (Östman et al., 2011). 

Another example, is the selective inactivation of GAPDH by hydrogen peroxide where the 

protein is first sulfenylated by hydrogen peroxide then glutathionylated ultimately inhibiting 

GAPDH glycolytic activity (Zaffagnini et al., 2019). 

The specificity of hydrogen peroxide signalling can be seen from the selective oxidation 

of key redox-regulated transcription factors. Transcription factors play a crucial role in 

enabling the adaptive response to external stressors. For instance, in S. cerevisiae, the 

transcription factor Yap1 is essential for inducing the expression of key antioxidant genes in 

response to oxidative stress. Deletion of Yap1 in S. cerevisiae cells increased sensitivity to 

oxidative stress (Kuge & Jones, 1994). Across various species, there appear to be three types 

of signalling, direct signalling, sensor-mediated signalling, and indirect signalling (Pillay et al., 

2016).  

1.1.4.2 Direct redox signalling 

A classic example of direct sensing by a transcription factor would be OxyR in E coli. 

OxyR reacts directly with hydrogen peroxide and has four critical cysteines that are oxidised 

to disulfide bridges (Figure 1.9) (Aslund et al., 1999). OxyR is extremely sensitive to low 

concentrations of hydrogen peroxide (1–200 nM) and has a switch-like activation profile 

(Zhang et al., 2019). The expression of over 56 genes, including catalase (katG), alkyl 

hydroperoxidase (ahpCF), and cytochrome c peroxidase (ccpA), is regulated by oxidized OxyR 

(Wan et al., 2019). The glutathione system reduces and inactivates oxidised OxyR in vivo, 

although the thioredoxin system can reduce OxyR in vitro (Aslund et al., 1999). The sensitivity 

of OxyR has been harnessed to create highly specific hydrogen peroxide redox sensors 
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(Belousov et al., 2006). These sensors, coupled with fluorescent proteins, enable targeted 

detection of hydrogen peroxide in specific locations within a cell (Belousov et al., 2006).  

. 

Figure 1.9: Direct hydrogen peroxide signalling.  

The E. coli transcription factor, OxyR, is directly activated by hydrogen peroxide and then 

reduced by the glutathione/glutaredoxin system. This figure was adapted from Aslund et al, 

(1999). 

 

1.1.4.3 Sensor-mediated redox signalling 

Sensor-mediated hydrogen peroxide signalling includes examples of AP-1-like 

transcription factors (Xanthoudakis et al., 1992), p53/ HIF-1α (Zhang et al., 2014), FOXO/ 

IGF-1 (Essers et al., 2004), NRF2/Keap1 (Fourquet et al., 2010) and NF-κB/ IκB (Schmidt et 

al., 1995) homologs. Many of these transcription factors play an important role in regulating 

stress responses along with essential physiological processes, and their aberrant signalling may 

contribute to disease (Forman & Zhang, 2021). Sensor-mediated signalling commonly occurs 

when hydrogen peroxide oxidises a sensor molecule, usually a peroxiredoxin. This molecule 

will proceed to oxidise other targets including transcription factors which initiate a gene 

regulatory response. For example, in the fission yeast Schizosaccharomyces pombe, hydrogen 

peroxide oxidises the peroxiredoxin, Tpx1 which then oxidises Pap1 (Figure 1.10). In a S. 

pombe Δtpx1 strain, exposure to hydrogen peroxide fails to activate Pap1 showing that Pap1 

activation relies specifically on Tpx1 (Calvo et al., 2013). The nuclear export signal (NES) 

region of Pap1 is altered by oxidised Tpx1 resulting in a conformational change of the protein 

which can be transported into the nucleus and induces gene transcription including antioxidant 

genes like trx1, trr1 and srx1 (Jara et al., 2007; Vivancos et al., 2004). Both Tpx1 and Pap1 are 
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reduced by the thioredoxin system using reducing equivalents from NADPH (Morgan & Veal, 

2007).  

 

 

Figure 1.10:  Sensor-mediated hydrogen peroxide signalling.  

In S. pombe, consensus is that the peroxiredoxin, Tpx1, is oxidised by hydrogen peroxide which 

then oxidises the transcription factor, Pap1. Both Tpx1 and Pap1 are reduced by Trx1. This 

figure was adapted from Vivancos et al, (2005). 

 

An example of a redox-regulated transcription factor in mammalian cells is nuclear 

factor in B cells (NF-κB) (Flohe et al., 1997). NF-κB is redox-regulated through the modulation 

of an inhibitory protein called IκB (inhibitor of κB) (Flohé et al., 1997). Under normal 

conditions, IκB keeps NF-κB in an inactive state in the cytoplasm (Flohé et al., 1997). 

Oxidative stressors such as hydrogen peroxide trigger the phosphorylation and degradation of 

IkB, allowing NF-κB to translocate into the nucleus and activate target genes (Flohé et al., 

1997). Analogously, the NRF2 transcription factor is activated when the attached KEAP1 

protein is oxidised (Fourquet et al., 2010). In the presence of oxidative or electrophilic stress, 

particular cysteine residues on Keap1, notably Cys151, undergo alterations. These 

modifications result in the dismantling of the Keap1/CUL3 ubiquitin ligase complex, leading 

to the stabilization of NRF2. Following this, NRF2 migrates to the nucleus, initiating an 

antioxidant response by activating diverse genes, such as those responsible for catalase, 

superoxide dismutases, and sulfiredoxin (Morgan & Liu, 2011; Oliveira-Marques et al., 2009). 
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1.1.4.4 Indirect redox signalling 

Indirect redox signalling occurs when the thioredoxin or glutaredoxin systems become 

oxidised by normal cellular processes (Figure 1.11; Forman et al., 2014). In mammalian cells, 

under normal cellular conditions, the apoptosis signal-regulating kinase 1 (ASK1) is inactive 

when thioredoxin is bound in its reduced form (Saitoh et al., 1998). However, once thioredoxin 

becomes oxidised, it releases ASK1, initiating the activation of this pathway (Saitoh et al., 

1998).  

 

 

Figure 1.11: Indirect hydrogen peroxide signalling.  

The peroxiredoxin system results in the oxidation of the thioredoxin system. The decreased 

availability of thioredoxin to reduce other oxidised proteins allows for continuous signal 

transduction processes. This figure was adapted from Pillay et al, (2016). 

1.1.5 A method to quantify dynamic redox signals  

Conceptual advances such as the oxidative eustress and distress theory, together with 

improved analytical tools clarified the terminology used to describe oxidative stress, reactive 

oxygen species and redox signalling. For example, the term oxidative stress has evolved from 

just ‘good antioxidant’ and ‘bad oxidants’ to a more nuanced understanding of the complex 

molecular mechanisms that balance redox homeostasis. Sies and Jones iterate that ROS should 

not be used as an umbrella term for molecules causing oxidative stress. Instead, specific species 

should be referenced individually, as certain molecules like hydrogen peroxide and nitric oxide 

have distinct signalling roles (Sies & Jones., 2020). Another example includes how ROS are 

defined, where molecules like hydrogen peroxide or superoxide should be referred specifically 

rather than bracketed under umbrella term ‘ROS’ (Margaritelis et al., 2022). Nonetheless, the 

precise characterisation of redox signalling processes needs further investigation. For example, 

can healthy redox signalling processes result in aberrant signalling? At which point does 
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oxidative eustress becomes oxidative distress? What are the critical limits of the 

eustress/distress signalling processes? How can these signals be measured? 

Despite the progress in understanding redox signalling, there remains a measurement 

gap in quantifying redox signal transduction (Figure 1.12). A generic signalling pathway is 

defined by a signal input, its computation by the cell and eventual output (Figure 1.12). When 

defining redox signalling, hydrogen peroxide and other peroxides have been considered as 

input signals. Genetically encoded redox sensors have been used to determine the internal 

hydrogen peroxide production (Figure 1.12). The proteins involved in redox signalling events 

in response to hydrogen peroxide exposure have been identified and measured using genetic 

knockouts and western blotting experiments respectively (Figure 1.12). Additionally, kinetic 

studies have revealed the various reaction rates of these protein responses. Nonetheless, current 

methodological tools do not allow for the measurement of dynamic signalling responses to 

environmental stimuli. While signal outputs in terms of gene expression in response to 

hydrogen peroxide have been characterised (Figure 1.12), linking these outputs to the 

signalling response of redox-sensitive transcription factor activation remained obscure. Precise 

measurement tools to track signal changes in response to diverse stimuli will enable insights 

into the oxidative eustress/distress states of the cellular environment. 

 

Figure 1.12:  The measurement gap in redox-signalling processes.  

A redox signal is constituted by a signal input, its computation and subsequent output. 

Quantitative measures for hydrogen peroxide detection and transcriptomic analysis are well 

defined. However, measuring the redox signal transduction process quantitatively is currently 

lacking. 
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A mathematical model was developed to quantify a generic protein kinase signalling 

profile by Heinrich and co-workers (Heinrich et al., 2002). In this description three signalling 

parameters were defined: signalling amplitude, time and duration. Signalling amplitude 

describes the average concentration of the active form of a protein over a signal interval. The 

signalling time is the average time to activate a protein, and signal duration is the average time 

the signalling protein is active for. The description will be further detailed in Chapter 2.1. In 

this thesis, I attempted to close this measurement gap in quantifying redox signalling dynamics 

using these parameters. Three applications will be evaluated. First, the activation dynamics of 

Tpx1/Pap1 will be quantified using the model organism S. pombe, with experimental 

optimisations for this quantification further assessed in Chapter 5. Second, data from 

genetically encoded redox sensors will be quantified. Third, signalling data generated from the 

NRF2/Keap1 pathway in response to oxidative stress scenarios will be analysed.
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Chapter 2  

 Quantifying redox transcription factor dynamics as a tool to investigate 

redox signalling. 

2.1 Abstract 

A critical feature of the cellular antioxidant response is the induction of gene expression 

by redox-sensitive transcription factors. In many cells, activating these transcription factors is 

a dynamic process involving multiple redox steps, but it is unclear how these dynamics should 

be measured. Here, we show how the dynamic profile of the Schizosaccharomyces pombe Pap1 

transcription factor is quantifiable by three parameters: signal amplitude, signal time and signal 

duration. In response to increasing hydrogen peroxide concentrations, the Pap1 amplitude 

decreased while the signal time and duration showed saturable increases. In co-response plots, 

these parameters showed a complex, non-linear relationship to the mRNA levels of four Pap1-

regulated genes. We also demonstrate that hydrogen peroxide and tert-butyl hydroperoxide 

trigger quantifiably distinct Pap1 activation profiles and transcriptional responses. Based on 

these findings, we propose that different oxidants and oxidant concentrations modulate the 

Pap1 dynamic profile, leading to specific transcriptional responses. We further show how the 

effect of combination and pre-exposure stresses on Pap1 activation dynamics can be quantified 

using this approach. This method is therefore a valuable addition to the redox signalling toolbox 

that may illuminate the role of dynamics in determining appropriate responses to oxidative 

stress.
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2.2 Introduction 

An unavoidable consequence of aerobic metabolism is the exposure of cells to reactive 

oxygen species (ROS), such as hydrogen peroxide (Halliwell & Gutteridge, 2015). Hydrogen 

peroxide signals are essential for regulating an array of physiological responses, but excessive 

hydrogen peroxide loads result in oxidative stress and cell death (Sies, 2017; Sies & Jones, 

2020; Sikes, 2017). The cellular response to hydrogen peroxide insult is multifaceted, involving 

several regulatory mechanisms, including the induction of specific transcriptional programs by 

redox-sensitive transcription factor pathways (He et al., 2017; Imlay, 2013). Significantly, cells 

lacking these transcription factors show increased peroxide sensitivity (Kuge & Jones, 1994; 

Kullik et al., 1995), but their constitutive activation can also be deleterious (Kudo et al., 1999; 

Sykiotis & Bohmann, 2010; Toone et al., 1998; Wakabayashi et al., 2003).  

The fission yeast Schizosaccharomyces pombe is a valuable model for understanding 

oxidative stress and redox signalling in eukaryotes (Papadakis & Workman, 2015; Veal et al., 

2014). Within these cells, the Pap1 transcription factor is activated by oxidation in response to 

low to intermediate (0.07-1 mM) hydrogen peroxide insults (Vivancos et al., 2004). The 2-Cys 

peroxiredoxin Tpx1 is likely the primary sensor of hydrogen peroxide and directly or indirectly 

oxidises several Pap1 cysteines to intramolecular disulfide bonds (Figure 2.1A) (Bozonet et 

al., 2005; Calvo et al., 2013; Vivancos et al., 2005). Oxidation masks the nuclear export 

sequence of Pap1 and increases its association with Prr1, leading to the enhanced transcription 

of several antioxidant and multidrug resistance genes (Calvo et al., 2012). Pap1 oxidation and 

activity are reversed by cytosolic (Trx1) and nuclear (Txl1) thioredoxins, and Pap1 is only 

activated under conditions where thioredoxin is oxidised (Bozonet et al., 2005; Brown et al., 

2013; Calvo et al., 2013; Vivancos et al., 2005). Accordingly, Pap1 activation is abrogated at 

hydrogen peroxide concentrations (>1 mM) where the thioredoxin peroxidase activity of Tpx1 

is inhibited by hyperoxidation (Jara et al., 2007). However, the Sty1 MAPK becomes 

increasingly activated in response to increasing concentrations of hydrogen peroxide 

(>0.2 mM) (Veal et al., 2014), leading to increased Atf1 activity and the enhanced transcription 

of a broad set of core stress response genes, including some regulated by Pap1 and/or Prr1 

(Chen et al., 2008).  

Additional evidence suggests that different oxidative inputs trigger quantitative 

differences in Pap1 activation dynamics (Domènech et al., 2018). For example, different 

hydrogen peroxide concentrations and different oxidants trigger differences in the Pap1 
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dynamic oxidation profile (Domènech et al., 2018) and the transcriptional dynamics of Pap1-

regulated genes (Figure 2.1B-D) (Chen et al., 2008; Quinn et al., 2002). However, it is unclear 

how these dynamic profiles should be quantified. To close this quantification gap, we turned 

to the pioneering work of Heinrich and colleagues, who showed that three parameters, the 

signal time (𝜏), signal duration (𝜗) and signal amplitude (S), describe the dynamic profiles of 

phosphokinase signalling proteins (Heinrich et al., 2002). 

 

Figure 2.1: Redox signalling processing by the Pap1 system in fission yeast.  

In S. pombe, hydrogen peroxide and other hydroperoxides oxidise the peroxiredoxin, Tpx1, 

which leads to the oxidation of the transcription factor, Pap1 (A). It is unclear whether Pap1 

is oxidised by a Tpx1 sulfenic acid, a Tpx1 disulfide or oxidised thioredoxin. Tpx1 is fully 

hyperoxidised by high concentrations of hydrogen peroxide (> 1000 µM), preventing further 

Pap1 oxidation, but this hyperoxidised state is reversed by sulfiredoxin. Thioredoxin (Trx) 

reduces both Pap1 and Tpx1. In this system, the hydrogen peroxide concentration and kinetics 

of the peroxiredoxin and thioredoxin redox cycles determine the quantitative relationship 

between the hydroperoxide input and Pap1 output. The dynamics and transcript levels of Pap1-

regulated genes show differences following exposure to 70 µM (B), 500 µM (C) and 6 mM (D) 

hydrogen peroxide bolus treatments (data taken from (Chen et al., 2008). The genes, atf1, ctt1, 
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srx1 and trr1, were analysed in this study and are indicated by a red arrow. Note that the scales 

for the fold-change in the heatmaps range from 0-30 (B), 0-90 (C) and 0-20 (D). 

Briefly, the signal time measures the mean time of the activation signal:  

𝜏 =
∫ 𝑡X𝑖(𝑡)𝑑𝑡

∞
0

∫ X𝑖(𝑡)𝑑𝑡
∞

0

  (1) 

where Xi is the total concentration of activated signalling protein generated over the 

signalling interval (t). When comparing pathways, faster signalling processes have, on average, 

a shorter signal time than slower signalling processes. However, because signal time measures 

the mean time or midway point of a given dynamic profile, lower and higher doses of an input 

into the same pathway can yield correspondingly shorter and longer signal times (see Figure 

S.1 for a graphical description and explanation).  

A related measure to the signal time is the signal duration (𝜗) which is the standard 

deviation around the signal time and approximates how long a given signalling protein remains 

active around the signal time: 

ϑ = √
∫ 𝑡2X𝑖(𝑡)𝑑𝑡

∞
0

∫ X𝑖(𝑡)𝑑𝑡
∞

0

−  𝜏𝑖
2  (2) 

Because the signal duration is defined as the standard deviation around the signal time, 

signalling processes with different signal times can still share equivalent signal durations (see 

Figure S.1). Finally, the signal amplitude (S) is not the maximum peak of the dynamic profile 

but the average concentration of the signalling protein over the signalling duration: 

𝑆𝑖 =
∫ X𝑖(𝑡)𝑑𝑡

∞
0

2ϑ
  (3) 

As the amplitude is an average over the signalling duration, profiles with longer signal 

durations can have lower signal amplitudes than profiles with shorter signal durations (i.e.) a 

'low and wide' profile will have a lower amplitude than a 'tall and narrow' profile for a similar 

concentration of activated signalling protein.  

An advantage of this method is that these three parameters can describe any non-

periodic dynamic profile allowing for quantitative comparisons between different inputs, 

different perturbations or even between different redox-regulated pathways (Pillay et al., 2016). 

This method has largely been used for theoretical and computational studies of phosphokinase 

systems, although it was shown that kinases control signal amplitude while phosphatases 
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control amplitude and duration for EGF-induced ERK phosphorylation in vitro (Hornberg et 

al., 2005). In this contribution, we tested whether this method could be used to quantify Pap1 

dynamic profiles and whether different oxidants and oxidant concentrations led to distinct 

signal outputs in this pathway. 

2.3 Results 

2.3.1 Quantifying the effects of different hydrogen peroxide concentrations on the Pap1 

oxidation profile. 

Fission yeast cells were exposed to a range of bolus hydrogen peroxide concentrations 

(100-1000 µM), and dynamic changes in the fractional Pap1 oxidation ratio (oxidised 

Pap1/total Pap1) were determined by redox western blotting (Figure 2.2A-D). We confirmed 

that Pap1 oxidation was dependent on Tpx1 (Figure S.2), and following a 100 µM hydrogen 

peroxide dose, Pap1 showed a single oxidation peak, while at 200 µM hydrogen peroxide, a 

bimodal dynamic profile was obtained (Figure 2.2E). At higher hydrogen peroxide 

concentrations, Pap1 activation also showed an initial rapid oxidative peak followed by 

sustained activation in agreement with other studies (Domènech et al., 2018). The sustained 

activation of Pap1 at higher hydrogen peroxide concentrations (>500 µM) is absent in Δsrx1 

cells showing that Srx1-dependent reduction of hyper-oxidised Tpx1 drives further rounds of 

Pap1 activation within the system (Figure S.3) (Bozonet et al., 2005; Vivancos et al., 2005).  

The apparent differences in these dynamic profiles obtained with different hydrogen 

peroxide concentrations were quantified by determining the Pap1 signal amplitude, time and 

duration over the signalling interval (equations 1-3). We found that signal amplitude decreased 

significantly as the hydrogen peroxide concentration increased from 100 to 200 µM, with no 

other significant differences noted at higher hydrogen peroxide concentrations (Figure 2.2F). 

By contrast, there were significant, dose-dependent increases in the Pap1 signalling time and 

duration as the hydrogen peroxide concentration increased from 100 to 500 µM (Figure 2.2G-

H), matching the corresponding changes to the Pap1 oxidation profiles (Figure 2.2E). However, 

this effect appeared to be saturable as no further significant changes in the signal parameters 

were observed as the hydrogen peroxide concentration was increased to 1000 µM.  
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Figure 2.2: The Tpx1/Pap1 pathway in fission yeast exhibits dose-dependent quantitative 

effects in response to increasing levels of hydrogen peroxide.  

S. pombe cells were exposed to 100-1000 µM hydrogen peroxide, and Pap1 oxidation was 

determined by redox western blotting (A-D). Densitometric analysis of Pap1 oxidised and 

reduced bands were used to generate Pap1 signalling profiles (E), which were analysed to 

obtain the Pap1 signal amplitude (F), signal time (G) and signal duration (H). To determine 

whether increases in hydrogen peroxide lead to a significant change in a given signal 

parameter, each parameter value was compared to the preceding value by a two-tailed t-test 

with statistical significance denoted as **p<0.01, ***p<0.001, ****p<0.0001 and ns is not 

significant. All blots are representative of at least three independent experiments. 

 

We next sought to establish if the Pap1 signal parameters could be related to changes 

in the induction of gene expression by the transcription factor. RT-qPCR was used to monitor 

dynamic changes in the mRNA levels of four Pap1 target genes, trr1, ctt1, srx1, and atf1, which 

are all regulated differently. The induction of trr1 transcription is independent of Atf1 (Toone 

et al., 1998; Veal et al., 2014), while Pap1 together with Prr1, as well as Atf1, activate srx1, 

atf1 and ctt1 transcription, with Pap1 playing a more substantial role at lower hydrogen 

peroxide levels (Chen et al., 2008; Quinn et al., 2002; Vivancos et al., 2004). Sty1 (Day & 

Veal, 2010) and Csx1 (Rodríguez-Gabriel et al., 2003) also regulate atf1 mRNA stability post-

transcription. Despite these differences, in transcriptomic experiments, all four genes showed 

weak or no induction in Δpap1 cells after 70 and 500 μM hydrogen peroxide bolus stresses, 
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confirming that Pap1 is essential for their induction across this range of hydrogen peroxide 

concentrations (Figure 5.20, (Chen et al., 2008). 

We observed differences in the dynamics of relative mRNA levels in response to 

different hydrogen peroxide concentrations (Figure 2.3A). The trr1 and ctt1 mRNA levels 

increased at 15 min in response to the 100 μM hydrogen peroxide treatment and at 30 and 60 

min respectively in response to the 200 μM hydrogen peroxide treatment. The atf1 and srx1 

mRNA levels also increased at 15 and 30 min respectively for the 100 μM hydrogen peroxide 

treatment and shared similar dynamics following the 200 μM treatment. The mRNA levels of 

all these genes were elevated following the 500 and 1000 μM hydrogen peroxide treatments, 

with differences in timing likely reflecting the increased involvement of the Sty1/Atf1 pathway 

in the induction of ctt1, srx1, and atf1 as hydrogen peroxide concentrations increased (Chen et 

al., 2003; Quinn et al., 2002). However, despite differences in their transcriptional regulation, 

the mRNA levels for all four genes shared similar bimodal kinetics at higher hydrogen peroxide 

concentrations.  

 

 

 

Figure 2.3: Dynamics of Pap1-dependent gene induction in response to hydrogen 

peroxide and correlation to Pap1 dynamic profiles.  

The dynamic log10 fold-changes in the transcription of the Pap-1 regulated genes, ctt1, trr1, 

srx1 and atf1, were determined by RT-qPCR following bolus treatments with 100-1000 µM 
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hydrogen peroxide (A). The amplitude obtained from the dynamic gene expression profiles of 

ctt1, trr1, srx1 and atf1 were compared with the signal parameters obtained from the Pap1 

oxidation profiles in co-response plots for 100 (blue), 200 (green), 500 (orange) and 1000 (red) 

μM hydrogen peroxide (B-M). The data represent the means and standard errors of at least 

three independent experiments. 

 

We attempted to correlate Pap1 oxidation and gene induction by comparing Pap1 

oxidation against the fold-change in these mRNA levels but the quantitative relationships 

between these outputs were unclear (Figure S.4). We therefore considered an alternate 

approach, and as the gene induction process was dynamic, we determined the average fold-

change of these transcripts (i.e. amplitudes) from their transcriptional profiles (Figure 2.3A). 

These amplitudes were then compared to the Pap1 oxidation signal parameters in co-response 

plots (Figure 2.3B-M). The Pap1 activation and gene transcription processes for these genes 

are semi-independent; thus, the quantitative relationship between these processes was not 

expected to be linear. As the Pap1 amplitude increased, there was a decrease in fold-change 

mRNA amplitudes from 200 to 1000 μM hydrogen peroxide. By contrast, with increases in 

Pap1 signal time and duration, the fold-change in mRNA amplitudes increased exponentially 

between these hydrogen peroxide concentrations for all these genes (Figure 2.3F-G, I-J, L-M).  

2.3.2 Quantifying the effects of different oxidants on the Pap1 oxidation profiles. 

In addition to hydrogen peroxide, other peroxides are sensed by the Tpx1/Pap1 

pathway, a property shared by other thiol-based signalling systems. For example, when 

compared to hydrogen peroxide, tert-butyl hydroperoxide (t-BOOH), a lipid hydroperoxide 

analogue, induced distinct transcriptional programs within S. pombe (Chen et al., 2008). We 

therefore asked whether these peroxides generated oxidant-specific Pap1 dynamic profiles. S. 

pombe cells were challenged with 100 or 200 µM t-BOOH, and the resultant Pap1 oxidation 

profiles were compared to the profiles generated in response to equivalent hydrogen peroxide 

concentrations (Figure 2.4A-C). Our experiments were limited to this t-BOOH concentration 

range because, as expected, higher concentrations, which do not activate Sty1/Atf1-dependent 

srx1 expression (Vivancos et al., 2005), failed to induce Pap1 oxidation (Figure S.3). 

The t–BOOH and hydrogen peroxide treatments resulted in distinct Pap1 dynamic 

profiles (Figure 2.4C), which could be quantified by determining the signal parameters for 

these plots. Using the 100 µM t-BOOH treatment as the standard condition, significant and 
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non-significant differences in the signal parameters between this treatment and the other 

treatments were observed (Figure 2.4D-F). We also noted that each individual t-BOOH or 

hydrogen peroxide treatment resulted in apparently distinct Pap1 dynamic profiles which were 

reflected in the signal parameters for these treatments. For example, the 100 µM t-BOOH 

treatment led to a Pap1 profile with a signal amplitude, time and duration of 0.45, 25.02 min 

and 15.97 min, respectively. In contrast, the 100 µM hydrogen peroxide treatment led to a Pap1 

profile with values of 0.79, 13.70 min and 9.95 min for these parameters, respectively (Figure 

2.4D-F). To visualise the differences in these Pap1 dynamic profiles, we compared the signal 

parameters obtained across all our treatments and found that each treatment resulted in specific 

combinations of signal parameters (Figure 2.4G). Significantly, these treatments were 

associated with distinct transcriptional induction dynamics (Figure S5). Collectively, our data 

points to a model in which different oxidants or oxidant concentrations trigger quantifiable 

changes in the Pap1 dynamic profile, contributing to differences in the induction of Pap1-

dependent gene transcription. In the next section, we demonstrate how this quantification 

method and model of Pap1 activation could be used to investigate redox signalling in these 

cells. 
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Figure 2.4: Differences in the Pap1 oxidation profiles following hydrogen peroxide and t-

BOOH treatments can be quantified by signalling parameters.  

The oxidation state of Pap1 in S. pombe cells exposed to 100 and 200 µM t-BOOH was 

determined by redox western blotting (A-B). The Pap1 oxidation profiles (C) for t-BOOH were 

compared to the profiles obtained for cells exposed to equivalent hydrogen peroxide 

concentrations (dashed lines) over the same time interval. The signal amplitude (D), time (E) 

and duration (F) for these profiles were compared to the 100 µM t-BOOH treatment using a 

two-tailed t-test with statistical significance is indicated as follows: *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 and ns is not significant (n=3 independent experiments). The 

signal amplitude (red), time (blue) and duration (yellow) parameters for all the t-BOOH and 

hydrogen peroxide treatments were compared in a stacked bar plot (G). Here, the signal 

amplitude, time and duration parameters obtained for each treatment were scaled against the 

corresponding signal amplitude, time and duration maxima from the respective treatment 

datasets. 

 

2.3.3 Quantifying signal processing can lead to insights into redox signalling. 

As redox signalling may play a role in redox dysregulation associated with disease 

(Berndt et al., 2022), we wanted to investigate whether differences in redox signal profiles 

resulted in distinct cell outcomes. Our previous experiments found that the only difference 

between the signal parameters obtained for the 100 µM t-BOOH and 200 µM hydrogen 

peroxide treatments was a significantly increased signal time for the hydrogen peroxide 

treatment (Figure 2.4D-F). This result allowed us to estimate this parameter's importance 

between these treatments. As Srx1 protein levels are expected to be minimal under non-stress 

conditions (Bozonet et al., 2005; Vivancos et al., 2005), we chose to monitor protein production 

as a readout of Pap1 transcriptional activity.  



34 

 

To enable Srx1 protein detection, we engineered yeast to express FLAG epitope-tagged 

Srx1 from its chromosomal locus. This allowed us to compare the production of FLAG-tagged 

Srx1 in cells treated with 200 µM hydrogen peroxide or 100 µM t-BOOH. Our investigation 

revealed that the overall Srx1 production was 2-fold higher in cells exposed to the hydrogen 

peroxide treatment compared to the t-BOOH treatment (Figure 2.5A-B). Interestingly, Srx1 

production showed a similar dynamic pattern to that observed for Pap1 oxidation (Figure 2.4C). 

Notably, there were two peaks in Srx1 production at 30- and 50-min post-exposure to 200 µM 

hydrogen peroxide (Figure 2.5B), mirroring the dual peaks observed in the Pap1 oxidation 

profile at 5 and 40 min respectively (Figure 2.4C). Similarly, exposure to 100 µM t-BOOH 

resulted in a gradual increase in Srx1 production (Figure 2.5B) which also aligned with the 

Pap1 oxidation profile (Figure 2.4C). Thus, our data suggest that the difference in Pap1 

dynamics between these treatments, as represented by the signalling time parameter, 

contributed to the distinct outcomes for Srx1 production in these cells. However, as this 

parameter is a measure of the overall profile, it did not describe all the intricacies of the Pap1 

oxidation and Srx1 production dynamics. 

 

 

Figure 2.5: Srx1 production in S. pombe cells treated with 200 μM hydrogen peroxide or 

100 μM t-BOOH.  

FLAG-Srx1 levels were quantified by immunoblotting of cell lysate before and after bolus 

addition of 200 µM hydrogen peroxide or 100 µM t-BOOH using anti-Flag antibodies with 

actin as a loading control (A). The samples were treated with DTT and the FlagSrx1 levels 

determined by densitometry analysis of immunoblots normalised against the actin control to 

give the relative Srx1 expression at each time point. The total production of Srx1 across the 

time course is shown on the far right and has its own scale (B). Two-tailed t-tests were used to 
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compare the difference in expression of Srx1 over the 60 minute time course and significant 

differences were noted as * representing p<0.05. The data represents the means and standard 

errors of duplicate experiments.  

 

Given that the Pap1 dynamic profile was sensitive to different oxidants (Figure 2.4), 

we next asked what effect a t-BOOH/hydrogen peroxide combination stress would have on the 

Pap1 dynamic profile. S. pombe cells were treated with 100 µM t-BOOH and hydrogen 

peroxide simultaneously, and Pap1 oxidation was monitored by western blotting (Figure 2.6A). 

Intriguingly, the combined effect of these two oxidants resulted in a profile dissimilar to each 

oxidant but instead resembled a single high dose (1000 µM) hydrogen peroxide treatment 

(Figure 2.6B). Quantifying these dynamic profiles showed that the signal parameters for the 

combination stress were indeed significantly different to the individual 100 µM t-BOOH and 

100 µM hydrogen peroxide treatments (Figure 2.6C-E). On the other hand, the combination 

stress signal amplitude and duration were similar to the 1000 µM hydrogen peroxide treatment, 

although the signal time was significantly different between these treatments. These results are 

consistent with work in Candida and other yeast species showing that combination stressors 

are more potent at killing these cells than individual treatments (Kaloriti et al., 2014). Our work 

extends these findings as we were able to precisely quantify and compare the effects of these 

combination stresses on the activation of this redox-sensitive transcription factor.  
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Figure 2.6: Combinations of t-BOOH and hydrogen peroxide at low doses yield similar 

Pap1 responses compared to a single high-dose concentration of hydrogen peroxide.  

Pap1 oxidation was tracked using western blotting following exposure of fission yeast cells to 

a 100 µM t-BOOH and 100 µM hydrogen peroxide combination stress (A). The combination 

stress dynamic profile was compared to the profiles obtained from single doses of 100 µM t-

BOOH along with 100 µM and 1000 µM hydrogen peroxide (B). The signalling profiles were 

then analysed to determine the signal amplitude, time and duration (C-E). Statistical 

significance was tested by a two-tailed t-test with significance indicated as follows: *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001 and ns is not significant. The experiments were 

undertaken in triplicate. 

 

It is well established that pre-exposure to a low dose stressor can protect cells against a 

subsequent higher dose of the stressor (Crawford & Davies, 1994; Pickering et al., 2013; 

Pomatto & Davies, 2017a). We next investigated how pre-exposure would affect the activation 

dynamics of Pap1. Cells (OD595~0.2) were pre-exposed to a 100 μM hydrogen peroxide dose, 

allowed to recover (OD595~0.5), and then exposed to a further 500 μM hydrogen peroxide stress 

(Quinn et al., 2002). The resulting Pap1 activation profile differed from the single dose of 500 

μM hydrogen peroxide treatment and resembled the activation profile for cells treated with 
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200 μM (Figure 2.7A-B). These profiles could be compared and quantified using the signalling 

parameters, which revealed that pre-exposure with 100 μM hydrogen peroxide resulted in a 

Pap1 profile that had a significantly different signal time and duration to cells treated with a 

500 μM hydrogen peroxide dose only. On the other hand, there were no significant differences 

in the signal parameters between these pre-exposed cells and cells treated with 200 μM 

hydrogen peroxide (Figure 2.7C-E). Thus, pre-exposure modified the Pap1 activation 

dynamics to match a lower dose of hydrogen peroxide showing how pre-exposure can lead to 

compensatory changes to the Pap1 signalling pathway. 

 

Figure 2.7: Quantifying the effect of pre-exposure on Pap1 activation dynamics in 

response to hydrogen peroxide.  

Cells were grown to an OD595~0.2 and pre-treated with 100 μM (1°) hydrogen peroxide. At an 

OD595~0.5 the cells were exposed to a further 500 μM (2°) hydrogen peroxide dose and Pap1 

oxidation in these cells was analysed by western blotting (A). The pre-treatment Pap1 dynamic 

profile was compared to the profiles obtained from single doses of 100, 200 and 1000 µM 

hydrogen peroxide (B). The signalling parameters were then calculated to determine the signal 

amplitude, time and duration (C-E). Statistical significance was tested by a two-tailed t-test 

with significance indicated as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and 

ns is not significant. The experiments were undertaken in triplicate. 

 



38 

 

2.4 Discussion 

In aerobic cells, redox-sensitive transcription factor pathways play critical roles in the 

adaptive response to oxidants (Espinosa-Diez et al., 2015). Clarifying the quantitative 

relationships between the signal input, transcription factor activation, and gene expression 

phases is crucial to understanding the role/s of adaptive antioxidant responses in conditions 

associated with redox dysregulation (Pillay et al., 2016; Sies & Jones, 2020). However, the 

transcription factor activation process is dynamic, and it has been unclear how the dynamic 

profiles of these redox transcription factors should be quantified. 

To address this measurement gap, we investigated whether the dynamic profiles of S. 

pombe Pap1 could be quantified by three parameters: signal amplitude, time, and duration. 

Previous work showed that Pap1 could be activated by different hydrogen peroxide 

concentrations (~70-1000 μM) (Jara et al., 2007; Vivancos et al., 2006) and by t-BOOH, with 

specific oxidative inputs linked to particular transcriptional outputs (Chen et al., 2008). In this 

work, we showed how different hydrogen peroxide and t-BOOH concentrations led to 

quantifiably distinct Pap1 dynamic profiles which were associated with specific transcriptional 

outputs. These data support a model in which the Pap1 dynamic profile, and not just oxidised 

Pap1 itself, is the key output of this system key output of this system allowing these cells to 

mount a graded transcriptional response to different oxidants and oxidant concentrations. This 

model is consistent with other studies showing how different inputs affect the signal dynamics, 

and consequently, the activities and transcriptional programs. This model is consistent with 

other studies showing how different inputs affect the signal dynamics, and consequently, the 

activities and transcriptional programs (Hansen et al., 2015; Hao & O’Shea, 2012) of NF-κB 

(T. K. Lee et al., 2009; Tay et al., 2010), ERK (Arkun & Yasemi, 2018; Hornberg et al., 2005), 

p53 (Lahav et al., 2004), FOXO1 (Lasick et al., 2023), and baker's yeast Msn2 (Hansen & 

O’Shea, 2016; Hao & O’Shea, 2012; Purvis & Lahav, 2013). 

Some aspects of this Pap1 dynamic activation model and quantification method require 

further investigation. The dynamic profiles, and therefore signal parameters, obtained for 

different oxidant and oxidant concentrations are likely a function of the thioredoxin and 

peroxiredoxin redox cycles (Chen et al., 2008; Domènech et al., 2018; Tomalin et al., 2016), 

as well as sulfiredoxin activity (Figure S2, (Bozonet et al., 2005; Vivancos et al., 2005)) and 

expression (Chen et al., 2008). However, the quantitative relationships between these signal 

parameters and the underlying molecular activities within the system remain to be determined. 
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It is also unclear whether this quantification method can be applied to other redox-regulatory 

mechanisms and different redox-regulated transcription factors. Redox transcription factors 

can have activation modes independent of their oxidation dynamics by the formation of 

complexes with different co-activating partners or other post-translational modifications 

(Calvo et al., 2012; Gulshan et al., 2011). For instance, the activation of the AP1-like 

transcription factors, Yap1 in S. cerevisiae (Gulshan et al., 2011) and Cap1 in C. albicans (Kos 

et al., 2016), depends on Ybp1 which acts as a sulfenic acid chaperone (Bersweiler et al., 2017). 

Moreover, both Pap1 and baker's yeast Yap1 can be also directly activated by electrophiles and 

heavy metal ions that promote intramolecular disulphide formation independently of the 

peroxiredoxin and thioredoxin systems (Azevedo et al., 2003; Kudo et al., 1999; Zuin et al., 

2005). Similarly, differences in the oxidation state of Cys199 in E. coli OxyR are thought to be 

responsible for oxidant-specific transcriptional responses by this transcription factor (S. O. 

Kim et al., 2002). The quantification method described in this work can be used analyse and 

compare these different modes of transcription factor activation.  

To test the utility of this quantification method, we undertook three further experiments 

to show how it can facilitate quantitative insights into redox signalling. First, we showed how 

a difference in Pap1 signal time between a t-BOOH and a hydrogen peroxide treatment affected 

Srx1 expression. It remains to be seen whether differences in the signal parameters for other 

redox transcription factors can be linked to specific aspects of cell physiology, particularly in 

disease. Second, given the oxidant-specific responses of the Pap1 system, we exposed fission 

yeast cells to a 100 μM hydrogen peroxide/t-BOOH combination stress. The resulting Pap1 

dynamic profile resembled neither of these low doses but was similar to a 1000 µM hydrogen 

peroxide stress. These results are consistent with survival assays showing that combination 

stressors can kill yeast cells more efficiently than single dose stresses (Kaloriti et al., 2014; 

Quinn et al., 2002). Here, our results showed that Pap1 pathway itself is responsive to 

combination stresses from these oxidants. Third, we could use this method to quantify the effect 

of pre-exposure on the dynamics of Pap1 activation and found that pre-exposure leads to Pap1 

activation dynamics similar to a lower dose of hydrogen peroxide. This result was expected 

given the increased expression of thioredoxin, thioredoxin reductase and catalase following 

pre-exposure to hydrogen peroxide (Pickering et al., 2013; Quinn et al., 2002), but 

demonstrates how this method could be applied to studies that aim to quantify the effects of 

chronic exposure on redox transcription factor activation (Crawford & Davies, 1994; Love et 

al., 1986; Pomatto & Davies, 2017b) . 
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There are some technical limitations with the experiments described in this work. For 

example, we used bolus hydroperoxide stresses which mimic the adaptation or survival 

response following acute exposure. It is possible that the Pap1 activation dynamics and signal 

parameters will respond differently to steady-state hydrogen peroxide inputs (Sobotta et al., 

2013) or sub-cellular hydrogen peroxide production (Kritsiligkou et al., 2023). In addition, this 

method used a bulk-culture approach to study the activation of the Pap1 transcription factor. 

However, single-cell analyses may be required to reveal cell-specific behaviour and Pap1 

signal parameter variations within a population exposed to oxidative stress (Hansen et al., 

2015). Despite these limitations, our study provides evidence that the ability to quantify redox 

dynamic profiles is a valuable addition to the toolbox of redox signalling methods. While we 

focussed on the Pap1 system in fission yeast, we note that the 

thioredoxin/peroxiredoxin/hydrogen peroxide axis regulates a wide range of cellular targets 

across multiple cell types (Day et al., 2012; Netto & Antunes, 2016b; Peralta et al., 2015; 

Sobotta et al., 2015). Understanding the effect of dynamic, rather than binary (on/off) or steady-

state, changes to these targets may better inform our understanding of redox regulation and the 

oxidative stress response.  
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2.5 Materials and Methods 

2.5.1 Materials 

Amino acids and reagents for general cultivation of S. pombe were purchased from 

Merck/Sigma. Alkaline phosphatase, BCA protein assay kits and Aminolink kits were obtained 

from ThermoFisher Scientific (Johannesburg, South Africa). YeaStarTM RNA isolation kits, 

qPCR primers, New England Biolabs cDNA synthesis kit and qPCR master mix were 

purchased from Inqaba Biotech (Pretoria, South Africa). Analytical-grade hydrogen peroxide 

was purchased from Labcare supplies (Durban, South Africa). Primary anti-V5 Pk antibody 

(Lot #065M480IV, CAT: V4014-100UG), FLAG-tag antibody (Lot #SLBQ7119V, CAT: 

F3165-2MG), clarity ECL substrate, and ammonium persulphate were obtained from Bio-Rad 

(Durban, South Africa). Anti-mouse (rabbit) IgG peroxidase antibody (Lot #106M4870V, 

CAT: A9044-2ML), iodoacetamide and PEG-maleimide were from Sigma. The α-β actin-HRP 

conjugated antibody (CAT: A3854) produced in mice was obtained from Merck. All other 

reagents for buffers and solutions were purchased from Merck/Sigma.  

2.5.2 Fission yeast strains 

The S. pombe strains used in this study were SB3 (h–ade6-M216 leu1-32 ura4-D18 

pap1.3Pk:ura4+ his7-366), SB4 (h+ ade6 leu1-32 ura4-D18 pap1.3Pk:ura4+ tpx1::ura4+ his7-

366), SB6 (h- ade6-M216 leu1-32 ura4-D18 his7-366 srx1::ura4+) and SB8 (h– ade6 leu1-32 

ura4-D18 srx1::ura4+ pap1.3Pk:ura4+ his7-366) (Bozonet et al., 2005) and LT1 (h- ade6-

M216 leu1-32 ura4-D18 his7-366 srx1::ura4+ Flag-srx1:LEU2) expressing N-terminally 

FLAG epitope-tagged Srx1 from its native promoter and genomic locus. These strains were 

maintained on solid Edinburgh minimal medium plates and patched every three days. To 

construct LT1 1kb upstream of the srx1 open reading frame was amplified by PCR from S. 

pombe genomic DNA and ligated into the Nco1 and Pst1 sites of pRep41 FLAG (Bozonet et 

al., 2005) to generate pRep41promFLAGsrx1. This plasmid was digested with Pst1 and 

BamH1 and the promFLAGsrx1 fragment ligated into the Pst1 and BamH1 sites of pRip1 to 

generate the non- replicating pRip1 promFLAGsrx1. pRip1 promFLAGsrx1 was linearised by 

digestion with HindIII, then transformed into SB6 (h- ade6-M216 leu1-32 ura4-D18 his7-366 

srx1::ura4+ ) cells which were plated on solid Edinburgh minimal medium 2 (EMM2) 

containing 225 mg/l histidine and 225 mg/l adenine. Integration of the promFLAG-srx1 

fragment at the correct chromosomal loci was confirmed by PCR and sequencing of genomic 

DNA extracts from transformed colonies. Growth assays on medium containing hydrogen 



42 

 

peroxide were used to confirm that FLAG-Srx1 expression restored wild-type levels of 

peroxide-resistance. 

2.5.3 S. pombe cell culture and challenge to oxidants 

S. pombe cells were cultivated in EMM2, supplemented with adenine (225 mg/L), 

histidine (225 mg/L), uracil (225 mg/L), lysine (225 mg/L) and leucine (250 mg/L) (Nurse, 

2001; Petersen & Russell, 2022). Cells were grown to mid-log phase (OD595~0.4-0.5) at 30°C 

and 180 rpm (Nurse, 2001) and exposed to 100–1000 µM hydrogen peroxide or 100-200 µM 

tert-butyl hydroperoxide (t-BOOH). 1-5 x 107 cells were harvested at different time points over 

a 60-120 min time course (Bozonet et al., 2005; Vivancos et al., 2004) and added to 1 volume 

of ice-cold 20% (w/v) trichloroacetic acid (TCA). As expected from the hydrogen peroxide 

concentrations used in this study (Bozonet et al., 2005; Vivancos et al., 2004), the cells 

recovered following their treatments with the doubling time of the cultures treated with 500 

and 1000 μM increasing significantly compared to the control cells (Figure S.6). The cells were 

pelleted (3000 x g, 5 min, 4°C), snap-frozen in liquid nitrogen and stored at -80°C.  

2.5.4 Protein isolation and alkylation of Pap1 and Srx1 

Cell pellets were thawed on ice, resuspended in 10% TCA and transferred to screw-cap 

tubes containing 0.5 mm glass beads (Roth). The cells were lysed (bead-beating) for 15 

seconds, placed on ice for one minute and the process repeated. Additional 10% TCA (500 µl) 

was added and the tubes vortexed. The lysate was separated from the beads by piercing the 

tube with a hot needle and transferring to a new microfuge tube. Both tubes were then 

centrifuged in a 50 ml Falcon tube (2,000 x g, 30 seconds, 21°C). For Pap1 quantification, the 

protein was pelleted by centrifugation (13,000 x g, 10 min, 4°C), the supernatant removed, and 

the pellet washed three times with acetone, air dried, resuspended in freshly prepared IAA 

buffer (75 mM iodoacetamide, 1% (w/v) SDS, 100 mM Tris-HCl pH 8.0) and incubated (25°C, 

20 min). The Flag-Srx1 samples were prepared similarly but resuspended in protein buffer (1% 

(w/v) SDS, 100 mM Tris-HCl pH 8.0) and treated with DTT. The protein concentration was 

determined using a Pierce BCA protein assay kit, and Pap1 samples were then treated with 

alkaline phosphatase (1 U/µl) for one hr at 37°C.  

2.5.5 Western blot analysis of Pap1 oxidation and Srx1  

Equal protein amounts (30 µg) were loaded onto 8% Tris-glycine SDS-PAGE gels and 

separated by electrophoresis (200 V, 45 min). Protein was then transferred to the nitrocellulose 
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membrane (0.2 µm) for three hrs in an ice-cold transfer buffer (Tris 25 mM (pH 8.0), 200 mM 

glycine, 10% methanol, 0.8% SDS). Subsequently, the membrane was blocked with 10% 

bovine serum albumin (BSA) in TBST (Tris 20 mM (pH 8.0), 137 mM NaCl2, 0.1% (v/v) 

Tween 20) and incubated with primary monoclonal pk-antibody (1 µg/ml) overnight at 4°C to 

detect Pap1 bands while Srx1 was detected with primary monoclonal FLAG-antibody (1 

µg/ml). The membranes were then washed four times with TBST for five min and incubated 

with diluted Horse radish peroxidase (HRP) conjugated anti-mouse IgG secondary antibody 

(1:20,000) for one hr, then washed again with TBST for five min. The bands were then 

visualised with ECL reagent (Bio-Rad) on the G-BOX Chemi-XR5 GeneSys imaging system, 

and bands were sized according to Precision Plus ProteinTM WesternCTM standard. The 

antibody concentrations were chosen to ensure that bands were imaged in the linear range for 

quantitative western blot detection. Protein normalisation was carried out using Ponceau S 

(0.1%) staining (Sander et al., 2019) and DTT (0.1 M) controls (Tomalin et al., 2016). FLAG-

Srx1 levels were normalised against an actin control using diluted α-β actin-HRP conjugated 

antibody (1:10,000). Uncropped blot images are presented in the Supplementary Information. 

2.5.6 Quantification of Pap1 regulated gene expression 

A transcriptomic dataset from the Bahler lab (Chen et al., 2008) was analysed to select 

Pap1-regulated genes that showed at least a two-fold increase in transcription with ctt1, srx1, 

trr1 and atf1 selected for RT-qPCR. These genes have also been routinely to assess the 

transcriptional response to oxidative stress as their products play critical roles in the antioxidant 

response in the fission yeast (Quinn et al., 2002; Vivancos et al., 2004). Briefly, S. pombe SB3 

cells were cultured and challenged as previously described and samples (2 ml) were taken, 

immediately snap-frozen in liquid nitrogen and stored at -80°C. Samples were then thawed on 

ice, pelleted (500 x g, 3 min, 21°C), and RNA was extracted using the YeaStarTM RNA Kit. 

The quantity of RNA was measured by spectrometry at 260 and 230 nm, and purity was 

assessed on a 1% denaturing agarose gel (200 mM 3-(N-morpholino) propanesulfonic acid 

(MOPS), 50 mM sodium acetate, 10 mM EDTA, 37% formaldehyde). Isolated RNA was then 

converted to cDNA using ProtoScript II first strand cDNA synthesis Kit using 1 µg of the RNA 

template with an oligo d(T)23 primer mix. Quantification of cDNA was analysed by real-time 

qPCR on QuantstudioTM 5 real-time PCR system with Luna universal qPCR master mix and 

the fold-change in expression was calculated using the 2-ΔΔC
T

 method. For these experiments, 

both gpd3 and act1 were tested as reference genes as analysis of a transcriptomic dataset 

showed that transcription of both these genes remained constant over a range of oxidative 
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stresses (Chen et al., 2008) (Figure 5.20). In the main paper, we have shown the heat maps 

generated using gpd3 as a reference gene and all primers are listed in Table S1 (Supplementary 

Information).  

2.5.7 Computational and statistical methods 

The reduced and oxidised band intensity from western blots was quantified using 

ImageJ (https://imagej.nih.gov/ij). The fractional Pap1 oxidation profiles (oxidised/total) were 

plotted over time (Domènech et al., 2018; Padayachee et al., 2020), and the signalling 

parameters were calculated using equations 1-3. Total Srx1 production was quantified using 

ImageJ and normalised against the band intensity obtained from the actin control. All 

computational analyses and statistical tests were carried out in Python 

(https://www.python.org/) using Jupyter notebooks with SciPy (https://scipy.org), Pandas 

(https://pandas.pydata.org) and Matplotlib (https://matplotlib.org/). Deming regression was 

used to compare the Pap1 signalling parameters to the signalling parameters obtained for ctt1, 

trr1, srx1 and atf1 (Figure S7). Unless otherwise stated, all data are representative of at least 

three independent biological experiments. Uncropped images and a link to the relevant code 

and the raw data for reproducing the figures are available in the Supplementary Information 

and https://github.com/djl94/Chapter2_supp.git.  
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Chapter 3  

Quantifying the signalling profiles of genetically encoded redox sensors  

Abstract 

Genetically encoded redox sensors, such as the Hyper and roGFP sensor families, are 

powerful tools for enumerating the real-time dynamics of hydrogen peroxide in cells. In typical 

experiments, a dynamic profile of sensor oxidation and reduction is obtained following an 

external hydrogen peroxide perturbation. Using these profiles to characterise the quantitative 

relationship between the hydrogen peroxide concentration and sensor outputs is challenging as 

non-linearity in sensor responses to hydrogen peroxide may not be evident. Further, it is unclear 

how different sensors could be compared. We tested whether these profiles could be 

characterised by the area under the curve (AUC), signal amplitude, signal time and signal 

duration parameters. In baker’s yeast, the Hyper7 AUC and amplitude showed a strong linear 

correlation (r>0.9) to a wide range of hydrogen peroxide concentrations (1-1000 μM). These 

responses were higher than roGFP2-Tsa2ΔCR parameters at hydrogen peroxide concentrations 

greater than 100 μM. By contrast, the roGFP2-Tsa2ΔCR AUC and amplitude plots presented 

distinct linear correlation equations for lower (<100 μM) and higher hydrogen peroxide 

(>100 μM) concentrations establishing that this sensor’s output is range specific. The signal 

time and duration for HyPer7 were lower than roGFP2-Tsa2ΔCR at higher hydrogen peroxide 

concentrations (>100 μM), showing that its activation/deactivation cycle was faster. By 

contrast, in the fission yeast, the AUC and amplitude for HyPer7 and roGFP2-Tpx1.C169S 

both showed distinct linear correlations for lower (<50 μM) and higher (>50 μM) 

concentrations, and the signal time and duration were constant in this background. These results 

show that any purported correlation between hydrogen peroxide input and sensor output 

depends on the sensor, cell type and the hydrogen peroxide concentration range chosen. In 

summary, this method facilitates the characterisation signalling data generated by redox 

sensors.  
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3.1 Introduction 

Reactive oxygen species (ROS) are central to oxidative stress, a phenomenon 

implicated in various diseases such as cancer and neurodegenerative disorders (Checa & Aran, 

2020). Besides their role in oxidative damage, ROS, such as hydrogen peroxide, are also 

essential for signalling, metabolism, and proliferation processes (Checa & Aran, 202). Several 

techniques have been used to detect intracellular hydrogen peroxide levels, including 

fluorogenic approaches (Rhee et al., 2010), electron spin resonance (Gulaboski et al., 2019), 

and enzymatic assays (Carter et al., 1994). However, many of these techniques produce 

artefacts, or are indirect measurements of intracellular hydrogen peroxide levels (Lukyanov & 

Belousov, 2014). For instance, a popular fluorogenic sensor, 2',7'-dichlorodihydrofluorescein 

(DCFH), can yield fluorescent signals due to non-specific reactions with nitric oxide and 

peroxynitrite, and is sensitive to factors like local oxygen levels, pH, and light, potentially 

leading to inaccurate hydrogen peroxide estimations (Murphy et al., 2022).  

To address these challenges, genetically encoded redox sensors were developed to 

better detect intracellular hydrogen peroxide generation (Pak et al., 2020; Smolyarova et al., 

2022). These sensors used hydrogen peroxide sensing machinery found within biological 

systems (Belousov et al., 2006) (e.g.) OxyR, a transcriptional factor in Escherichia coli, is 

extremely sensitive to hydrogen peroxide (>100 nM) (Belousov et al., 2006; Storz et al., 1990). 

By integrating circular permutated yellow fluorescent protein (cpYFP), into the OxyR 

conformational region, the HyPer1 sensor was created (Figure 3.1A) (Belousov et al., 2006). 

HyPer1 exhibits distinct excitation peaks at 420 nm and 500 nm, with an emission peak at 

516 nm from which a ratiometric output is calculated (Bilan & Belousov, 2016; Markvicheva 

et al., 2011; Smolyarova et al., 2022). However, the original HyPer1 sensor exhibited a limited 

dynamic range and saturated at higher hydrogen peroxide concentrations (>100 µM) (Belousov 

et al., 2006). Subsequent mutations, and the integration of a more sensitive OxyR domain from 

Neisseria meningitidis generated the HyPer7 sensor, which had an expanded dynamic range 

while maintaining sensitivity and stability over a wider pH range (Bilan et al., 2013; 

Markvicheva et al., 2011). 

 

 

 

 



47 

 

 

Figure 3.1: Interpretation of signalling data generated by genetically encoded redox 

sensors.  

The HyPer7 sensor is oxidised by hydrogen peroxide and has two excitation peaks at 405 and 

488 nm and one emission at a peak at 516 nm, from which the ratiometric signal (R) is 

calculated (A). The roGFP2 sensors are coupled to a highly sensitive peroxidase protein like 

Tsa2. The peroxidatic cysteine residue in Tsa2 is oxidised by hydrogen peroxide, which then 

oxidises the GFP structure and has excitation peaks at 405 and 408 nm and an emission peak 

at 511 nm (B). These sensors typically generate dynamic signalling profiles following a bolus 

hydrogen peroxide stress. Note the maximal peak activation time (dashed vertical lines) is 

concentration and sensor dependent (C-D).  

 

Another class of hydrogen peroxide sensors, the redox-sensitive GFP-based proteins 

(roGFPs), were engineered by introducing cysteine residues into the surface of the GFP’s β-

barrel structure (Morgan et al., 2016; Gutscher et al., 2009). Hydrogen peroxide oxidises the 

cysteine residues within the GFP β-barrel and which can be detected by the distinct excitation 

(405 nm and 488 nm) and emission (511 nm) peaks of the sensor. To achieve a dynamic range 

and sensitivity comparable to HyPer7, roGFPs were fused with yeast thiol-peroxidases, such 

as Orp1 and Tsa2, from Saccharomyces cerevisiae (Figure 3.2B) (Morgan et al., 2016). These 

fusions allowed for better hydrogen peroxide detection while tolerating pH changes (Gutscher 
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et al., 2009). A limitation of these sensors is that the fused peroxiredoxin can become 

hyperoxidised, and therefore, the sensor output may be limited (Morgan et al., 2016). Both the 

HyPer7 and roGFP sensors are reduced by the internal antioxidant systems, such as 

glutaredoxins or thioredoxins (BilanDmitry et al., 2018).  

Two methods are commonly used to quantify the ratiometric fluorescence intensities 

from these sensors. The degree of oxidation (OxD) measures the fractional oxidation of the 

sensor and is calculated from the emission fluorescence following excitation at 405, and 

488 nm. Excess DTT or hydrogen peroxide/diamide are used to determine the fully reduced 

and oxidized fluorescence outputs, respectively. 

𝑂𝑥𝐷 =
𝐼405∙𝐼488𝑟𝑒𝑑− 𝐼405𝑟𝑒𝑑∙𝐼488

𝐼405∙𝐼488𝑟𝑒𝑑− 𝐼405∙𝐼488𝑜𝑥+ 𝐼405𝑜𝑥∙𝐼488− 𝐼405𝑟𝑒𝑑∙𝐼488
 (1) 

Alternatively, the ratio (R) of fluorescence intensities involves calculating the ratio of 

fluorescence excitation from the two emission wavelengths (equation 2). Unlike OxD which is 

bounded between zero and one, R has no upper or lower bounds. 

𝑅 =
𝐼405

𝐼488
   (2) 

The correlation between the ratiometric signal from sensors, and the hydrogen peroxide 

concentration is purportedly quasi-linear from theoretical models, with non-linearity expected 

at both the lower and upper boundaries of the sensors dynamic range (Meyer & Dick, 2016). 

However, it is difficult to determine the linearity between sensor output and hydrogen peroxide 

input from inspection of signal profiles (cf. Figure 3.1C-D). Another concern is ‘when’ to 

measure signal output as the signal output peak can vary depending on the sensor and hydrogen 

peroxide concentrations as well as cell type (Figure 3.1C-D; de Cubas et al., 2021; Kritsiligkou 

et al., 2021). It is also unclear whether measuring just a single peak is sufficient to describe the 

complete dynamic profile. These limitations become concerning when quantitative data is 

required for kinetic fitting experiments, or for comparisons of the effect of different drugs or 

mutations on cellular hydrogen peroxide levels. To overcome these limitations, we tested 

whether dynamic profiles of these sensors could be quantified using area under the curve 

(AUC), signal amplitude, signal time and signal duration parameters (Chapter 2, Heinrich et 

al., 2002; Hornberg et al., 2005; Pillay et al., 2016).  
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3.2 Results 

3.2.1 Evaluating the performance of genetically encoded redox sensors in response to 

external hydrogen peroxide concentrations. 

The signalling profiles generated from the response of HyPer7 and roGFP2-Tsa2ΔCR 

to increasing bolus hydrogen peroxide concentrations (1-1000 µM) in S. cerevisiae were 

reported previously (Kritsiligkou et al., 2021). Both sensors were rapidly activated by hydrogen 

peroxide with HyPer7 showed an exponential decay in the signal (Figure 3.2A-B). By contrast, 

roGFP2-Tsa2ΔCR showing a more sustained activation profile particularly at higher hydrogen 

peroxide concentrations.  

To determine whether there was indeed a linear correlation between sensor output and 

hydrogen peroxide concentration, we determined the linear correlations between the AUC and 

amplitude and hydrogen peroxide over the entire range (y1, 1-1000 µM), the upper range (y2, 

100-1000 µM), and the lower range (y3, 1-100 µM) of hydrogen peroxide concentrations used 

in these experiments (Figure 3.2C-F). We found that the AUC and amplitude for HyPer7 was 

greater than roGFP2-Tsa2ΔCR over the upper range of hydrogen peroxide concentrations. The 

HyPer7 AUC (0.997 vs 0.807) and amplitude (0.957 vs 0.863) also showed a stronger linear 

correlation to the entire range of hydrogen peroxide concentrations than roGFP2-Tsa2ΔCR. In 

particular, the HyPer7 AUC had a strong correlation (r>0.99) with hydrogen peroxide 

concentration over the upper range as well as the entire range of hydrogen peroxide 

concentrations. Over the lower hydrogen peroxide concentration range (1-100 µM), roGFP2-

Tsa2ΔCR had a higher AUC and amplitude, with both sensors showing a strong linear 

correlation (r>0.99) between AUC and hydrogen peroxide concentration in contrast to the 

lower correlations obtained for their amplitudes (Figure 3.2E-F). Interestingly, the AUC and 

amplitude correlation equations for HyPer7 over the different hydrogen peroxide 

concentrations (y1, y2 and y3) were more similar than the gradients obtained for Tsa2ΔCR 

(Figure 3.2C-F). 
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Figure 3.2: The signalling profiles and parameters for HyPer7 and roGFP2-Tsa2ΔCR 

generated in S. cerevisiae exposed to hydrogen peroxide.  

S. cerevisiae cells were exposed to bolus hydrogen peroxide concentrations ranging from 1-

1000 µM, and the ratiometric outputs were measured using the genetically encoded redox 

sensors, HyPer7 (red) and roGFP2-Tsa2ΔCR (blue) (A-B). From these profiles, the AUC (C, 
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E) and signal amplitude (D, F) were determined over the entire hydrogen peroxide range (1-

1000 µM) or for a lower range (1-100 µM) (E-F). Linear regression equations and correlation 

coefficients were obtained for the regions 1-1000 (y1), 100-1000 (y2) and 1-100 µM (y3). The 

signal time (G) and duration (H) for both sensors were also determined. The data represent 

the means and standard errors of at least three independent experiments (Kritsiligkou et al., 

2021). 

We next sought to determine how the timing of the sensor outputs were related to 

hydrogen peroxide concentrations (Figure 3.3G-H). HyPer7 had a lower signal time and 

duration than roGFP2-Tsa2ΔCR, showing that its activation/deactivation cycle was faster than 

the roGFP2 sensor. There was a gradual increase in signal time and duration, particularly for 

roGFP2-Tsa2ΔCR, at higher concentrations of hydrogen peroxide, showing that there was a 

shift in the time and width of the curves as the hydrogen peroxide concentration increased. 

Collectively, these results showed that the dynamic profiles from these sensors can be analysed 

using the signal parameters AUC, amplitude, time and duration in order to select the most 

appropriate sensor based on the expected hydrogen peroxide concentration in an experiment. 

Moreover, our analysis showed that the output from these probes did not saturate at the higher 

hydrogen peroxide concentrations used in this experiment.  

3.2.2 Quantifying HyPer7 and roGFP2-Tpx1 response in S. pombe   

 

It was unclear whether the insights we obtained for HyPer7 and roGFP2 were specific 

for baker’s yeast or would hold for different cells. Fission yeast cells, with either HyPer7 or 

roGFP2-Tpx1.C169S, were exposed to a hydrogen peroxide concentration range of 5-1000 µM 

and the OxD determined over 80 min (Figure 3.3; de Cubas et al., 2021). HyPer7 reached the 

maximal oxidation limit of the sensor (OxD=1) at 200 µM hydrogen peroxide (Figure 3.3A), 

showing that the sensor response had saturated by this concentration. The roGFP2-Tpx1.C169S 

sensor displayed less distinct peaks when compared with HyPer7 in both S. pombe and S. 

cerevisiae (Figure 3.3B). Moreover, the sensor appears to reach an oxidation limit at an OxD 

of 0.6, which may be due to sensor-specific Tpx1 hyperoxidation limiting the signal output of 

the sensor (Morgan et al., 2016). 

As with baker’s yeast, the linear correlation between the AUC and signal amplitude and 

hydrogen peroxide concentration was determined for different concentration ranges: the full 

range (y1, 5-1000 µM), and a lower range (y2, 5-50 µM). When compared to baker’s yeast, 
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both sensors exhibited a weaker linear correlation (r<0.9) over the whole peroxide range as the 

OxD readings plateaued at >200 µM hydrogen peroxide (Figure 3.3C-D). However, when 

considering the lower hydrogen peroxide range (5-50 µM), the linear correlations for both 

sensors for AUC and signal amplitude showed strong correlations r>0.9 with similar regression 

equations (Figure 3.3E-F). Therefore, both HyPer7 and roGFP-Tpx1.C169S are suitable for 

analysis at lower hydrogen peroxide concentrations, but OxD signal responses for hydrogen 

peroxide concentrations above this level should be treated with caution.  

The signal time remained relatively unchanged at approximately 30 minutes for HyPer7 

and 32 minutes for roGFP-Tpx1.C169S after the bolus addition of 1-200 µM hydrogen 

peroxide and then increased to over 40 minutes for both sensors after the addition of 1000 µM 

hydrogen peroxide (Figure 3.3G). Similarly, signal duration was ~16 minutes for HyPer7 and 

19 minutes for roGFP-Tpx1.C169S after exposure to 1-200 µM hydrogen peroxide and then 

increased to ~20 minutes at higher hydrogen peroxide concentrations (Figure 3.3H). The signal 

duration was ~20 minutes lower than the signal time whereas these parameters were similar in 

bakers yeast. This result was in contrast to the distinct peaks of HyPer7 and roGFP- Tsa2ΔCR 

in bakers yeast.  
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Figure 3.3: The signalling profiles and parameters for HyPer7 and roGFP2-Tpx1.C169S 

generated in S. pombe exposed to hydrogen peroxide.  

S. pombe cells were exposed to hydrogen peroxide ranging from 5-1000 µM, and the dynamic 

fluorescence was measured using the genetically encoded redox sensors HyPer7 (red) and 

roGFP2-Tpx1.C169S (blue) (A-B). We evaluated three linear regions, with associated 

correlation equations, for AUC and signal amplitude, which were 5-1000 (y1) µM (C-D) the 

lower range, 5-50 µM (y2) (E-F) The linear regression and correlation coefficients (r2) for 

these sensor OxD output and hydrogen peroxide concentration are shown on the figures (de 

Cubas et al., 2021).  

 

3.2.3 Comparison of sensor performance of different genetic backgrounds. 

The oxidation of redox sensors is a function of both the sensor oxidation and reduction 

dynamics (Zhuravlev et al., 2024). Here, the natural cytoplasmic redox systems will actively 

reduce the oxidised sensor resulting in decreased sensor signal. To this end, de Cubas et al., 

(2021) mutated components of the thioredoxin system from S. pombe and monitored the 

performance of HyPer7 across a hydrogen peroxide range of 5-1000 µM. When compared to 

the wildtype cells, the signalling profiles of the Δtrx1 strain showed sustained activation of the 

HyPer7 sensor even at the lower hydrogen peroxide concentrations (Figure 3.4A). 

Comparatively, the Δtrr1 strain showed rapid activation of the HyPer7 sensor that was 

sustained for the duration of the time course and then gradually decreased in signal but did not 

return to base signal after hydrogen peroxide concentrations greater than 100 µM (Figure 3.4B) 

compared to the activation/deactivation dynamics of the wildtype cells (Figure 3.3A).  

We then determined how deleting the thioredoxin system impacted the signalling 

parameters. Here, the Δtrx1 strain showed that the AUC and signal amplitude were higher 

compared to the wildtype and Δtrr1 strains (Figure 3.4C-D). These results for AUC and signal 

amplitude suggest that thioredoxin is the main HyPer7 reductant (de Cubas et al., 2021).  
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Figure 3.4: The signal parameters for HyPer7 in S. pombe strains lacking thioredoxin and 

thioredoxin reductase. 

S. pombe Δtrx1 (red) and Δtrr1 (orange) strains were exposed to hydrogen peroxide ranging 

from 1-1000 µM and the fluorescence of HyPer7 activity was measured (A-B). The area under 

the curve was measured (C), and subsequently, the signalling amplitude (D), time (E) and 

duration (F) were calculated for each strain and compared to the wildtype cell. 
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The signal time remained relatively consistent for the wildtype strain (~ 30 minutes) 

and the Δtrx1 (~42 minutes) while the Δtrr1 strain displayed a linear increase in signal time 

that saturated at 100 µM hydrogen peroxide at ~38 minutes (Figure 3.4E). A similar pattern 

was observed for the signal duration where the wildtype and Δtrx1 strains had signal durations 

of ~17 minutes, and the Δtrr1 strains signal duration increased quasi-linearly to a hydrogen 

peroxide range of 100 µM and then saturated at ~18 minutes (Figure 3.4F).  In the Δtrr1 strain, 

the signal time and duration are lower when compared to the wildtype and Δtrx1 strains at 

lower hydrogen peroxide concentrations confirming their role in probe reduction.   

3.3 Discussion 

Genetically encoded redox sensors have significantly advanced the quantification of 

biomolecular redox states within cells (Murphy et al., 2022) and have facilitated key 

discoveries in various settings, including the monitoring of hydrogen peroxide gradients during 

wound healing (Niethammer et al., 2009), insights into developmental processes (Knoefler et 

al., 2012), and age-related alterations in ROS generation (Lennicke & Cochemé, 2020). The 

increasing diversity of redox sensors has prompted interest in comparing and characterising 

them (Palmer et al., 2011). However, quantifying the temporal dynamic response of different 

sensors is challenging (Hung et al., 2014).  

In our analysis, we determined the AUC alongside Heinrich signalling parameters of 

signal amplitude, time, and duration, to characterise the dynamic profiles of redox sensor data. 

Using this approach, we compared the responses of HyPer7 and roGFP-Tsa2ΔCR in S. 

cerevisiae as well as the response of HyPer7 and roGFP-Tpx1.C169S to hydrogen peroxide in 

fission yeast. Quantitative analysis revealed that linear increases in AUC and signal amplitude 

were observed for HyPer7 and roGFP sensors in both yeast backgrounds. These data showed 

linearity in response to specific hydrogen peroxide concentrations and, therefore, serves as a 

crucial control when evaluating redox sensors. Further, calibration curves based off the AUC 

and signal amplitude may be useful for other applications (Figure 3.2C-D). For instance, the 

linear segment of the graph for signal amplitude or AUC can be used to relate the oxidative 

effect of various drugs to (external) hydrogen peroxide concentrations. The signal parameters 

of time and duration indicate when and for how long a sensor is active, and high-quality sensors 
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should ideally demonstrate low variation in these parameters, a consistency observed in HyPer7 

but less so for roGFP-based redox sensors (Figure 3.3E-F).  

Lastly, a quantitative approach allowed us to measure the impact of antioxidant proteins 

on redox sensor oxidation/reduction dynamics through the genetic manipulation of the cell. 

The Hyper7 sensor, coupled with quantitative analysis, revealed an increase in all signalling 

parameters in Δtrx1 cells (Figure 3.4C-F). On the other hand, Δtrr1 cells had reduced AUC 

and signal amplitude, revealing decreased oxidation of HyPer7, which could result from Trx1 

oxidation of the sensor. Indeed, in Δtrr1 cells, Pap1 becomes constitutively active, which 

corresponds to increased oxidation of the sensor (Brown et al., 2013; Day et al., 2012). By 

quantifying the temporal dynamics of redox sensors, we provide an analytical tool to assess 

sensor data quantitatively. This approach offers a quantitative comparison of different sensors, 

and their utility in various cellular backgrounds can be evaluated. 

3.4 Methods 

All computational analysis was carried out in a Jupyter notebook using Python 

(https://www.python.org/) programming languages with the following most represent packages 

of NumPy, SciPy (https://scipy.org), matplotlib (https://matplotlib.org/) and sklearn. The 

datasets for HyPer7 and roGFP-TSA2 was kindly provided by Pari Kritsiligkou and Tobias 

Dick (Kritsiligkou et al, 2021) and sensor data from HyPer7 in fission yeast were digitised 

from plotdigitizer (de Cubas et al., 2021). The baseline values were correct by subtracting the 

oxygen consumption by the yeast culture (Kritsiligkou et al., 2021). All subsequent 

quantification using the signalling parameters of signal amplitude, time and duration are readily 

available as a Jupyter notebook uploaded to Github 

https://github.com/djl94/Chapter3_supp.git. 
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Chapter 4  

Quantifying pretreatment effects in the NRF2/Keap1 pathway for assessing 

cellular adaptation to oxidative stress. 

Abstract 

In human cells, the NRF2-Keap1 pathway plays a central role in the cellular antioxidant 

response and is activated by several oxidants. Dysregulation of the pathway may contribute to, 

or is a consequence of, a range of conditions, including drug-induced liver disorders and 

ageing. Because the NRF2 activation is dynamic, quantitative comparisons between oxidants, 

oxidant concentrations and dosage schedules have been challenging. Using published data, we 

show how, in response to diethyl maleate or tert-butylhydroquinone (0-200 μM), NRF2 

dynamic profiles can be characterised by their signal amplitude, signal time and signal duration 

parameters. Pre-exposure to these oxidants 8 hr before a second dose (0-200 μM) decreased 

the NRF2 signal time and duration from ~6 hrs to ~4 hrs, with the 200 μM pre-exposure 

concentrations leading to higher NRF2 signal amplitudes across the range of second dose 

concentrations. By contrast, oxidant pre-exposure 24 hrs before a second dose led to a lower 

signal amplitude when compared to naïve cells, or cells pre-exposed to these oxidants for 8 hr. 

Srxn1 expression was used as an output of NRF2 activity and was also reduced in these 24 hr 

pre-exposed cells for different oxidant concentrations. These data show that both oxidant 

concentration and the timing of repeat exposure affect NRF2 activation and the induction of 

Srxn1 expression. Thus, studies aiming to understand NRF2 signalling in disease or to 

modulate NRF2 pharmacologically must consider the dynamics of NRF2 activation, 

particularly in conditions where the pathway is expected to be repeatedly activated.  
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4.1 Introduction 

All living organisms, including yeast, bacteria, and mammals, possess an innate ability 

to adapt to harmful substances without suffering permanent damage (Crawford & Davies, 

1994; Pomatto & Davies, 2017b). This phenomenon is commonly referred to as the “adaptive 

response” and enables organisms to withstand seemingly lethal toxicity doses when exposed 

to an initial mild dose (Crawford & Davies, 1994). Several studies have highlighted that genes 

related to antioxidant defence are upregulated when cells are pre-adapted, establishing a 

resilient reservoir within organisms to cope with lethal toxic doses (Salo et al., 1996). For 

example, in Drosophila melanogaster, an initial 1 mM hydrogen peroxide exposure protected 

the flies against a subsequent, usually lethal, 50 mM hydrogen peroxide dose (Pickering et al., 

2013, Love et al., 1986).  Pre-exposure induced heat shock proteins that allowed for apparent 

protection from the toxic hydrogen peroxide dose (Pickering et al., 2013; Love et al., 1986). 

These adaptive responses are generally controlled by transcription factors but understanding 

the dynamic behaviour of these processes and the effectiveness of pretreatment strategies is not 

clear (Pomatto & Davies, 2017b).  

To better understand the dynamic behaviour of pre-exposure on a key transcription 

factor, Bischoff and colleagues monitored the NRF2/Keap1 pathway in human G2 cell lines 

(Bischoff et al., 2019a). This pathway has been shown to be integral in responding to oxidative 

and electrophile stress and its dysregulation has been associated with diabetes, inflammation, 

and cancer (Yamamoto et al., 2018). Under normal, non-stressed conditions, NRF2 is tagged 

for rapid degradation within the proteasome due to the formation of a ubiquitin E3 ligase 

complex involving Keap1 and CUL3 (Figure 4.1) (Zhao et al., 2021; Suzuki et al., 2016). 

However, when an oxidative or electrophilic stressor is present, specific cysteine residues on 

Keap1undergo modifications that result in the disassembly of the Keap1/CUL3 ubiquitin ligase 

complex, stabilising NRF2 (Figure 4.1) (Zhao et al., 2021; Suzuki et al., 2016). Subsequently, 

NRF2 translocates into the nucleus, where it initiates an antioxidant response by transcribing 

genes, including those encoding catalase, superoxide dismutases, and sulfiredoxin (Figure 4.1) 

(Zhao et al., 2021; Suzuki et al., 2016). 
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Figure 4.1: The NRF2/Keap1 pathway induces antioxidant responses to oxidative and 

electrophilic stress.  

Under normal conditions, NRF2 undergoes rapid degradation as it is ubiquitinated by CUL3. 

However, upon the introduction of oxidants like DEM or tBHQ, the cysteine residues on Keap1 

are modified resulting in the dissociation of Keap1/CUL3 from NRF2. The NRF2 molecule is 

translocated to the nucleus to induce an antioxidant response (Modified from Yamamoto et al., 

2018).  

Through its activity, NRF2 may contribute to the prevention of age-related diseases, 

the delay of cell senescence (Rajasekaran et al., 2011) and preventing drug–induced liver 

damage (Bischoff et al., 2019b) by potentiating the antioxidant response. While this hypothesis 

may seem plausible, it has also been demonstrated that NRF2 overexpression in cancer cells 

leads to resistance to therapeutic drugs, effectively shielding tumour cells from treatment (Hu 

et al., 2013). Furthermore, prolonged NRF2 activation in mice has been linked to the onset of 

cardiomyopathy due to reductive stress (Rajasekaran et al., 2011). As a result, whether the 

NRF2 pathway should be constitutively activated or inhibited as a therapeutic strategy is 

unclear. To understand how the NRF2 pathway responds to oxidative stress, several studies 

have considered the dynamic signalling response through western blotting, GFP tagging and 
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single-cell approaches, which have given insights into the regulatory mechanisms of the 

pathway (Hiemstra et al., 2022; Baird et al., 2014; Bischoff et al., 2019; Johansson et al., 2017). 

However, quantifying the dynamic profiles of NRF2 could provide insight into how pre-

adaptation and repeat exposures affects the activation of the pathway.  

4.2 Results 

4.2.1 Quantifying the response of the NRF2 pathway to increasing concentrations of DEM 

and tBHQ 

Before assessing the ability of the NRF2 pathway to respond to pre-adaption, the timing 

of when the pathway has become fully adapted or partially adapted was first assessed. These 

times were established by monitoring the dynamic response of NRF2 in HepG2-reporter cells 

containing GFP-tagged NRF2 (Bischoff et al., 2019b; ter Braak et al., 2022). Cells were 

exposed to a single-dose dose (0-200 µM) of diethyl maleate (DEM) or tert-butylhydroquinone 

(tBHQ) which activate the NRF2 pathway through distinct mechanisms. DEM functions by 

depleting glutathione levels, indirectly leading to NRF2 activation (Baird et al., 2014; Bischoff 

et al., 2019b), while tBHQ directly oxidises cysteine residues on Keap1 (Baird et al., 2011; 

Bischoff et al., 2019).  

The dynamic response of the NRF2 pathway to exposure to DEM and tBHQ showed 

that NRF2 had reached its maximal activation ~5 hrs after initial exposure and started to decline 

~8 hrs after the initial exposure; the authors selected 8 hrs as a partial adaption time point 

(Figure 4.2A-B). The second adaption point was when the maximal NRF2 activation had 

returned to baseline activation ~24 hrs after the initial exposure (Figure 4.2A-B). Once the 

adaptation time points were determined, pre-exposure experiments were conducted. This 

involved monitoring NRF2 dynamic responses to different initial combinations of DEM and 

tBHQ, followed by administering second doses after 8 or 24 hrs from the initial exposure. The 
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effect of these treatments on the cellular antioxidant response was assessed by monitoring the 

expression of sulfiredoxin (Srxn1), a protein regulated by NRF2 (Wu et al., 2021). 

Figure 4.2: The response of the NRF2 pathway to increasing oxidant levels of DEM and 

tBHQ.  

The fluorescence intensity of the NRF2 was measured in HepG2-reporter cells exposed to a 

single dose of DEM (A) and tBHQ (B) in the concentration range of 0-200 µM. The NRF2 

protein levels were monitored by fluorescence through live imaging confocal microscopy (A-

B).  
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For the next set of experiments, initial DEM concentrations of 0-200 µM were applied 

to HepG2 cells which were then exposed to further doses of DEM after 8 hrs (Figure 4.3A-D) 

or after 24 hrs (Figure 4.4A-D). In this context, a second dose of DEM after 8 hrs does appear 

to strongly induce NRF2, particularly at 200 µM (Figure 4.3).  

 

Figure 4.3: The activation dynamics of NRF2 following treatment with DEM after a 

second dose at 8 hrs.  

HepG2-reporter cells were GFP tagged to monitor the activation dynamics of NRF2 using live 

cell confocal imaging. The average intensity of NRF2 in the nucleus was monitored after 

initially exposing cells to 0 µM (A) (black), 50 µM (B) (green), 100 µM (C) (orange), and 200 

µM (D) (red) DEM 8 hrs and compared to cells treated with a single dose (represented by the 

blue curves in each plot). Subsequently, a second dose of DEM was administered ranging from 

0 µM (cross), 50 µM (star), 100 µM (square), and 200 µM (circle), resulting in four 
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combinations of repeat exposure conditions. The signal parameters calculated based on the 

shaded region of each curve.  

When there is no second dose applied the NRF2 signal returns to baseline (Figure 4.3A-

D). For all cells, a second dose of DEM increases the availability of NRF2 compared to cells 

without a second dose, with the 200 μM treatment having the largest effect. In cells with no 

pre-exposure (Figure 4.3A), the response of cells exposed to 100-200 μM DEM was similar. 

By contrast, in cells pre-exposed to DEM (50-200 μM), there were noticeable differences in 

the NRF2 signal obtained for these cells. In some of the experiments, the NRF2 signal 

following an initial dose appeared to match the signal for the second dose if concentrations 

were equal to or less than the initial dose. For example, the 100 μM first dose and 100 μM 

second dose as well as the 50 and 100 μM treatments appeared to have similar NRF2 responses 

(Figure 4.3C). A second dose of 200 µM appears to greatly increase the overall NRF2 response 

when compared to the initial dose of any concentration (Figure 4.3A-D).  

The profiles of NRF2 fluorescence intensity after the initial and second dose after 24 

hrs were different when compared to the 8 hr adaption period (Figure 4.4A-D). Here, distinct 

peaks for all concentration combinations were observed in the initial dose, with the signal 

returning to baseline in most scenarios. Interestingly, after the addition of the second dose 

between 50-200 μM, the NRF2 signal intensity appears to decrease. In contrast to the 8 hr data, 

there were no differences in the NRF2 responses following a second dose of DEM (Figure 

4.4A-D). Thus, by 24 hrs, the cellular environment appears to reset, returning to a pre-stress 

state and resulting in a response similar to that of unexposed cells. 
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Figure 4.4: The activation dynamics of NRF2 following treatment with DEM after a 

second dose at 24 hrs.  

HepG2-reporter cells were GFP tagged to monitor the activation dynamics of NRF2 using live 

cell confocal imaging. The average intensity of NRF2 in the nucleus was monitored after 

initially exposing cells to 0 µM (A) (black), 50 µM (B) (green), 100 µM (C) (orange), and 200 

µM (D) (red) DEM 24 hrs after the initial seeding (represented by the blue curves in each plot). 

Subsequently, a second dose of DEM was administered ranging from 0 µM (cross), 50 µM 

(star), 100 µM (square), and 200 µM (circle), resulting in four combinations of repeat exposure 

conditions. The signal parameters were calculated based on the shaded region of each curve.  
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Next the HepG2 cells were exposed to varying combinations of initial and secondary 

dose concentrations of tBHQ. Here, we also observed that the 8 hr pre-exposure period resulted 

in higher NRF2 fluorescence intensities compared to the initial dose (Figure 4.5A-D). 

However, the 24-hour adaption was different compared to DEM exposure, where the only 

lower tBHQ combinations resulted in NRF2 intensities returning to zero, while initial and 

secondary exposure to 200 µM tBHQ resulted in sustained increasing signal intensities (Figure 

4.6A-D). Overall, these cells appeared to have a broader signal response compared to the two 

distinct peaks observed for cells pre-exposed to DEM.  

These data raised two key questions. First, how do various oxidants compare in 

activating the NRF2 pathway? Second, what impact does pre-exposure have on the NRF2 

pathway? However, drawing meaningful conclusions based solely on the profiles is 

challenging due to the complexity of these data. To answer these questions, we therefore 

determined the signal parameters of these profiles (shown in grey on the graphs, adjusted for 8 

hr and 24 hr exposure times). 
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Figure 4.5:The activation dynamics of NRF2 following treatment with tBHQ after a 

second dose at 8 hrs and the associated signalling parameters.  

HepG2-reporter cells were GFP tagged to monitor the activation dynamics of NRF2 using live 

cell confocal imaging. The average intensity of NRF2 in the nucleus was monitored after 

initially exposing cells to 0 µM (A) (black), 50 µM (B) (green), 100 µM (C) (orange), and 200 

µM (D) (red) tBHQ 8 hrs after the initial seeding (represented by the blue curves in each plot). 

Subsequently, a second dose of tBHQ was administered, ranging from 0 µM (cross), 50 µM 

(star), 100 µM (square), and 200 µM (circle), resulting in four combinations of repeat exposure 

conditions. The signal parameters were calculated based on the shaded region of each curve.  
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Figure 4.6: The activation dynamics of NRF2 following treatment with tBHQ after a 

second dose at 24 hrs.  

HepG2-reporter cells were GFP tagged to monitor the activation dynamics of NRF2 using live 

cell confocal imaging. The average intensity of NRF2 in the nucleus was monitored after 

initially exposing cells to 0 µM (A) (black), 50 µM (B) (green), 100 µM (C) (orange), and 200 

µM (D) (red) tBHQ 24 hrs after the initial seeding (represented by the blue curves in each 

plot). Subsequently, a second dose of DEM was administered ranging from 0 µM (cross), 50 

µM (star), 100 µM (square), and 200 µM (circle), resulting in four combinations of repeat 

exposure conditions. The signal parameters were calculated based on the shaded region of 

each curve.  
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4.2.2 Comparison of the oxidants DEM and tBHQ using signal parameter quantification 

DEM and tBHQ have different modes of NRF2 activation and we tested whether these 

oxidants resulted in different NRF2 signal dynamics. DEM and tBHQ triggered similar NRF2 

activation responses in amplitude when naïve cells were treated with these oxidants (blue lines, 

Figure 4.7A), and after cells were treated with the oxidants following an 8 hr exposure step. 

The 200 µM initial dose of these oxidants resulted substantial increases in signal amplitude 

(Figure 4.7A). The signal time and duration for both oxidants remained relatively constant and 

was not affected the oxidant concentration (Figure 4.7B-C). Thus, NRF2 response to these two 

oxidants was similar despite their different modes of action. On the other hand, when we 

quantified the response of NRF2 after a 24 hr pre-exposure to DEM and tBHQ, we obtained 

differences between these oxidant amplitudes. Unlike the 8hr exposure, cells pre-treated with 

200 μM tBHQ showed closer responses to cells treated with a lower dose of this oxidant (Figure 

4.7D). By contrast, cells pre-treated with 200 μM DEM showed a higher NRF2 activation 

response than cells treated with a lower concentration of this oxidant. The signal time and 

duration following a 24 hr pre-treatment regime (Figure 4.7E-F) were higher than cells treated 

for 8 hrs showing the dynamics of these responses was dependent on the timing of the oxidative 

stress. 
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Figure 4.7: The associated signalling parameters of NRF2 following treatment with tBHQ 

and DEM after a second dose at 8 hrs and 24 hrs.  

The area under the curve was calculated from the shaded portion of each signal profile. From 

these profiles, the signalling parameters of amplitude (A-D), time (C-E) and duration (D-F) 

were determined and plotted together for each exposure condition with an initial 8 hr and 24 

hr exposure, respectively. To establish a baseline for each parameter, the black or red dotted 

line represents the initial 8-hr and 24-hr exposure to 0 µM (cross) tBHQ and DEM. This 

baseline was then compared to the subsequent doses of 50 µM (star), 100 µM (square), and 

200 µM (circle) tBHQ and DEM, respectively.  

. 

4.2.3 Quantifying the effects of pre-exposure to 8 hrs and 24 hrs on the NRF2 pathway by 

different oxidants 

We next wanted to determine the effect of the different pre-exposure times on the signalling 

parameters and compared the effect of pre-exposure to DEM for 8 hrs and then 24 hrs (Figure 

4.8). Interestingly, the signal amplitude was greater for NRF2 activation when cells were pre-

adapted for 8 hrs. However, pre-exposure for 24 hrs showed some increase in the signal 
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amplitude but an initial dose of 100 µM and a second dose of 200 µM resulted in a signal 

amplitude that was less than un-exposed cells (Figure 4.8A). When comparing the signal times 

and durations the 8 hr adaption period did show reduced times compared the 24 hr pre-exposure 

period (Figure 4.8B-C). These data suggest that the 24 hr adaption period dampens the response 

of NRF2 to DEM compared to a shorter 8 hr exposure period.  

 

Figure 4.8: The associated signalling parameters of NRF2 following treatment with DEM 

after a second dose at 8 hrs and 24 hrs.  

The area under the curve was calculated from the shaded portion of each signal profile . From 

these profiles, the signalling parameters of amplitude (A), time (B) and duration (C) were 

determined and plotted together for each exposure condition. To establish a baseline for each 

parameter, the black or red dotted line represents the initial 8 hrs and 24-hour exposure to 0 

µM (cross) DEM. This baseline was then compared to the subsequent doses of 50 µM (star), 

100 µM (square), and 200 µM (circle) DEM, respectively. 

 

Another way to determine how the pre-exposure period affected NRF activity was to 

measure the production of an antioxidant protein, Srxn1, whose production is regulated by 

NRF2 (Soriano et al., 2008). Similar to NRF2, the production of Srxn1 was measured through 

live confocal fluorescence imaging following the same treatments and adaption periods with 

DEM and tBHQ, respectively. The 8 hr pre-exposure to DEM doubled Srxn1 production 

compared to naïve cells, and did not return to baseline when compared to lower Srxn1 

production for the 24 hr pre-exposure period. A 24-hour adaption period only slightly increased 

Srxn1 production when compared to naïve cells (Figure 4.9A-D). Furthermore, these data 

suggested that regardless of the initial to secondary dosage of DEM, the amount of Srxn1 

produced will be similar given the same adaption period. 
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Figure 4.9: The associated signalling profiles of Srxn1 production following treatment 

with DEM after a second dose at 8 hrs and 24 hrs.  

HepG2-reporter cells were GFP tagged at the Srx locus to monitor the expression dynamics of 

Srxn1 using live cell confocal imaging. The average intensity of Srxn1 in the cytoplasm was 

monitored after initially exposing cells to 0 µM (A) (cross), 50 µM (B) (star), 100 µM (C) 

(square), and 200 µM (circle) DEM 8 hrs (black) and 24 hrs (red) after the initial seeding 

(represented by the blue curves in each plot). Subsequently, a second dose of DEM was 

administered ranging from 0 µM (cross), 50 µM (star), 100 µM (square), and 200 µM (circle), 

resulting in four combinations of repeat exposure conditions. The AUC was calculated based 

on the shaded region of each curve. 
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To assess the effect of the pre-exposure periods to tBHQ, we compared the signalling 

parameters for 8 and 24 hrs. We also found that the resulting signal amplitudes were similar to 

naïve cells and only the 200 µM exposure for the 24 hr adaption, increased compared to naïve 

cells (Figure 4.10A). The signal times and durations for the 24 hr adaption period were longer 

than the 8 hr adaption period, which corresponded to the wider signalling profiles, similar to 

treatment with DEM (Figure 4.10C-D). We also assessed the effect of the pre-exposure periods 

on Srxn1 production. Here, an 8 hr pre-exposure period with tBHQ resulted in dose-increased 

production of Srxn1 The 24 hr adaption period also resulted in increased Srxn1 production 

when compared to naive cells (Figure 4.11A-C). Interestingly, the 200 µM initial and 

secondary 24 hr exposure did not increase the overall amount of Srxn1 produced (Figure 

4.11D).  

 

 

 

Figure 4.10: The associated signalling parameters of NRF2 following treatment with 

tBHQ after a second dose at 8 hrs and 24 hrs.  

The area under the curve was calculated from the shaded portion of each signal profile (A). 

From these profiles, the signalling parameters of amplitude (B), time (C) and duration (D) 

were determined and plotted together for each exposure condition. To establish a baseline for 

each parameter, the black or red dotted line represents the initial 8 hrs and 24-hour exposure 

to 0 µM (cross) tBHQ. This baseline was then compared to the subsequent doses of 50 µM 

(star), 100 µM (square), and 200 µM (circle) tBHQ, respectively. 
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Figure 4.11: The associated signalling profiles of Srxn1 production following treatment 

with tBHQ after a second dose at 8 hrs and 24 hrs.  

HepG2-reporter cells were GFP tagged on the Srx locus to monitor the expression dynamics 

of Srxn1 using live cell confocal imaging. The average intensity of Srxn1 in the cytoplasm was 

monitored after initially exposing cells to 0 µM (A) (cross), 50 µM (B) (star), 100 µM (C) 

(square), and 200 µM (D) (circle) DEM 8 hrs (black) and 24 hrs (red) after the initial seeding 

(represented by the blue curves in each plot. Subsequently, a second dose of DEM was 

administered ranging from 0 µM (cross), 50 µM (star), 100 µM (square), 200 µM (circle) 

resulting in four combinations of repeat exposure conditions. The AUC was calculated based 

on the shaded region of each curve. 

 



75 

 

 

4.3 Discussion 

Cells experience constant exposure to environmental stressors, xenobiotics, and 

oxidative stress, leading to the development of cellular adaptive mechanisms (Davies, 1999). 

The NRF2/Keap1 pathway in mammalian cells plays a central role in the response to oxidative 

stress and dysregulation of the pathway associated with disease (Yamamoto et al., 2018). One 

survival strategy against toxic oxidative stress levels involves pre-exposing cells to a low dose 

of a toxin followed by a higher dose of a toxin, resulting in a priming effect (Davies, 1999). 

Similarly, cells pre-adapted to oxidative stress through hydrogen peroxide exposure show 

upregulated antioxidant proteins, enabling them to withstand higher oxidative stress levels . 

Assessing the efficacy of adaptation by utilising signal quantification parameters can 

enumerate this information from complex datasets. 

Overall, repeated exposure to the different types of oxidants, DEM and tBHQ, did induce 

different responses to the NRF2 pathway. We observed that the pathway activation was 

concentration-dependent, where a 200 µM dose resulted in a larger difference in signal 

amplitude compared to naïve cells. The lower dosages of DEM and tBHQ had similar effects 

on the activation of NRF2. These data suggest that the NRF2 pathway responds to different 

oxidants in a similar way, unlike the fission yeast where different oxidants yielded unique 

signal outputs in the transcription factor Pap1 (Lind et al., 2024). Furthermore, priming the 

cells with DEM and tBHQ resulted similar Srxn1 production (Figure 4.9; Figure 4.11) while 

S. pombe cells had reduced transcriptional responses to pre-exposure to hydrogen peroxide 

(Spitz et al., 1987).  

Another key consideration is the timing of repeated exposure to oxidative stress scenarios 

(Bischoff et al., 2019). The timing of the dosage is important for clinical drug administration 

to determine the effectiveness of treatment regimens (Tyson et al., 2020). To test this effect, 

the NRF2 pathway was dosed 8 hrs and 24 hrs after an initial dosage of DEM and tBHQ. 

Interestingly, the signal amplitude showed that an 8 hr adaption period elicited a stronger 

pathway response than a 24 hr. This result is consistent with the response of mammalian 

fibroblasts where a shorter initial exposure to hydrogen peroxide (~18 hrs) displayed maximal 

protection to oxidative stress compared to a 36 hr initial exposure (Davies, 1999).  
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In summary, these findings suggest that pre-adaptation to oxidative stress conditions does 

not always result in alterations to this signalling pathway and a saturation point at higher 

oxidant concentration will be reached. Moreover, shorter adaptation periods appear to increase 

the NRF2 pathway response while longer adaptions led to a dampened signal output.  

4.4 Material and methods 

4.4.1 Computational and statistical methods 

 Data obtained from Biscoff et al 2019 was digitised using plotdigitiser 

(https://plotdigitizer.com) and the signalling parameters calculated (Chapter 2.1). All 

computational analyses and statistical tests were carried out in Python 

(https://www.python.org/) using Jupyter notebooks with SciPy (https://scipy.org), Pandas 

(https://pandas.pydata.org) and Matplotlib (https://matplotlib.org/). All the relevant code and 

raw data for reproducing the figures are available in the github folder 

https://github.com/djl94/Chapter4_supp.git  
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Chapter 5  

Optimising Experimental Approaches to Study Redox Signalling Dynamics 

5.1 Introduction 

In the previous chapters, the method optimisation and control experiments were omitted 

for brevity. These methods are described in greater detail so that the data can be replicated by 

other labs. We focused on several optimisation phases to quantify the Pap1 signalling pathway 

in fission yeast cells indicated by the tool icons in Figure 5.1.  

 

Figure 5.1: The optimisation of standard methodologies used to quantify redox signals.  

S. pombe cells were cultured to early exponential phase and then exposed to different 

concentrations of hydrogen peroxide and tert-butylhydroperoxide (A, B). The effect of 

hydrogen peroxide on cell growth rates was also evaluated (C). To quantify redox signals, 

protein was extracted from the cells under different oxidative stress conditions (D). Redox 

western blotting was used to separate and quantify the oxidised and reduced isoforms of Pap1 

(E). The dynamic changes in the oxidised and reduced isoforms of Pap1 were used to generate 

signal profiles from which the signal amplitude, time and duration could be calculated (F). 
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Computational methods and different normalisation methods were used to analyse these 

dynamics profiles (G). Total mRNA was isolated from the cells to measure the effect of oxidants 

on Pap1-dependent gene expression (H). These genes were chosen from a transcriptomic 

dataset of S. pombe cells exposed to bolus concentrations of hydrogen peroxide (Chen et al. 

2008) (I). RT-qPCR was then carried out on the selected genes (J) to investigate the 

relationship between the oxidant stimuli and redox signalling dynamics. The optimisation steps 

are indicated by the tool icon.  

 

Initially, S. pombe cells were cultivated to early exponential phase and challenged with 

a range of hydrogen peroxide or tert-butyl hydroperoxide concentrations (Figure 5.1A-B) (Lee 

et al., 2008; Hu et al., 2022; Quinn et al., 2002). During our preliminary investigations, 

exposure to high concentrations of hydrogen peroxide resulted in sustained Pap1 oxidation 

beyond a 2-hr threshold following initial exposure. However, whether this sustained effect is 

influenced by the cell’s doubling time is unclear. To address this, we considered the impact of 

these oxidants on the doubling time of S. pombe cells over a 2-hr time-course (Figure 5.1C). 

The cells were then harvested to collect protein or total mRNA and the oxidation state of Pap1 

was determined by redox western blotting (Figure 5.1D, H). While western blotting is semi-

quantitative certain considerations can be implemented to ensure the accuracy of the data 

(Ghosh et al., 2014; Pillai-Kastoori et al., 2020). These include maintaining a consistent protein 

concentration throughout the experiments and optimising the primary antibody-to-secondary 

antibody ratios to ensure that the protein of interest (Pap1) was detected within the linear 

fluorescence range (Figure 5.1E) (Murphy et al., 2013; Ghosh et al., 2014).  

Once reliable data was obtained, the western blots could be analysed and plotted into 

dynamic curves from which the area under the curve and signalling parameters were calculated. 

It is worth noting that there were multiple ways to generate the dynamic profile. For instance, 

we could plot oxidised Pap1 over total Pap1 (which consists of Pap1 in its reduced form plus 

oxidised Pap1). Alternatively, we could divide oxidised Pap1 by DTT-reduced Pap1 to account 

for any complexes with Pap1 or divide oxidised Pap1 by the total protein for a specific sample 

(Figure 5.1F). Therefore, we systematically assessed whether the utilisation of these different 

normalization methods resulted in significant changes in the signal parameter values (Figure 

5.1G).   
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An important feature of this study was to investigate the relationship between gene 

expression and signalling parameters in response to varying input stimuli. To achieve this, we 

identified genes regulated by Pap1. Microarray analysis of the fission yeast at different 

concentrations of hydrogen peroxide was previously undertaken by Chen et al. (2008), 

including analysis on mutant strains lacking pap1. This dataset consisted of >5000 genes of 

which over 700 genes displayed at least a 2-fold increase in gene expression. These genes were 

then categorised for further analysis to ultimately select a subset of genes associated to Pap1-

regulation (Figure 5.1I-J). This chapter aims to provide detailed information on optimising 

western blotting methodologies for Pap1 dynamic profile quantification and the design and 

optimisation of an RT-qPCR assay. We aim to provide an accurate framework for quantifying 

any redox signal and highlight key experimental optimisations so that this work can be readily 

extended to other signalling systems. 

5.2 Materials 

Amino acids and reagents for general cultivation of S. pombe or E. coli were purchased 

from Merck/Sigma. PCR reagent, DreamTaq DNA polymerase, alkaline phosphatase, BCA 

protein assay kits, and Aminolink kits were obtained from Thermo Fisher Scientific 

(Johannesburg, South Africa). YeaStarTM RNA isolation kits, qPCR primers, the New 

England Biolabs cDNA synthesis kit, and qPCR master mixes were purchased from Inqaba 

Biotech (Pretoria, South Africa). Analytical-grade hydrogen peroxide was purchased from 

Labcare Supplies (Durban, South Africa) used within one month of opening. Primary anti-V5 

Pk antibody (Lot #065M480IV, catalogue number V4014-100UG), ClarityTM ECL substrate, 

TEMED, and ammonium persulfate were obtained from Bio-Rad (Durban, South Africa). 

FLAG-tag antibody (catalogue number F3165-2MG), anti-mouse (rabbit) IgG peroxidase 

antibody (Lot #106M4870V, catalogue number A9044-2ML), iodoacetamide, kanamycin, and 

Freund's adjuvant were products of Sigma. β-actin-HRP conjugated antibodies (catalogue 

number A3854) were obtained from Merck. The Pap1-pET28a(+) plasmid construct was 

produced by Genescript LTD (Hong Kong, China) and codon-optimized for protein expression 

in E. coli. Nickel affinity purification columns were purchased from Qiagen (Johannesburg, 

South Africa).   

All other reagents for buffers and solutions were purchased from Merck/Sigma. The S. 

pombe strains used in this study were a gift from Elizabeth Veal (Newcastle University), while 

E. coli BL21 cells were lab stocks. 
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5.2.1  Preparation of culture medium 

5.2.1.1 General yeast cultivation medium with amino acid supplements (YE5S) 

YE5S contained yeast extract (0.5%), glucose (3%) and, depending on the genetic 

background of the S. pombe strains (Table 5.1) adenine, lysine, uracil and histidine, all to a 

final concentration of 225 mg/L and leucine to 250 mg/L if required (Nurse, 2001). Agar (2%) 

was added to YE5S for solid growth. All components were combined, autoclaved, and stored 

at 4°C. 

Table 5.1: S. pombe strains and genotypes used in this study. 

Strain name Genotype Source Reference 

972 h- Gift from Dr EA 

Veal 

SB3 H–ade6-M216 pap1+(3Pk)::ura4+his7-366 Bozonet et al, 2005 

SB4 H+ade6 pap1+(3Pk)::ura4+tpx1::ura4+his7-

366 

Bozonet et al, 2005 

SB8 h–ade6 srx1::ura4+pap1+(3Pk)::ura4+his7-

366 

Bozonet et al, 2005 

LT1 h-ade6-M216 leu1-32 ura4-D18 his7-366 

srx1::ura4+ Flag-srx1:leu2+ 

 This study 

 

5.2.1.2  Edinburgh minimal medium (EMM) with supplements 

Edinburgh minimal medium was made with the following reagents, potassium 

hydrogen phthalate (14.7 mM), di-sodium hydrogen orthophosphate (15.5 mM), ammonium 

chloride (93 mM), glucose (2%), in addition to amino acids at the final concentration of 225 

mg/L, adenine, histidine, uracil, lysine, and leucine (250 mg/L). If required, agar (2%) for solid 

growth was added (Nurse, 2001). All components were combined to the desired volume and 

autoclaved then sterile salts, minerals and vitamin stocks were added. The salts stock contained 

magnesium chloride (0.26 M), calcium chloride (4.99 mM), potassium chloride (0.67 M), and 

di-sodium sulphate (14.1 mM). These chemicals were combined, autoclaved, and stored at 4°C. 

The mineral stock contained boric acid (80.9 mM), manganese sulphate (23.7 mM), zinc 

sulphate (13.9 mM), ferric chloride (7.4 mM), molybdic acid (2.47 mM), potassium iodide 

(6.02 mM), copper sulphate (1.6 mM), citric acid (47.6 mM). Chemicals were dissolved, filter 

sterilised (0.2 µm filter) and stored at 4°C (Nurse, 2001). The vitamin stock contained nicotinic 
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acid (81.2 mM), myo-inositol (55.5 mM), biotin (40.8 mM), and panthothenic acid (4.2 mM). 

These reagents were combined, filter sterilised (0.2 µm filter) and stored at 4°C (Nurse, 2001). 

5.2.1.3 Luria Bertani (LB) medium (with kanamycin) 

LB medium consisted of yeast extract (0.5%), tryptone powder (1%), sodium chloride 

(0.5%) and supplemented with kanamycin (50 µg/ml) if required. Agar (2%) was added for 

solid growth if needed (Lurias & Delbrock, 1943).  

5.2.1.4 Nutrient-rich culture medium (SOC) 

SOC medium was made with the following reagents: yeast extract (0.5%), tryptone 

powder (2%), glucose (20 mM), sodium chloride (10 mM), potassium chloride (2.5 mM) and 

magnesium chloride (10 mM).  

5.2.2  Preparation of buffers and solutions 

5.2.2.1 Ammonium persulfate solution (APS) (10%) 

For SDS-PAGE electrophoresis, a fresh 10% APS solution was required and made by 

dissolving APS crystals into distilled water. 

5.2.2.2 Acrylamide solution (30%) 

A 30% acrylamide solution was prepared by mixing 29% acrylamide with 1% N, N’ 

methylene-bisacrylamide in distilled water. The solution was filtered through Whatman filter 

paper (0.5 mm) and stored in an amber bottle at 4°C.  

5.2.2.3 Bovine serum albumin (10%) solution for blocking nitrocellulose membranes 

A BSA solution (10%) was made by dissolving BSA crystals (5 g) into 50 ml 1 x TBST 

buffer (Section 2.4.24) and stored at 4°C. 

5.2.2.4  CTAB buffer 

CTAB buffer was prepared by dissolving hexadecyltrimethylammonium bromide (2%) 

and polyvinylpyrrolidene (1%) in distilled water with Tris-HCl (100 mM, pH 8.0), EDTA (20 

mM, pH 8.0) and sodium chloride (1.4 M).  

5.2.2.5 Coomassie blue dye 

Brilliant blue R-250 (0.125%) was dissolved in distilled water with methanol (50%) 

and acetic acid (10%).  
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5.2.2.6 Destain solution 1 

Destain solution 1 was made by diluting methanol (50%) and acetic acid (10%) in 

distilled water. 

5.2.2.7  Destain solution 2 

Destain solution 2 was prepared by diluting methanol (5%) and acetic acid (7%) in 

distilled water. 

5.2.2.8  Dithiothreitol (DTT) stock solution 

DTT powder was dissolved into distilled water to a final concentration of 1 M. This 

solution was made fresh before use.  

5.2.2.9  Extraction buffer 

For DNA isolations, extraction buffer was made by combining Tris-HCl (200 mM, pH 

8.0), EDTA (25 mM, pH 8.0) and sodium chloride (200 mM) with 0.2% SDS in distilled water. 

5.2.2.10 Equilibration buffer for protein purification 

Equilibration buffer consisted of imidazole (20 mM), sodium chloride (0.5 M), Tris (20 

mM) and β-mercaptoethanol (1 mM).  

5.2.2.11 Elution buffer for protein isolation from Ni-NTA columns 

To a 1X PBS solution, an imidazole concentration gradient (20, 40, 60, 80, 100, 120, 

150, 180 and 250 mM) was added together with 20% glycerol for storage at -20°C.  

5.2.2.12  IAA buffer  

Fresh IAA buffer was made before use by dissolving iodoacetamide (75 mM) in 

distilled water with Tris-HCl (100 mM, pH 8.0) and 1% SDS. 

5.2.2.13  Isopropyl ß-D-1-thiogalactopyranoside (IPTG) stock solution 

An IPTG stock solution (100 mM) was prepared by dissolving IPTG powder in distilled 

water, which was then filter sterilised (0.2 µm filter), aliquoted and stored at -20°C. 

5.2.2.14 Kanamycin stock solution 

A kanamycin stock (50 mg/ml) was made by dissolving kanamycin sulphate into 

distilled water which was filtered sterilised (0.2 µm filter) and stored at 4°C. 
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5.2.2.15  Loading buffer for DNA electrophoresis 

Bromophenol blue (0.25%) was dissolved in distilled water with 30% glycerol, 

aliquoted and stored at -20°C. 

5.2.2.16  3-(N-morpholino) propanesulfonic acid (MOPS) buffer for RNA electrophoresis 

A 10X MOPS buffer solution was prepared by dissolving MOPS free acid (0.2 M), 

sodium acetate (0.05 M) and EDTA (0.01 M) in distilled water and adjusting the pH to 7.0. A 

1X MOPS buffer was prepared by diluting 100 ml of 10X buffer into 900 ml of distilled water. 

5.2.2.17  Phosphate buffered saline (PBS) 

A 10 X PBS solution was prepared by dissolving sodium chloride (1.37 M), potassium 

chloride (27 mM), disodium phosphate (100 mM) and potassium dihydrogen phosphate (18 

mM) in distilled water. 

5.2.2.18  TE buffer 

TE buffer was prepared by combining Tris-HCl (1 M) and EDTA (0.5 M) in distilled 

water and adjusting the pH to 8.0. 

5.2.2.19  TAE buffer for DNA electrophoresis 

A 50 X TAE buffer was prepared by dissolving Tris (2M) and EDTA (50 mM) in 

distilled water in combination with glacial acetic acid (1 M). The pH was then adjusted to 8.0. 

A 1X TAE solution was prepared by adding 10 ml of the 50X TAE to 990 ml of distilled water. 

5.2.2.20  Tris lower buffer (SDS-PAGE resolving) 

A resolving Tris buffer was prepared by dissolving Tris (3 M) in distilled water and 

adjusting the pH to 8.8 with the subsequent addition of SDS (0.8%). 

5.2.2.21  Tris upper buffer (SDS-PAGE stacking) 

The stacking Tris buffer consisted of Tris-HCl (0.5 M) adjusted to pH 6.8 with SDS 

(0.4%) 

5.2.2.22 Transfer buffer 

Transfer buffer was made by dissolving Tris (25 mM) and glycine (200 mM) in distilled 

water with methanol (10%) and SDS (0.8%).  
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5.2.2.23  Tris-buffered saline (TBS) 

A 10X TBS solution was prepared by dissolving Tris (200 mM) with sodium chloride 

(1.5 M) in distilled water and adjusting the pH to 7.6. 

5.2.2.24  Tris-buffered saline with Tween (TBST) 

A TBST solution was prepared by diluting 100 ml of 10X TBS into 899 ml distilled 

water with 1 ml of Tween 20. 

5.2.2.25  SDS loading dye (non-reducing) 

A non-reducing SDS loading dye was prepared by dissolving bromophenol blue 

(0.005%), glycerol (10 %), and SDS (0.8 %) with Tris (500 mM) in distilled water and adjusting 

the pH to 6.7. The loading dye was stored at 4°C. 

5.2.2.26  SDS-PAGE electrophoresis buffer 

A 10X SDS-PAGE running buffer consisted of dissolving Tris (250 mM), glycine (192 

mM) and SDS (1%) in distilled water. A 1X SDS-PAGE running solution was prepared by 

diluting 100 ml of the 10X stock into 900 ml of distilled water. 

5.3  Methods 

5.3.1  Cultivation and general husbandry of S. pombe 

For long-term storage S. pombe strains (Table 5.1) were stored in 50% (v/v) glycerol at 

-80°C. Strains were then patched from the frozen stock onto YE5S plates and incubated at 30°C 

for three days.  S. pombe cells were streaked to yield single colonies which were then patched 

weekly onto fresh YE5S plates. Unless stated otherwise, all experiments were carried out in 

Edinburgh minimal medium (EMM) by inoculating 10 ml of medium with patched cells and 

grown overnight (180 rpm, 30°C). The optical density (OD595) of the overnight culture was 

measured by spectrometry and diluted to an OD595 of ~0.15 in fresh medium (Nurse, 2001; 

Petersen & Russell, 2022). 

5.3.2 Challenging S. pombe cells to oxidants 

For these experiments the protocol of Day et al (2012) was used to culture S. pombe 

cells to mid-log phase/OD~0.5 (50 ml) and the cells were exposed to 0.1–1 mM hydrogen 

peroxide. The culture (2 ml) was harvested at different time points over a 60–120-minute time 

course and added to ice-cold trichloroacetic acid (20%). Similarly, S. pombe cells were exposed 



85 

 

to 100 and 200 µM tert-butyl hydroperoxide (t-BOOH) and/or a combination of 70 and 100 

µM hydrogen peroxide. For pre-treatment experiments, S. pombe cells were inoculated to 

OD595~0.15 and cultured for 1 hr before the addition of 100 µM hydrogen peroxide. Then at 

OD595~0.5, an additional 500 µM hydrogen peroxide was added and 2 ml of cultured collected 

over a 120-minute time period (Quinn et al., 2002). The cells were pelleted (2 500 x g, 5 min, 

4°C) snap frozen in liquid nitrogen and stored at -80°C.  

5.3.3  Determining the doubling rate and cell number sensitivity of S. pombe to hydrogen 

peroxide 

S. pombe cells were cultured to an OD595 (0.4–0.5), and hydrogen peroxide ranging 

from 0.1-1 mM was added to the culture. OD595 readings were taken every 30 min for the first 

3 hrs, and then at 3-hr intervals thereafter (Peterson & Russell., 2022). The following formula 

(1) was used to calculate the doubling time: 

(1) µ =
ln (2)

𝑘
  where 𝑘 =  

ln (𝑂𝐷𝑇2− 𝑂𝐷𝑇1)

(𝑇2−𝑇1)
 

the final OD595 reading (ODT2) was subtracted from the initial OD595 reading (ODT1) 

and divided by the time elapsed (T2 and T1) (Petersen & Russell, 2022). The cell number was 

determined by taking 1 ml of cell culture, which was serially diluted 10 000-fold over in PBS 

[137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4] and 0.1 ml was then plated 

on EMM medium and incubated at 30°C until the formation of single colonies.  

5.3.4  Genomic DNA isolation 

S. pombe strains were cultured overnight in YE5S medium, and 1 ml of cells were 

harvested by pelleting (14 000 x g, 5 min, 21°C). The pellet was resuspended in extraction 

buffer (400 µL), and the cells were lysed by bead-beating (0.5 mm glass beads) at (13 000 x g, 

15 sec, 21°C), then placed on ice for 1 minute. This step was repeated. RNase A (10 µg/ml) 

was added to the lysate, which was incubated at 80°C for 2 min. CTAB buffer (400 µL) and 

chloroform: isoamyl alcohol (24:1) with 5% phenol was added to the lysate and mixed gently. 

The DNA containing the aqueous layer was separated by centrifugation (14 000 x g, 10 min, 

21°C) and transferred to a fresh microfuge tube containing ice-cold propan-2-ol (600 µl). The 

DNA was allowed to precipitate overnight at -20°C and then pelleted by centrifugation (13 000 

x g, 10 min, 4°C). The pellet was washed twice with 70% ethanol (500 µl), dried for 30 min, 

and resuspended in 50 µl of TE buffer (Kang et al., 1998). DNA purity and concentration were 

determined by spectrometry at (A260/A280 and A260/A230). The quality of DNA was assessed by 
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agarose gel electrophoresis (80 V, 1 hr) and visualised with ethidium bromide (5 µg/ml) under 

UV light.  

5.3.5  Collection of S. pombe samples for RNA isolation 

After exposure to hydrogen peroxide concentrations (0.1-1 mM) S. pombe cells (2 ml) 

were harvested and pelleted (500 x g, 3 min, 21°C), immediately frozen in liquid nitrogen and 

stored at –20°C. Total RNA was isolated using a YeaStarTM RNA kit. RNA purity and 

concentration was determined by spectrometry at (A260/A280 and A260/A230). The quality of 

RNA was assessed by denaturing 1% agarose electrophoresis (80 V, 1 hr) using 1X MOPS 

buffer (200 mM MOPS, 50 mM sodium acetate, 10 mM EDTA, 37% formaldehyde) and 

visualised with ethidium bromide (5 µg/ml).  

5.3.6  cDNA synthesis and qPCR of Pap1 regulated genes 

Isolated RNA was then converted to cDNA by a ProtoScript II first strand cDNA 

synthesis Kit using 1 µg of RNA template with an oligo d(T)23 primer mix. Quantification of 

cDNA was analysed by real-time qPCR on QuantstudioTM 5 real-time PCR system with a Luna 

universal qPCR master mix and the fold-change in expression was calculated using the ΔΔCt 

method (Rao et al., 2013; Bustin et al., 2009). The primers for RT-qPCR were designed using 

IDT software (https://eu.idtdna.com) to check for primer internal structures, annealing 

temperatures and gene product specificity. Primers used in this study are listed in Table 5.2 

where all primers used an annealing temperature of 60°C. The qPCR products were checked 

by agarose gel (2%) electrophoresis. 
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Table 5.2: List of primers used for RT-qPCR assay. 

 The annealing temperature for all primers was 60°C. 

Primer Sequence Expected product 

size (bp) 

ctt1 forward AGAAACCTGGACAGCAAGATAA 80 

ctt1 reverse GCGTTCACGTACAGGAGATATAG 

srx1 forward GACTACGTGCTCACGATGAA 86 

srx1 reverse CAGATACAGGCGTAGAGTGTTAG 

trr1 forward CCATACTGCAGCCATCTATCTC 91 

trr1 reverse CTGACCACCAGCAGCAATA 

atf1 forward GGTAAACCGCCTGTTGTAAATG 97 

atf1 reverse GAACCTGGGAGAGTAAGCATAAC 

gpd3 forward GTGTCATCATCTCTGCTCCTTC 105 

gpd3 reverse GCAAGAGGCGTTGGAGATAA 

act1 forward ACGTCGCTTTGGACTTTGA 109 

act1 reverse CGCTCGTTTCCGATAGTGATAA 

 

5.3.7  Protein isolation for Western blot analysis  

Total protein lysate was prepared according to the protocol of Day et al., (2014). Cell 

sample pellets were thawed on ice and resuspended in 10% TCA (200 µl), into screw-cap tubes 

and 0.5 mm glass beads (750 µl) was added. The cells were lysed by bead-beating for 15 

seconds, placed on ice for 1 minute, and the process was repeated. An additional 10% TCA 

(500 µl) was added and the tubes vortexed briefly. The lysate was separated from the beads by 

piercing the screw-cap tubes with a heated needle, and the tube was secured into a sterile 1.5 

ml tube. The screw-cap tube containing the beads and lysate was placed into a 1.5 ml tube and 

together were secured into a 50 ml Falcon tube and centrifuged (2 000 x g, 30 seconds, 21°C) 

to separate the lysate from the beads. The protein was pelleted by centrifugation (10 000 x g, 

10 min, 4°C), the supernatant was removed, and the pellet was washed three times with acetone. 

Pellets were air-dried and then resuspended in freshly prepared IAA buffer (1.4% 

iodoacetamide, 100 mM Tris-HCl, 1% SDS, pH 8.0) and incubated at 25°C for 20 min for 

alkylation. The samples were centrifuged (13 000 x g, 3 min, 21°C), and the supernatant was 

pipetted into a fresh microfuge tube. The protein concentration was measured using a Pierce 

BCA protein assay kit, following the manufacturer's instructions. The protein samples were 

treated with alkaline phosphatase (1 U/µl) for 1 hr at 37°C for Pap1 dephosphorylation. A total 
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of 30 µg of protein was loaded onto each gel lane across all western blotting experiments to 

ensure equal protein loading. 

5.3.8  SDS-PAGE electrophoresis 

For SDS-PAGE electrophoresis a resolving gel was prepared by combining 30% 

acrylamide, with Tris lower buffer, 10% APS and TEMED and a stacking gel was prepared 

with 30% acrylamide with Tris upper buffer, 10% APS and TEMED. Gels for Pap1 and Srx1 

separation were made to 8% and 15% (Table 5.3) respectively. 

Table 5.3: Preparation of resolving and stacking solution for an 8% and 15% SDS-PAGE 

gel. 

Reagent 

8% 15% 

Resolving (ml) 
Stacking 

(ml) 
Resolving (ml) Stacking (ml) 

30% acrylamide 4 0.65 8 0.65 

Tris lower buffer 3.75 - 4 - 

Tris upper buffer - 1.25 - 1.25 

Distilled water 7.25 3.05 3.7 3.05 

APS (10%) 0.1 0.05 0.16 0.05 

TEMED 0.03 0.001 0.016 0.001 

 

Protein samples were prepared by adding 4X SDS loading dye (10 µl) and boiled at 

100°C for 5 min cooled to 4°C before electrophoresis at (200 V, 45 min) in 1X SDS tank buffer. 

For a reduced Pap1 control, DTT (2 µl) was added to the samples and run on a separate gel 

under the same electrophoresis conditions.   

5.3.9  Protein transfer to nitrocellulose membrane 

After SDS-PAGE electrophoresis, the gel was placed underneath a nitrocellulose 

membrane (0.2 µm) and sandwiched between transfer stacks (Bio-Rad). The protein was 

allowed to transfer for 3 hrs (200 V) in an ice-cold transfer buffer with an icepack that was 

changed after 1.5 hrs to keep the buffer cold. Alternatively, a semi-dry transfer was also done 

according to the 30-minute standard protocol of Bio-Rad Trans-Blot Semi-Dry Transfer Cell. 

Transfer efficiency to nitrocellulose was checked by staining with Ponceau S (0.1%). 

Additionally, effective gel transfer was checked by staining the gel post-transfer with 

Coomassie blue (50 ml) overnight (21°C, overnight) followed by destaining with Destain 

solution 1 (50 ml) followed by Destain solution 2 (50 ml).  
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5.3.10  Optimising the primary-to-secondary antibody ratio for Pap1 antibodies. 

We developed a dot blot assay to ensure that Pap1 bands obtained from our assays were 

within the linear range of our imaging system. Three protein concentrations were dotted onto 

nitrocellulose membrane (0.2 µm) in the range of (20-40 µg). The membrane was then blocked 

with 10% BSA and incubated with anti-v5-pk antibodies (0.25-1 µg/ml) overnight at 4°C with 

gentle agitation. The membranes were washed with TBST four times and then incubated with 

an anti-mouse secondary antibody with dilutions ranging from 1:25 000–1:120 000. The blots 

were washed with TBST four times, developed using ECL substrate (Bio-Rad) and then imaged 

using the G-BOX Chemi-XR GeneSys imaging system. Densitometry (ImageJ) was used to 

quantify the blots which were then plotted to determine the linear detection range and oxidation 

pattern of Pap1 and Srx1 expression. 

5.3.11  Western blot development for Pap1 and Srx1 

Following protein transfer, the nitrocellulose membrane was blocked with 10% BSA 

(21°C, 30 min, 50 rpm) and then incubated overnight with primary anti-v5-pk antibodies (0.5 

µg/ml) (4°C, overnight, 50 rpm) for Pap1 and with anti-FLAG antibodies for Srx1. The 

membrane was washed with TBST four times with 5-minute incubations and then incubated 

with anti-mouse secondary antibody (1:20 000) (21°C, 1 h, 50 rpm). The membrane was 

washed with TSBT four times, incubated with ECL substrate (Bio-Rad) and imaged using the 

G-BOX Chemi-XR GeneSys imaging system.  

5.3.12  ImageJ analysis and signal quantification of redox western blots 

Using the ImageJ analysis software (https://imagej.nih.gov/ij), the band intensity of the 

reduced and oxidised bands was measured separately to give Pap1red and Pap1ox and then added 

together for Pap1total. To calculate the fractional Pap1 activation, Pap1ox was divided by 

Pap1total, which could be plotted against time (t) to generate dynamic signalling profiles. 

Alternatively, fractional Pap1 activation was determined by dividing Pap1 by DTT-reduced 

Pap1 by (total Pap1 protein). From these profiles, the area under the curve (Xi), and the 

signalling parameters could be calculated. Signalling time (τ), duration (θ) and amplitude (Si) 

were calculated as described by relevant equations described in chapter 2. 
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5.3.13  Computational and statistical methods 

 

All computational analyses and t-tests were carried out in Python 

(https://www.python.org/) using Jupyter notebooks with SciPy (https://scipy.org), Pandas 

(https://pandas.pydata.org),  and matplotlib (https://matplotlib.org/). The relevant code, raw 

data files can be found on GitHub (https://github.com/djl94/Chapter5_supp.git). The S. pombe 

transcriptomic datasets from (Chen et al., 2008) was represented by heatmaps using python 

seaborn packages. RT-qPCR primers were designed using IDT primer design software 

(https://eu.idtdna.com). Figure images were generated in Biorender 

(https://www.biorender.com/). 

5.3.14  Competent cell preparation of E. coli BL21 cells for transformation with Pap1-

pET28a(+) 

E. coli BL21 cells were inoculated overnight into LB medium (200 rpm, 37°C) and an 

aliquot of these cells was diluted into fresh medium to an OD600~0.1 and allowed to grow until 

OD600~0.4 (150 rpm, 37°C). The cells were placed on ice for 10 min pelleted, (4 500 x g, 10 

min, 4°C) and the pellet was resuspended in 10 ml ice-cold calcium chloride (0.1 M) and 

subsequently centrifuged (4 500 x g, 10 min, 4°C). The pellet was resuspended in 2 ml of ice-

cold calcium chloride and left of ice for at least 30 min before transformation with Pap1-

pET28a(+).  

The Pap1-pET28a(+) clones were made to 0.04 µg/µl in distilled water. Competent 

cells (20 µl) were combined with pET28a clones (2.5 µl) to a final concentration of 100 ng 

plasmid DNA and incubated on ice (30 min, 4°C). The mixture was heat shocked (42°C, 90 

seconds) and quickly cooled on ice (4°C, 2 min). Pre-warmed SOC medium (80 µl) was added 

to the transformation mixture and the mixture was incubated (37°C, 1 h, 150 rpm). The 

transformation mixture (50 µl) was spread plated onto LB plates containing kanamycin (50 

µg/ml) and grown until the formation of single colonies at 37°C. A single colony was selected 

and cultured in LB medium containing kanamycin (50 µg/ml) (37°C, 200 rpm, overnight) and 

1 ml samples were collected to make 15% glycerol stock solutions for long-term storage at -

80°C. As controls, the viability of competent cells was checked by plating onto LB agar without 

kanamycin, and the activity of kanamycin was checked by plating competent cells without the 

plasmid on kanamycin plates. Plasmid DNA was isolated using a GeneJET Plasmid Miniprep 

Kit (ThermoFisher) and the Pap1 insert was amplified using T7 promoter sequencing primers. 
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5.3.15  Expression of Pap1 in E. coli BL21 cells 

E. coli cells containing Pap1-pET28a(+) were cultured in LB medium (37°C, overnight, 

200 rpm) with kanamycin (50 µg/ml) from a single colony on an LB agar plate. The following 

morning the cells were pelleted (1 500 x g, 5 min, 21°C) and resuspended in LB medium (50 

ml) and grown (37°C, 1 h, 150 rpm) before the addition of IPTG (0.5 M) to begin protein 

induction. The cells were then pelleted (12 000 x g, 10 min, 4°C) and stored at –20°C for further 

use. Samples at 1 h intervals were taken to determine the optimum induction time for Pap1. 

5.3.16  Nickle affinity purification 

After induction the pellets were resuspended in 10 volumes of cold 1X PBS with 

AEBSF (0.2 mM) and PMSF (1 mM). The cells were sonicated for 1 minute with 30 second 

intervals on ice using a VirSonic 60 Ultrasonic Cell Disrupter (8 W) and this was repeated five 

times. The cell suspension was centrifuged (12 000 x g, 10 min, 4°C) and the supernatant 

transferred to a prepared Ni-NTA purification column (Bio-Rad).  

The Ni-NTA column was loaded with Ni-NTA resin (2 ml) and equilibration buffer 

(section 5.2.2.10) and allowed to flow-through the column. The crude cell suspension was 

incubated on the column overnight at 4°C on a Revolver TM 360 sample mixer. The unbound 

faction was collected as flow-through, and the column was washed with two columns (3 ml) 

of 1X PBS buffer. To determine the optimal concentration of imidazole required to elute Pap1, 

the column was washed with a concentration gradient of imidazole ranging from 20 mM to 250 

mM. Samples of (1 ml) were collected and analysed on SDS-PAGE to visualise the elution of 

Pap1. The resin was cleaned with 0.5 M sodium hydroxide (30 min, 21°C), and stored in 30% 

ethanol (2 ml) at 4°C. 

5.3.17  Protein concentration and buffer exchange 

The pooled Pap1 samples were buffer exchanged into PBS using dialysis tubing to 

remove imidazole and concentrated using PEG 20 000. The concentration of purified Pap1 

protein was determined using a BCA assay with a standard curve generated using bovine serum 

albumin (BSA) in PBS buffer. 
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5.3.18  Preparation of native Pap1 antibodies 

5.3.18.1 Chicken immunization 

Two hens were immunised with purified Pap1 protein (50 µg/ml, 1 ml) mixed with an 

equal volume of Freund’s complete adjuvant and received booster shots with Freund's 

incomplete adjuvant at 2, 4, and 6 weeks. Eggs were collected from the hens before 

immunisation and for 16 weeks after the first immunisation and stored at 4°C. Ethics 

permission was obtained from the UKZN animal ethics committee (ethics number: 

037/15/Animal). 

5.3.18.2  IgY isolation 

Isolation of IgY from the egg yolks was carried out according to Goldring and Coetzer 

(2003). In brief, the egg yolk was rinsed under gentle running water to remove albumin, and 

the yolk sac was punctured to collect the yolk in a measuring cylinder. Two volumes of 1X 

PBS buffer with 0.002% sodium azide were added and mixed thoroughly. The solution was 

transferred to a glass beaker, and PEG 6 000 (3.5%) was added until completely dissolved. The 

solution was filtered through Whatman filter paper (0.5 mm) into a fresh measuring cylinder 

and transferred to a clean glass beaker. Additional PEG 6 000 (12%) was added, dissolved, and 

centrifuged (12 000 x g, 10 min, 21°C). The pellet was resuspended in the initial yolk volume 

with 1X PBS, and PEG 6 000 (12%) was added, dissolved, and centrifuged (12 000 x g, 10 

min, 21°C). The pellet was resuspended in 1/6 of the yolk volume in 1X PBS containing 0.1% 

sodium azide. Isolated IgY was stored at 4°C. 

5.3.19  Purification of polyclonal anti-Pap1 antibodies 

Before the isolation of polyclonal antibodies, purified Pap1 protein (5 mg) was coupled 

to an AminoLinkTM column (ThermoFisher) according to manufactures instructions. The 

column was then washed with 6 volumes of 1X PBS buffer. Next, the isolated IgY was diluted 

with an equal volume of 1X PBS and circulated over the prepared column (overnight, 21°C). 

The crude IgY was removed, and the column washed with 10 volumes of 1X PBS and the 

bound IgY, specific to Pap1, was eluted by lowering the pH to 3.0 and collected as 950 µl 

fractions in microfuge tubes containing neutralisation buffer (1M Tris-HCl, pH 9.0). The 

concentration of IgY was determined at A280 and calculated according to the IgY extinction 

coefficient (Ɛ280nm
1 mg/ml

 = 1.25) (Goldring & Coetzer., 2003).   
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5.4 Results 

5.4.1  The growth rate and CFU/ml of S. pombe cells are altered following treatment with 

hydrogen peroxide. 

At low hydrogen peroxide concentrations (<200 µM) the Pap1 activation/deactivation 

cycle is complete in 60 min; therefore, most studies use this time course (Nakamura et al., 

2005; Toone et al., 1998). However, few studies track the full oxidation cycle of Pap1 at higher 

doses of hydrogen peroxide (Domènech et al., 2018). In our pilot experiments, we observed 

that Pap1 oxidation was complete by 60 min when the cells were exposed to low concentrations 

of hydrogen peroxide but sustained for longer in cells exposed to higher concentrations of 

hydrogen peroxide. However, tracking Pap1 oxidation beyond 60 min may have introduced a 

confounding factor because S. pombe cells have a doubling time of 2 hrs in rich medium and 3 

hrs in minimal medium.  

To determine the doubling time of S. pombe cells we obtained growth curve profiles 

following hydrogen peroxide treatment in the range of 0.1-1 mM (Figure 5.2A). Our results 

showed that adding 100 and 200 µM hydrogen peroxide did significantly increase the doubling 

time of S. pombe cells, making a time course longer than 60 min unsuitable for analysis at 

lower hydrogen peroxide concentrations (Figure 5.2B). However, exposing the cells to higher 

concentrations (500 µM and 1000 µM) significantly increased the doubling time to over 7 hrs 

compared to 3 hrs in untreated cells (Figure 5.2B). Therefore, a two-hr tracking period was 

well within the doubling time of S. pombe cells and was suitable for tracking Pap1 oxidation. 

We also tested whether there was a significant increase in colony-forming units (CFU/ml) 

within two hrs after hydrogen peroxide treatment, but the cell number only substantially 

increased after 5 hrs (Figure 5.2), and it was within the normal range of 1-5 x 107 cells. 
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Figure 5.2: The growth curves, doubling time and survival of S. pombe cells after bolus 

addition of hydrogen peroxide (0.1-1 mM).  

The log increase in OD595 of S. pombe cells after adding bolus concentrations of hydrogen 

peroxide was determined over 52 hrs in minimal medium (A) (n=3). The doubling times of the 

cells were then calculated and compared to the untreated cells (B). The effect of hydrogen 

peroxide on the doubling time was assessed using a two-tailed t-test with statistical significance 

denoted as *p<0.01, **p<0.001, ***p<0.0001 (n=3). Cells were treated with 0, 100 (C), 200 

(D), 500 (E) or 1000 (F) μM hydrogen peroxide and the CFU/ml was determined by collecting 

cell samples every hour over a five hour period and plating onto YE5S medium. The 

independent replications for each experiment is shown on the plots for the 100 (blue lines), 200 

(green lines), 500 (yellow lines) and 1000 (red lines) μM hydrogen treatments together with 

the no-hydrogen peroxide control (black lines). 

5.4.2 Optimisation of western blotting technique for redox quantification 

Previous studies have shown that inappropriate quantification can skew western blot 

analysis (Mishra et al., 2017; Pillai-Kastoori et al., 2020). However, there were several ways 

in which we attempted to overcome these limitations. First, ensuring that equal protein 

concentrations were loaded in each lane across all blots gave us confidence that we were 

comparing the same protein levels across our experiments (standard curve Figure S.24). 

Second, we adjusted the primary antibody and secondary antibody combinations was as well 

as at different protein quantities to determine the linear detection range for the assay. The linear 
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range of S. pombe protein lysate detection was determined by densitometric analysis of dot 

blots (Figure 5.3A-E) with 20-30 µg/ml of total protein visualised with a primary antibody 

concentration of 0.5-0.75 µg/ml to a secondary antibody dilution of 1:50, 000-1:80, 000 (Figure 

5.3F-J). We selected 30 µg/ml of total protein for our experiments, 0.5 µg/ml primary pk 

antibody and a 1:50 000 dilution of secondary antibody. 

 

Figure 5.3: Enhancing the α-pk antibody to secondary antibody against S. pombe strain 

SB3 cell lysate to determine the linear detection range for western blotting experiments.  

Protein lysate (20-40 µg/ml) was dotted onto nitrocellulose membrane and incubated with 

various concentrations of (1°) α-pk antibody (0.25-1 µg/ml) against several dilutions of 

secondary (2°) anti-mouse IgG peroxidase antibody (1:25 000-1:120 000). The blots were 

visualized using ECL on a G-BOX Chemi-XR5 GeneSys imaging system (A-E). Densitometry 

was used to quantify the blots to determine the linear range of protein detection (F-J).  

5.4.3 Analytical and practical considerations for signal parameter quantification 

The signalling parameters of amplitude, time and duration were calculated from 

Western blotting data. Specific equations used for these calculations are detailed in the 

introduction of (Chapter 2.2). The signalling parameters offer insights into the characteristics 

of signal profiles and are elaborated in the introductions of Chapter 2.2, with additional 

information available in Supplementary Figure S.1. (Heinrich et al., 2002; Pillay et al., 2016). 
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We previously outlined experimental optimisations for our western blots including 

protein loading optimisation and primary to secondary antibody ratio optimisations (section 

5.4.2). In addition to these considerations, several analytical factors were considered to 

effectively generate signalling profiles from western blotting data. First, while dynamic 

datasets have been published, we aimed to assess whether signalling parameters could be 

influenced by experiments that lacked careful optimisation. Second, in cases where blots were 

saturated, we examined whether this saturation effect would impact signal quantification. 

Third, various methods for data normalization, including the use of a total protein control or a 

DTT-reduced control, were also explored in this section.  

To evaluate the benefits of optimising these parameters on Pap1 signal quantification, 

we compared the optimised conditions to detect Pap1 with a preliminary Pap1 oxidation 

dataset. This initial dataset lacked optimisation for consistent protein concentrations across the 

experiments, as well as for primary and secondary antibody concentrations and combinations. 

Our findings revealed significant differences in most of the signalling parameters between the 

two datasets. Specifically, the non-optimized dataset tended to overestimate signal amplitude 

(Figure 5.4A), while signal time and duration were underestimated compared to the optimised 

dataset (Figure 5.4B-C). These results show that optimising western blots for signal 

quantification processes does yield significant differences to the signalling parameters and 

these experimental conditions should be considered before quantifying redox signalling 

profiles.  
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Figure 5.4: Effect of western blot optimisation on signalling parameters.  

Fission yeast cells were exposed to 0.1-1 mM hydrogen peroxide stress and protein extracted. 

The same amount of protein loaded onto each gel (30 µg) using our optimized assay conditions 

(black) (0.5 µg/ml primary pk antibody and a 1:50 000 dilution of secondary antibody). The 

signalling amplitude, time and durations were calculated and compared to the fractional Pap1 

oxidation of western blots that were not optimised for these conditions (red) (A-C). A two-tailed 

t-test was used to compare these effects, and the data represents the mean of three independent 

replicates. 

 

Next, we investigated whether saturation of the Pap1 bands on the western blots had an 

impact on the signalling parameters. To determine this the blotting images were contrasted to 

display the maximum pixilation on ImageJ. The signalling profiles across the hydrogen 

peroxide range (0.1-1 mM) revealed a similar pattern for the oversaturated to optimised western 

blots for Pap1 oxidation (Figure 5.5A-D). However, saturation does appear to reduce the 

amount of signal detection as the average area under the curve was less than the optimised 

version of the analysis. We found that for the majority of the signalling parameters analysed, 

there were no significant differences observed between the saturated and non-saturated version 

of analysis (Figure 5.6A-C). Apart from a significant difference in signal amplitude after the 
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addition of 100 µM hydrogen peroxide. This suggests that published data that appear to be 

saturated can still be used for signal quantification. 

 

 

Figure 5.5: Comparing the effect of optimised assay conditions of Pap1 to oversaturated 

Pap1 data on dynamic signal profiles.  

Western blotting experiments were optimised for protein concentration, primary to secondary 

ratios and detection in the linear range (black). These same blots were oversaturated (red), 

removing the linear range of detection, and plotted together with optimised profiles for Pap1 

oxidation after exposure to 100-1000 µM hydrogen peroxide (n=3). 
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Figure 5.6:  Comparison of signal parameters for Pap1 dynamics for optimised blotting 

experiments to saturated western blots.  

The signalling profiles for Pap1 oxidation were quantified for signal amplitude, time and 

duration from western blotting experiments that were in the linear detection range of ImageJ 

software. These blots were saturated (red) out of the dynamic detection range, and the 

signalling parameters of Pap1 oxidation were calculated and statistically compared to 

unsaturated blots (black) using t-tests (n=3). 

 

There are several methods to determine the fractional Pap1 oxidation and in our 

analysis, we assessed three different approaches. First, the reduced and oxidised bands of Pap1 

were added to obtain ‘Pap1 total’ from which the fractional oxidation was calculated as the 

ratio of Pap1 oxidised divided by the total. The second approach was to divide oxidised Pap1 

over a DTT-reduced Pap1 band. This method takes into consideration any molecular complexes 

formed with Pap1. However, the saturation point (upper limit of the linear detection range) for 

one reduced band would be reached sooner. The third option was to calculate the ratio of Pap1 

oxidised protein to the total protein content in each sample lane. However, the ratio of oxidised 

Pap1 across the whole proteome was expected to be a small value in comparison to the other 

two methods. Therefore, we represented the total protein profiles on different axis compared 

to Pap1 total and DTT control methods. We evaluated these approaches to determine the best 

analysis technique for quantifying Pap1 signalling profiles. 

The signalling profiles at lower hydrogen peroxide treatments (<200 µM) showed 

similar patterns across all three methods (Figure 5.8A-B) indeed when correlated the r2 values 

are >0.9 (Figure S.9A-F). At higher hydrogen peroxide concentrations, different oxidation 

patterns emerged based on the chosen approach. In both the DTT and total protein control, a 

second oxidation peak was observed around 100 min after hydrogen peroxide exposure. 

Surprisingly, a peak greater than one was observed suggesting that the amount of reduced Pap1 

was greater than the total concentration of Pap1 (Figure 5.7C-D). Additionally, the correlation 

between the three methods was lost at higher concentrations with r2
 <0.6 suggesting that the 

Pap1 ratio method should be used at these concentrations (Figure S.25G-L). We next checked 

how the choice of each of these methods affected the signal parameters.  
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Figure 5.7: Comparative normalisation of fractional Pap1 oxidation against reduced 

Pap1 (DTT control) and total protein control.  

S. pombe cells were exposed to 100-1000 µM hydrogen peroxide and samples collected and 

processed using western blotting. Densitometric analysis was used to quantify oxidised Pap1. 

To determine the fractional Pap1 oxidation, oxidised Pap1 was divided against Pap1 total 

(black), Pap1 reduced (DTT control) (red) and total protein(A-D) (blue) (n=3). 

 

The signal amplitude showed significant differences between the methods used for Pap1 

quantification. Notably, the amplitudes for the DTT control was greater than the amplitudes 

for Pap1 total while the total protein amplitudes were significantly less compared to the other 

two normalisation methods (Figure 5.8A). Interestingly, no significant differences were 

observed among the different methods when calculating the signal time and duration 

suggesting that these two parameters are not affected the approach to obtain a Pap1 oxidation 

ratio (Figure 5.8C-D).  
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Figure 5.8: Determination of the signaling parameters for fractional Pap1 oxidation using 

different normalization methods.  

The signal amplitude, time and duration were calculated from the signal profiles of Pap1 

oxidation normalised against total Pap1, total reduced Pap1 (DTT control) and total protein 

controls. The parameters were statistically compared using two-tailed t-tests (n=3). 

 

In summary, there are several factors to consider when quantifying dynamic oxidation 

profiles. To accurately compare the different experiments equal protein concentrations 

optimised to the linear range of primary and secondary antibody concentrations must be used 

as this has a significant effect on the signalling parameters. However, computational analysis 

of the blotting data when saturated does not have a significant effect on signal parameter 

calculations and therefore, contrasting blots does not impact the overall analysis. Lastly, the 

use of normalisation methods to generate the Pap1 ratio only affects the signalling amplitude 

and not signal time and duration. However, given the suitability of analysis to these 

applications DTT and total protein control methods for Pap1 oxidation calculations are not 

recommended. 

5.4.4  Primer design and assessment for RT-qPCR experiments 

Genes for RT-qPCR were selected by analysing published transcriptomic data which 

revealed that 700 genes had at least a two-fold upregulation in expression after the bolus 

addition of 70 µM, 500 µM, and 6 mM hydrogen peroxide to S. pombe cells (Chen et al., 2008). 

For the qPCR experiments in this study (Chapter 2) we determined which genes were regulated 

by Pap1. Each category was represented as heatmaps (supplementary information) with the last 

6 columns showing gene induction in Δpap1 cells exposed to 70 µM and 500 µM hydrogen 

peroxide. We then selected genes that were downregulated more than 10-fold in the Δpap1 

cells and the change in expression over time was plotted in the following figures below. 

In addition, genes induced in these transcriptomic datasets were further analysed 

according to their Gene ontology function category (GO) on PomBase. The upregulated genes 

were found in the following GO categories: oxidoreductase activity, DNA regulation, 

ubiquitination, cell cycle regulation, mRNA processes, mitochondrial function, transmembrane 

transport, protein transport into the nucleus, signal transduction, autophagy, lipid regulation, 

iron regulation, vitamin biosynthesis, retrotransposons as well as genes with unknown function.   
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Oxidoreductases encompass a wide range of enzymes including, oxidases, peroxidases 

and dehydrogenases (Rustici et al., 2007). These enzymes catalyse various biochemical 

processes including detoxification and the metabolism of exogenous molecules, such as 

xenobiotics, ROS and metabolic byproducts (Rustici et al., 2007). The effect of hydrogen 

peroxide on the transcription of 105 oxidoreductase genes were combined into heatmaps 

(Figure S.28) and we observed that 70 µM hydrogen peroxide treatment reduced the overall 

oxidoreductase response when compared to a 500 µM hydrogen peroxide treatment. 

Interestingly, 6mM hydrogen peroxide treatment had lower induction in these genes compared 

to the 500 µM hydrogen peroxide dose. 

In total, 28 genes associated to oxidoreductase activity were found to be Pap1 regulated 

and were zym1, yhb1, osr1, adh8, dhd1, atd3, zta1, orb1, plr1, ctt1, srx1, gst2, SPAPB1A11.03, 

SPBC2A9.02, SPAPB24D3.08C, SPCC1739.08C, SPBC23G7.10C, SPCC6630.08C, 

SPAC1F8.04C, SPCC24B10.20. Of these genes zym1 and adh8 has a fold increase over 60 

when S. pombe cells were exposed to 500 µM hydrogen peroxide (Figure 5.9). Additionally, 

ctt1 and srx1 had a 30-fold increase in expression and trr1 increased 15-fold in expression after 

exposure to 500 µM hydrogen peroxide (Figure 5.10), and therefore these three genes were 

selected for our RT-qPCR assay. Catalase (ctt1), sulfiredoxin (srx1) and thioredoxin reductase 

(trr1) have been independently shown to be regulated by Pap1 (Nakagawa et al., 2000; Calvo 

et al., 2012).  
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Figure 5.9: Pap1- regulated genes associated with oxidoreductase activity. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) hydrogen peroxide were obtained from Chen et al., 2008. In total 104 

of genes linked to oxidoreductase activity displayed at least a two-fold increase in expression 

when compared to untreated samples. To determine which subset of genes was Pap1-regulated, 

the expression linked ΔPap1 was also plotted after exposure to 70 µM hydrogen peroxide (light 

blue) and 500 µM hydrogen peroxide (dark blue) resulting in 28 genes.  

The next subset of genes considered were genes associated with DNA regulation and 

repair and include the following functions: chromatin remodelling, repairing double or single 

stranded DNA breaks, amino acid mispairing, DNA loop binding as well as the repressing or 

activation of transcription of genes hubs and, includes histone methylation or demethylation. 
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The relative changes in expression for this gene category was observed on heatmaps 

(Figure S.28:) for 55 genes; it should be noted that DNA damage-response protein (Ddr48) had 

a large increase in expression from 0.9 to 96 after 30 min of exposure to 500 µM hydrogen 

peroxide. Furthermore, in the Δpap1 mutant strain this gene showed an expression of 182-fold 

when compared to 82-fold in the wildtype and was removed from the analysis as it skewed the 

dataset. 

The general trend showed that at 70 µM hydrogen peroxide there is no significant 

increase in expression for these genes and expression only begins to increase substantially after 

exposure to 500 µM and 6 mM hydrogen peroxide (Figure S.28:). Furthermore, this is also 

exemplified in the Δpap1 mutant after exposure to 500 µM hydrogen peroxide. However, no 

genes were found to be significantly downregulated in the Δpap1 cells. Despite this, oxs1 has 

been showed to be regulated by Pap1 in other studies and does show a small reduction in 

expression (Figure 5.10) (Chen et al., 2018). Additionally, oxs1 in turn has been shown to 

regulate a host of other genes including gal10, gut5, hsp90, pho842, sro1, ssa2, wis2, 

SPBC1347.14c and SPBC36.02c. Another gene, prr1, which also plays a role in transcriptional 

regulation, did not show a significant upregulation when exposed to hydrogen peroxide but is 

known to be regulated by Pap1(Figure 5.10) (Ohmiya et al., 200). 

 

 

Figure 5.10: Pap1- regulated genes associated with DNA repair and regulation. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. In total 55 of the genes linked 
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to DNA repair and regulation displayed at least a two-fold increase in expression when 

compared to untreated samples. To determine which subset of genes was Pap1-regulated, the 

expression linked ΔPap1 was also plotted after exposure to 70 µM hydrogen peroxide (light 

blue) and 500 µM hydrogen peroxide (dark blue) resulting in two genes regulated by Pap1. 

 

This next subset of 38 genes primarily regulates mRNA, including splicing regulation, 

metabolic activities related to mRNA, and both negative and positive regulation of nuclear-

transcribed mRNA (Heatmap as Figure S29). The collective response within this subset of 

genes did not exhibit a significant upregulation at 70 µM hydrogen peroxide. However, an 

overall increase in expression was noted after exposure to 500 µM and 6 mM hydrogen 

peroxide. (Figure S11). Notably, only the genes puf5 and dpb2 appear to be Pap1 regulated as 

there is a decrease in transcription within a pap1 mutant cell after exposure to hydrogen 

peroxide.  

 

Figure 5.11: Pap1- regulated genes associated with mRNA regulation. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. In total 38 of the genes linked 

to mRNA regulation displayed at least a two-fold increase in expression when compared to 

untreated samples. To determine which subset of genes was Pap1-regulated, the expression 

linked ΔPap1 was also plotted after exposure to 70 µM hydrogen peroxide (light blue) and 500 

µM hydrogen peroxide (dark blue) resulting in two genes regulated by Pap1. 

The gene subset involved in signal transduction is linked to diverse kinase signalling 

pathways with a moderate increase in induction after the addition of 70 µM hydrogen peroxide 

but substantial increases in expression of these genes was found for exposure at 500 µM and 
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6 mM hydrogen peroxide (Figure S.30). Interestingly, pyp2 exerts a unique role by directly 

inhibiting Sty1 which is key in the negative regulation of the stress-activated protein kinase 

signalling cascade. The Sty1 pathway is activated once the Pap1 pathway encounters elevated 

hydrogen peroxide concentrations. Of the 95 genes associated with signal transduction four 

exhibited a downregulation in a Δpap1 strain delete and were SPAC1039.02, hsp90, ssa2, and 

wis2 are associated to Pap1 but also undergoes regulation by oxs1 (Figure 5.12).  

 

 

Figure 5.12: Pap1- regulated genes associated with signal transduction. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. In total 95 of the genes linked 

to signal transduction displayed at least a two-fold increase in expression when compared to 

untreated samples. To determine which subset of genes was Pap1-regulated, the expression 

linked ΔPap1 was also plotted after exposure to 70 µM hydrogen peroxide (light blue) and 500 

µM hydrogen peroxide (dark blue) resulting in four genes regulated by Pap1. 

 

The next subset of genes analysed were genes associated with cell cycle regulation. In 

total there were 78 genes associated with cell cycle regulation that showed a two-fold increase 

in expression after exposure to hydrogen peroxide. The increase was primarily at the lower 

hydrogen peroxide concentration (70 µM) whereas at higher concentrations we noticed these 

genes were in-fact downregulated (Heatmap Figure S. 31). However, three genes that showed 

at least a two fold increase in expression and were regulated by Pap1 viz. sro1, atf1 and cum1 

(Figure 5.13). 
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Figure 5.13: Pap1- regulated genes associated with cell cycle regulation. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. In total 78 of the genes linked 

to cell cycle regulation displayed at least a two-fold increase in expression when compared to 

untreated samples. To determine which subset of genes was Pap1-regulated, the expression 

linked ΔPap1 was also plotted after exposure to 70 µM hydrogen peroxide (light blue) and 500 

µM hydrogen peroxide (dark blue) resulting in three genes regulated by Pap1. 

 

The genes associated with vitamin biosynthesis are important for cell growth, 

maintenance, and energy functions. Notably, the 28 genes associated with vitamin biosynthesis 

exhibited a substantial upregulation following exposure to 500 μM hydrogen peroxide. 

Notably, there was a general increase in expression at 70 μM hydrogen peroxide in comparison 

to 500 µM, with 6 mM hydrogen peroxide exposure showing the lowest expression among 
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these concentrations. (Heatmap Figure S. 32). Among these genes, rib4 and alr2 displayed 

downregulation in the Δpap1 cell and therefore may be Pap1 regulated (Figure 5.14). 

Figure 5.14: Pap1- regulated genes associated with vitamin biosynthesis. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. In total 28 of the genes linked 

to vitamin regulation displayed at least a two-fold increase in expression when compared to 

untreated samples. To determine which subset of genes was Pap1-regulated, the expression 

linked ΔPap1 was also plotted after exposure to 70 µM hydrogen peroxide (light blue) and 500 

µM hydrogen peroxide (dark blue) resulting in two genes regulated by Pap1. 

 

Transmembrane transport in the context of oxidative stress will transport antioxidant 

proteins and metabolites in or out of the cell or within cellular structures (Sies, 1997). In total 

there was 68 genes that showed a two-fold increase in expression with the highest increases 

observed after the addition of 500 µM hydrogen peroxide. The genes caf5, opt3, and osr2 

showed a decrease in expression in the absence of Pap1, suggesting a potential role for Pap1 

regulating some transmembrane transport activities (Figure 5.15). Additionally, other genes, 

bfr1, pho842, and SPBC36.02c (Figure 5.15) have been previously associated with Pap1 

regulation in various studies and were also included in this analysis (He et al., 2017; Toone et 

al., 1998).  
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Figure 5.15: Pap1- regulated genes associated with transmembrane transport. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. In total 68 of the genes linked 

to transmembrane transport displayed at least a two-fold increase in expression when 

compared to untreated samples. To determine which subset of genes was Pap1-regulated, the 

expression linked ΔPap1 was also plotted after exposure to 70 µM hydrogen peroxide (light 

blue) and 500 µM hydrogen peroxide (dark blue) resulting in seven genes regulated by Pap1. 

 

We also observed a small subset of genes that showed upregulation to proteins 

associated with transmembrane transport into the nucleus. Of these genes cut15, imp1 and crm1 

are linked to Pap1 regulation (Figure 5.16).  
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Figure 5.16: Pap1- regulated genes associated with protein transport into the nucleus. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. In total only three genes linked 

to protein transport into the nucleus displayed at least a two-fold increase in expression when 

compared to untreated samples. To determine which subset of genes was Pap1-regulated, the 

expression linked ΔPap1 was also plotted after exposure to 70 µM hydrogen peroxide (light 

blue) and 500 µM hydrogen peroxide (dark blue) resulting in three genes regulated by Pap1. 

Lipid regulation plays a pivotal role in maintaining cellular functionality and promoting 

growth. Within the 33 genes listed (Heatmap Figure S. 34), lsd90 exhibited a substantial 

increase in expression, from 0.9 to 123-fold after 60 min exposure to 500 µM hydrogen 

peroxide. Notably, in the Pap1 mutant, this upregulation intensified to 240. Despite its 

significant expression changes, lsd90 has not been previously associated with Pap1 regulation. 

In general, the majority of these genes did not display pronounced upregulation. Among 

them, pof14 is the only gene linked to Pap1 regulation, yet it did not exhibit a significant 

decrease in regulation in the Pap1 mutant (Figure 5.17). Pof14 is known for its involvement in 

protein binding with cul1, erg9, and skp1, all integral to lipid regulation (Tafforeau et al., 2006). 

Conversely, egt1, another gene associated with lipid regulation and linked to Pap1 regulation 

(Pluskal et al., 2014), did not demonstrate a two-fold increase in regulation and was excluded. 
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Figure 5.17: Pap1- regulated genes associated with lipid regulation. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. In total 33 of genes linked to 

lipid regulation displayed at least a two-fold increase in expression when compared to 

untreated samples. To determine which subset of genes was Pap1-regulated, the expression 

linked ΔPap1 was also plotted after exposure to 70 µM hydrogen peroxide (light blue) and 500 

µM hydrogen peroxide (dark blue) resulting in two genes regulated by Pap1. 

 

Iron is required for the activity of iron-dependent enzymes which are essential to the 

functioning of cellular metabolism (Guha et al., 2011). Interestingly, shu1 showed considerable 

upregulation from 0.9 to an 80-fold increase in expression when exposed to 500 µM hydrogen 

peroxide but was downregulated in a Δpap1 cell (Figure 5.18). 
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Figure 5.18: Pap1- regulated genes associated with iron regulation. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. The shu1 gene linked to iron 

regulation displayed at least a two-fold increase in expression when compared to untreated 

samples. To determine which subset of genes was Pap1-regulated, the expression linked ΔPap1 

was also plotted after exposure to 70 µM hydrogen peroxide (light blue) and 500 µM hydrogen 

peroxide (dark blue). 

 

Several genes exhibited both upregulation and downregulation in their expression 

levels. However, the functions of these genes remain unknown (Figure 5.19). Notably, a few 

genes demonstrated downregulation in the Pap1 mutant. 

 

 

Figure 5.19: Pap1- regulated genes associated with unknown functions. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. In total 65 of genes linked to 
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unknown functions displayed at least a two-fold increase in expression when compared to 

untreated samples. To determine which subset of genes was Pap1-regulated, the expression 

linked ΔPap1 was also plotted after exposure to 70 µM hydrogen peroxide (light blue) and 500 

µM hydrogen peroxide (dark blue) resulting in six genes regulated by Pap1. 

 

The last consideration before commencing with RT-qPCR analysis was to select 

relevant reference genes to be used as internal controls. To achieve this, no change in gene 

expression should be observed in S. pombe cells after exposure to hydrogen peroxide. In total 

8 genes were identified and this data in combination with published reference genes we selected 

gpd3 and act1 as reference genes to use in our study (Figure 5.20). 

 

Figure 5.20: Possible reference genes to use for RT-qPCR experiments. 

The dynamic mRNA transcript levels of S. pombe cells exposed to 70 µM (green), 500 µM 

(red), and 6 mM (black) were obtained from Chen et al., 2006. Genes that did not display any 

change in expression after exposure to all hydrogen peroxide concentrations (70 µM, 500 µM 

and 6mM) as well as no upregulation in the Δpap1 strain were evaluated for control genes for 
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further RT-qPCR assays these genes included gpd3, act1, cdc2, apl21, ura4, adh1, pgk1 and 

rmt1. 

 

There were several gene categories that had no genes regulated by Pap1 but displayed 

at least a two-fold increase in expression these included genes associated to ubiquitination, 

mitochondrial function, autophagy, retrotransposons and ribosome biogenesis. In most of these 

gene subsets there was substantial upregulation after the wildtype cells and Δpap1 cells were 

exposed to 500 µM hydrogen peroxide. The relevant heatmaps to this associated data can be 

found in the supplementary information (Figure S. 36, Figure S.37, Figure S.38, Figure S.39) 

Based on the Pap1-regulated genes identified, a RT-qPCR assay was designed, and 

qPCR primers were developed. To confirm the specificity of these primers, end-point PCR was 

performed using S. pombe genomic DNA as the template (Figure 5.21A). The resulting PCR 

products were visualised on an agarose gel and compared to the expected product sizes based 

on the DNA standard curve (Figure 5.21B). The analysis indicated that the PCR products were 

of the expected sizes (Table 5.2), showing that the primers were specific to the target genes 

and did not produce any non-specific products. Our no template controls were also clear. This 

step validated the use of the primers in subsequent RT-qPCR experiments. However, it is 

important to note that this validation was conducted on genomic DNA and not on cDNA, which 

means the possibility of non-specific amplification in the RT-qPCR reactions had not been 

ruled out. 

 

Figure 5.21:Assessment qPCR primer design for Pap1-reglated genes on S. pombe 

genomic DNA. 
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Genomic DNA from S. pombe cells (SB3) was chemically extracted, and the purity and quality 

of the DNA were assessed on a 1% agarose gel (A). The primers selected for qPCR 

amplification of ctt1, srx1, trr1, atf1, act1 and gpd3 were tested on genomic DNA to determine 

primer specificity, no template controls (NTC) (B). The products were assessed on a 2% 

agarose gel and sized (B). 

After isolating total RNA from S. pombe, the quality and integrity of the RNA was 

assessed by denaturing gel electrophoresis. Clear and distinct 28S and 18S ribosomal RNA 

bands were obtained, showing that the RNA was of good quality and suitable for downstream 

applications (Figure 5.22A). Next, cDNA was synthesised from the isolated RNA using reverse 

transcription. To ensure the effectiveness and specificity of the primers used in subsequent 

qPCR experiments, a test experiment was carried out using primers for the target genes ctt1, 

srx1, trr1, atf1, act1, and gpd3. The qPCR products were then analysed on an agarose gel, 

which confirmed the expected sizes of the amplicons, indicating the primers were specific and 

effective for amplifying the target genes (Figure 5.22B). Overall, these steps showed that 

isolated RNA was high quality and the specificity of the primers used in the subsequent RT-

qPCR experiments.  

 

Figure 5.22: Isolated RNA from S. pombe cells and RT-qPCR of Pap1-regulated genes. 

Total RNA was isolated, and the quality and purity were assessed on a 1% denaturing gel (A). 

cDNA was subsequently synthesised, and Pap1 target genes were amplified. The qPCR 

products were run on a 2% agarose gel (B) and the sizes were determined by the standard 
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curve (C). The products sizes were as follows, ctt1 (80 bp), srx1 (86 bp), trr1 (91 bp), atf1 (97 

bp), act1 (109 bp) and gpd3 (105 bp).  

5.4.5  Generation of native Pap1 antibodies 

Epitope tagging offers several advantages to visualising proteins through 

immunofluorescence. This approach avoids the need for protein-specific antibodies which can 

save time and costs as there are many commercially available antibodies (Fritze and Anderson., 

2000). Additionally, these tags often well engineered and generally highly specific as there is 

minimal cross-reactivity with other proteins. However, epitope tagging has been known to alter 

protein folding which can have impacts on the conclusions drawn from certain studies (Cao et 

al., 2017). In preliminary work and data shown by other groups, the introduction of a pk-tag to 

the Pap1 protein appears to affect the oxidation pattern of S. pombe cells exposed to hydrogen 

peroxide (Bozonet et al., 2005). One likely explanation is that the tag is preventing Pap1 from 

undergoing full oxidation in the presence of hydrogen peroxide this may further impact how 

we understand the dynamic responses of Pap1 to oxidative stress. To address this, we aimed to 

generate native Pap1 antibodies through chicken immunisation as there are no commercially 

available Pap1 antibodies.  

The Pap1 protein was expressed in E. coli BL21 cells over a 24-hr period using IPTG 

induction (Figure 5.23A). The expression of Pap1 protein remained stable throughout the 

induction period. Subsequently, a three-hr induction period was selected, and larger samples 

were collected and purified using nickel affinity columns. The Pap1 protein eluted from the 

column at an imidazole concentration of 100 mM. However, at this concentration, additional 

lower molecular weight proteins also eluted. However, we observed a single Pap1 band eluted 

at an imidazole concentration of 150 mM. This concentration was used for purifying the Pap1 

protein without the co-elution of contaminant bands. (Figure 5.23B). Unfortunately, the 

concentration of purified Pap1 protein was low and to overcome this limited protein yield we 

pooled samples together and concentrated Pap1 using PEG 20,000. We then assessed the 

concentrated protein on SDS-PAGE to ensure the quality of isolated Pap1 was maintained 

(Figure 5.23C). All protein concentrations were determined using a BSA standard curve 

(Figure S.23).   
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Figure 5.23: Optimal IPTG induction time for Pap1 expression, nickel affinity 

purification and concentration of Pap1 recombinant protein.   

E. coli BL21 cells containing a pap1 insert were induced with IPTG over 24 hrs (A). An 

imidazole gradient (20-250 mM) was used to elute Pap1 (B). Purified Pap1 was pooled and 

concentrated using PEG 20 000 and checked by SDS-PAGE electrophoresis for purity (C). 

To generate native Pap1 polyclonal antibodies, two hens (S1 and S2) were immunized 

with the purified Pap1 protein (Goldring & Coetzer, 2003). Total IgY was isolated from the 

egg yolks and stored at 4°C or further purified by AminoLink Coupling Resin to isolate 

polyclonal Pap1 antibodies (Figure 5.24A-B). The antibodies were obtained as different 

fractions eluted from the column. Preliminary tests were conducted to assess the antibodies' 

ability to detect Pap1 protein in a cell lysate or the purified Pap1 protein at two different 

dilutions, using four different antibody fractions. 

The results indicated that the polyclonal antibodies had a stronger signal against the cell 

lysate compared to the purified antibody (Figure 5.24A-B). This suggests potential non-
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specific binding, requiring further purification. Additionally, the antibodies would need 

validation through western blotting to confirm their specificity to Pap1. 

 

 

Figure 5.24:  Assessment of polyclonal Pap1 antibodies against S. pombe cell lysate and 

purified Pap1 protein samples.  

Native Pap1 antibodies were obtained by immunizing two hens (A-B). The cell lysate and 

purified Pap1 protein (rPap1) were diluted 1:2 and 1:10 and incubated with purified 

polyclonal Pap1 antibody fractions (F1, F3, F6, F8). The dot blots were visualized with HRP-

conjugated anti-chicken secondary antibodies to a 1:10 000 dilution and visualized with 

chemiluminescence.  
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5.5  Discussion 

In this chapter, we highlighted key experimental optimisations necessary for precise 

quantification of time-dependent redox signals. These optimisations involved determining the 

doubling rate of S. pombe cells for selecting an optimal sampling period, optimisation of 

western blotting protocols, ensuring robust quantification analysis of western blot data, 

exploring published transcriptomic data for insights into oxidative stress responses and how 

this is linked to signalling processes, and developing Pap1 polyclonal antibodies to better 

understand the oxidation pattern of Pap1. 

To accurately capture the time-dependent parameters of redox signals, it was essential 

to monitor the dynamics of transcription factor activation. However, due to the known doubling 

rate of S. pombe in EMM medium (~3 hrs) (Petersen & Russell, 2022), time-course 

experiments with bolus amounts of hydrogen peroxide typically do not extend beyond 60 min. 

To assess these effects, we exposed fission yeast cells to 0.1-1 mM hydrogen peroxide and 

tracked the doubling time until stationary phase (Figure 5.2). Intriguingly, we observed an 

increase in the overall doubling time with hydrogen peroxide exposure. Notably, the cell 

number remained consistent for the first three hrs and only increased during the subsequent 

five hrs (Figure 5.2).  

Previous studies in fission yeast have demonstrated that exposure to nitric oxide induces 

a stress response mechanistically linked to cell cycle stress (Guha Majumdar & Subramanian, 

2019). Additionally, Pap1 has been implicated in the nitrosative stress response therefore, it is 

likely that oxidative stress would induce a similar response, inhibiting cellular replication. 

Indeed, even low levels of oxidative stress in cultured cells have been shown to inhibit key 

checkpoints during the cell cycle (Crawford & Davies, 1994; Pomatto & Davies, 2017a). 

Antioxidant proteins detoxify the cell during oxidative stress, potentially stalling cellular 

division. To this end normal cellular function shifts during oxidative stress responses and 

consequently longer sampling periods could enhance our understanding of dynamic cellular 

stress responses. We applied this to our western blotting experiments and selected a 2-hr time 

course for higher (>500 µM) hydrogen peroxide concentrations. 
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Western blotting, a widely employed technique for protein detection and semi-

quantification (Rudyk & Eaton, 2014), comes with inherent limitations in terms of 

reproducibility, quantification, and specificity (Mishra et al., 2017). These challenges can be 

mitigated through careful optimization and the inclusion of appropriate controls (Rudyk & 

Eaton, 2014). In our study, to enhance reproducibility across experiments and biological 

replicates, we loaded 30 µg of total protein onto each gel lane, which was within the 

recommended range of 20-30 µg (Figure 5.3) (Mishra et al., 2017). Addressing challenges 

associated with quantifying protein levels on western blots, such as suboptimal primary-to-

secondary antibody ratios and non-linear fluorescence or chemifluorescence detection ranges 

(Rudyk & Eaton, 2014), we optimized the primary antibody concentration to 1 µg/ml and the 

secondary antibody dilution to 1:50,000, resulting in reliable Pap1 detection (Figure 5.3). 

One of our objectives was to assess the impact of these optimizations on signal 

quantification parameters. Our findings revealed that these optimizations significantly 

influenced signal quantification, emphasising the importance of considering such measures to 

obtain the most accurate dynamic signalling data (Figure 5.4, Figure 5.6). The importance of 

optimising western blotting was highlighted by a study using actin, a commonly found protein, 

where variations in densitometric values were observed between optimised and non-optimised 

western blots (Pillai-Kastoori et al., 2020). 

Another consideration was determining the optimal method for deriving the signalling 

profile from the reduced and oxidized bands in the western blots and their effect on signalling 

parameters. Three methods were evaluated: the first involved calculating the Pap1 ratio by 

dividing oxidised Pap1 by the sum of oxidised and reduced Pap1. The second method involved 

dividing the oxidised Pap1 band by DTT-reduced Pap1 to account for Pap1 complexes at 

different molecular weights (Figure 5.8) (Mishra et al., 2017). However, this method could lead 

to an overestimation due to the higher intensity of oxidised bands compared to fully reduced 

DTT bands. The third method was to divide the oxidized protein by the total protein, but this 

resulted in a numerically small value which is challenging to validate (Figure 5.8) (Mishra et 

al., 2017). While these normalization options are valid, the DTT control served better as a 

loading control alongside total protein. However, the DTT and total protein controls were 

suboptimal for quantifying dynamic signalling data particularly for higher hydrogen peroxide 

concentrations. 
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Improving the specificity of western blotting often involves using protein-specific 

antibodies (Edfors et al., 2018), which are currently not commercially available for Pap1. 

Consequently, we generated Pap1 antibodies through recombinant protein expression and 

chicken immunization, enabling us to detect Pap1 in S. pombe cell lysates and against purified 

Pap1 protein (Figure 5.24). However, these antibodies require further testing to assess whether 

the pk-tag has any impact on the oxidation pattern of Pap1. 

Oxidative stress response involves many cellular processes and can be observed as 

transcriptional changes (Chen et al., 2008). We conducted a transcriptomic analysis of S. pombe 

cells exposed to hydrogen peroxide and identified a coordinated response involving the 

upregulation and downregulation of more than 700 genes (Chen et al., 2008). This analysis 

provided insights into the overall dynamic stress response to hydrogen peroxide, offering 

starting points for exploring gene categories influenced in oxidative stress responses to varying 

doses of hydrogen peroxide (Figure 5.10-5.20). From this analysis we designed a RT-qPCR 

assay to determine if there was a link between the signalling profiles and gene expression.  

In conclusion, implementing time-dependent quantification of the Tpx1/Pap1 signal 

necessitated careful consideration of growth conditions and optimisation of the western 

blotting protocol for reliable data collection. For studies investigating the effects of high doses 

of stress-inducing agents, we propose extending the sampling times. Moreover, optimising 

western blotting assays has a substantial impact on signal quantification, particularly when 

utilising reducing and total protein controls to generate signal profiles. Lastly, our observations 

indicate that the overall effect of oxidative stress on the transcriptome is complex, involving 

many pathways, and subcategorising genes into functions aids in selecting relevant genes for 

further analysis to elucidate the relationship between signal parameters and gene expression.
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Chapter 6   

Final Discussion 

“When you can measure what you are speaking about, and express it in numbers, you know 

something about it; but when you cannot measure it, when you cannot express it in numbers, 

your knowledge is of a meagre and unsatisfactory kind” ~ Lord Calvin 

The discovery that oxygen generates harmful by-products known as reactive oxygen 

species (ROS) and their association with aerobic respiration laid the foundation for the field of 

redox biology (Halliwell & Gutteridge, 2015). The implication that ROS led to the formation 

of free radicals that damaged cellular components culminated in the Free Radical Theory of 

Disease and Ageing (Harman, 1956). This theory evolved into the Oxidative Stress Theory 

when antioxidant molecules that detoxify the cellular environment from ROS were discovered. 

The foundation of the Oxidative Stress Theory is that an imbalance between antioxidants and 

ROS can lead to oxidative stress, resulting in disease progression (Cadenas & Sies, 1985). 

Further research revealed that ROS, including hydrogen peroxide, play integral roles in vital 

signalling processes such as cell proliferation, growth, and immune function. With the 

recognition of hydrogen peroxide's dual role in metabolism, lower peroxide concentrations are 

now understood to serve as positive signalling molecules associated with oxidative eustress, 

while higher peroxide concentrations are linked to oxidative distress (Sies & Jones, 2020). This 

understanding forms the basis of the Eustress/Distress Theory (Sies & Jones, 2020). An 

emerging area of interest within this theory is in dynamic signalling processes where 

information is transmitted through signalling molecules.  

Although not generally appreciated within the redox biology field, the shape of the 

signalling profile captures a wealth of information such as the molecule activity, concentration 

and localisation over-time. Studying dynamics offers an opportunity to better understand a 

system in time rather than measuring static time-points (Purvis & Lahav, 2013). However, 

quantifying and comparing dynamic signalling profiles remains challenging due to a lack of 

standardised measures. In this study, we proposed a quantitative approach to quantify dynamic 

profiles in terms of area under the curve, signal amplitude, time, and duration. We explored the 

applicability of these measures in three experimental contexts. 
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Our first application was to quantify the Tpx1/Pap1 pathway in fission yeast in response 

to a number of oxidative stress scenarios. Here, we found that quantifying the dynamic profile, 

rather than just the oxidised Pap1 protein, demonstrated distinct responses to increasing doses 

of hydrogen peroxide. We then evaluated whether these responses in signal amplitude, time, 

and duration corresponded to unique gene expression patterns. We found that changes in 

signalling profiles encode information that triggers specific time-dependent transcriptional 

responses. The Pap1 pathway responded to the oxidant t-BOOH at a distinct signal time 

compared to the signal time for hydrogen peroxide response. These data suggest that the shape 

of the signalling profile encodes specific information, and the timing of the signal has distinct 

implications for the gene/protein expression outputs. We also found that these dynamics were 

shifted when the pathway was placed under combinatory stress or when pre-exposed to 

hydrogen peroxide. These measures allow for the quantitative assessment of these various 

stressors rather than a qualitative approach.  

We then focused on quantifying the dynamics of genetically encoded redox sensors. 

There are several limitations associated with evaluating redox probes and the corresponding 

signalling data. First, being able to distinguish between different probes has been limited with 

current quantification methods. Second, establishing calibration curves for the upper and lower 

limits to external hydrogen peroxide concentrations is also challenging. We evaluated the redox 

probes HyPer7 and roGFP-Tsa2 in baker’s yeast and obtained linear correlation curve 

responses to hydrogen peroxide for area under the curve and signal amplitude. These data could 

assess whether there was a proportional increase of the signal to increasing hydrogen peroxide 

concentrations and at what concentration points there is a weak signal, or a saturation effect of 

the signal. We were also able to assess the effect of gene deletions on the oxidation/reduction 

capacity of the cell.  

In our third application we assessed the signalling dynamics of the NRF2/Keap1 pathway, in 

response to the oxidants DEM and tBHQ, which has been shown to be upregulated in cancer 

cells (Yamamoto et al., 2018). Two main effects were quantitatively evaluated, the effect of 

pre-exposure to different oxidant concentrations, and the timing of the pre-exposure scenarios 

to the NRF2 response. Quantifying the signalling profiles reduced the complexity of the data 

and signal analysis revealed that higher oxidant concentrations increased the signal amplitude, 

but longer pre-exposure periods resulted in a dampened NRF2 response. There was a decrease 

in signal time and duration with a 24 hr pre-exposure period when compared to naïve or an 8 
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hr adaption period. These data highlighted that pathway dynamics are important when 

attempting to modulate this pathway.  

There were some limitations associated to quantifying dynamic signalling data. The 

first challenge was in generating these datasets as we used western blotting which is costly and 

time-consuming. Here, an attractive alternative involves using genetically encoded redox 

sensors to generate dynamic signalling data in a high throughput manner. Automating data 

analysis through the development of a software package to rapidly calculate signalling 

parameters could be facilitated with the assistance of AI (Hiroshima et al., 2020). These 

improvements could facilitate the generation of dynamic signalling databases, offering a 

platform to evaluate large signalling datasets to study emergent properties of signalling 

molecules over time.  

To conclude, we successfully assessed dynamic redox signaling profiles across several 

applications within fission yeast, a novel undertaking in this field. This quantitative analytical 

approach represents a significant conceptual advance, enabling precise comparisons of 

oxidative stress effects. By simplifying the analysis of complex datasets, this method provided 

new insights into redox sensor data and the NRF2 signaling pathway. We believe this approach 

marks an important step toward understanding the role of dynamics in regulating the oxidative 

stress response in cell physiology and disease.  
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Supplementary information  

 

 

Figure S.1: Graphical representation of signalling amplitude, time and duration. 

Signalling amplitude is the average concentration of signal protein over the signal duration. 

Hypothetical signal profiles (black, blue and red) depict higher signal duration (θ) which 

results in lower signal amplitude (A). Signal time (τ) measures the average time a signal protein 

is active and is progressively longer in each curve.   
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Figure S.2: Confirmation that Pap1 was exclusively oxidised by Tpx1.  

An S. pombe Δtpx1 strain (Bozonot et al., 2005) was challenged with four hydrogen peroxide 

concentrations (100-1000 μM) for two minutes. Protein was extracted and Pap1 oxidation was 

examined by western blot analysis and showed no oxidation of Pap1 confirming that Tpx1 was 

required for Pap1 oxidation. 
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Figure S.3: Deletion of srx1 affects the Pap1 signalling profile after exposure to hydrogen 

peroxide.  

S. pombe cells wild-type (SB3) (red) and a Δsrx1 (SB8) (black) strain cultured to mid-

exponential phase and exposed to 500 µM hydrogen peroxide the oxidation of Pap1 was 

determined by redox western blotting. Densitometric analysis of Pap1 oxidised and reduced 

bands were used to generate Pap1 signalling profiles. The data is representative of at least 

three independent experiments. 
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Figure S.4: Determining the relationship between fold-change induction of Pap1-

regulated genes and Pap1 oxidation.  

After the bolus addition of 100-1000 µM hydrogen peroxide the fold change induction of ctt1, 

trr1, srx1 and atf1 was determined using RT-qPCR over a 60-minute time course for 100-200 

µM hydrogen peroxide and over 120 min for 500-1000 µM hydrogen peroxide. The ratio of 

oxidised Pap1 (oxidised/total) was determined from densitometric analysis of western blots 

(details in Main paper). The Pap1 oxidation ratio was plotted with the fold-change induction 

of mRNA at equivalent time intervals over the 60-minute or 120-minute time course.  
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Figure S.5: Response of Pap1-regulated genes after exposure to various oxidants at 

different concentrations.  

Wild-type S. pombe cells (SB3) exposed to 100-1000 µM hydrogen peroxide or 100-200 µM t-

BOOH were monitored for the log10 fold change in gene expression for ctt1, trr1, srx1 and atf1 

and normalised using gpd3 as the reference gene. 
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Figure S.6: The growth curves, doubling time and CFU/ml of S. pombe cells after bolus 

addition of hydrogen peroxide (0.1-1 mM).  

The log increase in OD595 of S. pombe cells after adding bolus concentrations of hydrogen 

peroxide was determined over 52 hrs in minimal medium (A) (n=3). The doubling times of the 

cells were then calculated and compared to the untreated cells (B). The effect of hydrogen 

peroxide on the doubling time was assessed using a two-tailed t-test with statistical significance 

denoted as *p<0.01, **p<0.001, ***p<0.0001 (n=3). The CFU/ml was determined by 

collecting cell samples every hr over a five-hr period and plated onto YE5S medium to assess 

colony growth (D-F). The experiment was carried out as three independent replications (n=3).  
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Figure S.7: Dynamics of Pap1-dependent gene induction in response to hydrogen 

peroxide and correlation to Pap1 dynamic profiles.  

The dynamic log10 fold-changes in mRNA for the Pap-1 regulated genes, ctt1, trr1, srx1 and 

atf1, were determined by RT-qPCR following bolus treatments with 100-1000 µM hydrogen 

peroxide (A). The areas under the curves obtained from the dynamic gene expression profiles 

of ctt1, trr1, srx1 and atf1 were compared with the signal parameters obtained from the Pap1 

oxidation profiles in co-response plots for 100 (blue), 200 (green), 500 (orange) and 1000 (red) 

μM hydrogen peroxide (B-M). The data represent the means and standard errors of at least 

three independent experiments. 
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Figure S.8: Dynamics of Pap1-dependent gene induction in response to hydrogen 

peroxide and correlation to Pap1-activation profiles.  

The dynamic log10 fold-changes in the mRNA of the Pap-1 regulated genes, ctt1, trr1, srx1 and 

atf1, were determined by RT-qPCR following bolus treatments with 100-1000 µM hydrogen 

peroxide (A). The signal amplitude, time and duration parameters obtained from the dynamic 

gene expression profiles of ctt1, trr1, srx1 and atf1 were compared with the signal parameters 

obtained from the Pap1 oxidation profiles in co-response plots (B-M). Deming regression was 

used to determine the statistical significance for the signal duration with the following p-values 

0.003 (D), 0.007(G), 0.0002 (J) and 0.1025 (M). The data represent the means and standard 

errors of at least three independent experiments. 
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Figure S.9: Normalisation of fractional Pap1 oxidation against total Pap1 (DTT control).  

S. pombe cells were exposed to 100-1000 µM hydrogen peroxide, and samples were collected 

and processed using western blotting. Densitometric analysis was used to quantify oxidised 

Pap1. To determine the fractional Pap1 oxidation, oxidised Pap1 was divided against Pap1 

recovered in the DTT control (n=3).  
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Figure S.10: Dynamics of Pap1-dependent gene induction in response to hydrogen 

peroxide.  

The dynamic log10 fold-changes in the transcription of the Pap-1 regulated genes, ctt1, trr1, 

srx1 and atf1, were determined by RT-qPCR following bolus treatments with 100-1000 µM 

hydrogen peroxide and normalised against mRNA levels for the reference gene act1
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Figure S. 11: Representative Western blots of S. pombe cells following exposure to 100 µM hydrogen peroxide.  
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The blots depict Pap1 oxidized and reduced bands over a 60-minute time course (A-C), Pap1 reduced bands after DTT treatment (D-F), and blots 

stained with Ponceau S to observe total protein (G, H). 
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Figure S.12: Representative western blots of S. pombe cells following exposure to 200 µM hydrogen peroxide.  
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The blots depict Pap1 oxidized and reduced bands over a 60-minute time course (A-C), Pap1 reduced bands after DTT treatment (D-F), and blots 

stained with Ponceau S to observe total protein (G-I). 
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Figure S.13: Representative western blots of S. pombe cells following exposure to 500 µM hydrogen peroxide.  

The blots depict Pap1 oxidized and reduced bands over a 120-minute time course (A-C), Pap1 reduced bands after DTT treatment (D-F), and 

blots stained with Ponceau S to observe total protein (G-I). 
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Figure S.14: Representative western blots of S. pombe cells following exposure to 1000 µM hydrogen peroxide.  



173 

 

The blots depict Pap1 oxidized and reduced bands over a 120-minute time course (A-C), Pap1 reduced bands after DTT treatment (D-E), and 

blots stained with Ponceau S to observe total protein (F-H). 
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Figure S.15: Representative western blots of S. pombe cells following exposure to 100 µM t-BOOH. 

 The blots depict Pap1 oxidized and reduced bands over a 60-minute time course (A-C), Pap1 reduced bands after DTT treatment (D-F), and blots 

stained with Ponceau S to observe total protein (G-I). 
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Figure S.16: Representative western blots of S. pombe cells following exposure to 200 µM t-BOOH.  
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The blots depict Pap1 oxidized and reduced bands over a 60-minute time course (A-C), Pap1 reduced bands after DTT treatment (D-F), and blots 

stained with Ponceau S to observe total protein (G-I). 
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Figure S.17: Representative western blots of Flagsrx1 expression following exposure of cells expressing Flag-epitope-tagged Srx1 to 200 

µM hydrogen peroxide and 100 µM t-BOOH.  

The expression of FlagSrx1 (17~kDa) was monitored over a 60-minute time course after the bolus addition of hydrogen peroxide and t-BOOH (A-

C) and actin (47~kDa) was used as a loading control (D-F). 
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Figure S.18: Representative western blots of S. pombe cells following the co-exposure of 100 µM hydrogen peroxide and 100 µM t-BOOH. 

 The blots depict Pap1 oxidized and reduced bands over a 120-minute time course (A-C), Pap1 reduced bands after DTT treatment (D-F), and 

blots stained with Ponceau S to observe total protein (G-I). 



179 

 

 

 

Figure S.19: Representative western blots of S. pombe cells following exposure to 500 µM hydrogen t-BOOH.  

S. pombe cells were cultured to mid-exponential phase and then exposed to 500 µM t-BOOH. Samples were collected over a two-hr period from 

which protein was collected. The oxidation state of Pap1 was assessed by western blotting (A-C). 
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Figure S.20: Representative western blots of S. pombe cells following pre-exposure to 100 µM hydrogen peroxide and subsequent dosage 

with 500 µM hydrogen peroxide.  

The blots depict Pap1 oxidized and reduced bands over a 120-minute time course (A-C), Pap1 reduced bands after DTT treatment (D-E). 
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Figure S.21: The signal parameters for HyPer7 and roGFP2-Tsa2 in the same 

background considering a higher hydrogen peroxide detection range. 

S. cerevisiae cells exposed to hydrogen peroxide ranging from 100-1000 µM and the dynamic 

fluorescence was measured using the genetically encoded redox sensors, HyPer7 and roGFP2-

Tsa2 (A-B). The area under the curve was measured (C) and subsequently, the signalling 

amplitude, time and duration was calculated (D-F). The linear correlation coefficients (r2) 
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across the signalling parameters for HyPer7 were 0.997, 0.966, 0.960 and 0.994 and for 

roGFP2-Tsa2 were 0.900, 0.988, 0.984 and 0.843 respectively. 

 

 

 

 

Figure S.22: The signal parameters for HyPer7 and roGFP2-Tpx1 in the same 

background considering a higher hydrogen peroxide detection range. 

S. pombe cells were exposed to hydrogen peroxide ranging from 100-1000 µM, and the 

dynamic fluorescence was measured using the genetically encoded redox sensors, HyPer7 and 
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roGFP2-Tpx1 (A-B). The area under the curve was measured (C), and subsequently, the 

signalling amplitude, time and duration were calculated (D-F).  

 

 

 

Figure S.23: BSA standard curve to determine the amount of protein to load onto SDS-

PAGE gels.  

A BSA standard curve ranging from 0 – 250 µg/ml was generated for S. pombe protein cell 

lysate samples made in IAA buffer (n=3). 
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Figure S.24F: BSA standard curve to determine the amount of purified Pap1 protein.  

A BSA standard curve ranging from 0 – 700 µg/ml was generated for protein samples in PBS 

buffer (n=3). 

 

 

Figure S.25:Linear correlation between different normalisation techniques for signal 

profile generation.  

The linear correlations for Pap1 oxidation after the addition of 100 µM hydrogen peroxide for 

normalisation with DTT, total Pap1 oxidation and total protein were r2=0.98, r2=0.93 and 

r2=0.98 respectively (A-C). The correlations at 200 µM were r2=0.93, r2=0.91 and r2=0.93 for 

normalisation with DTT, total Pap1 oxidation and total protein respectively (D-F). 

Normalisation with DTT, total Pap1 oxidation and total protein after 500 µM hydrogen 

peroxide exposure linear correlation values were r2=0.6, r2=0.57 and r2=0.89 (G-I). The 

addition of 1000 µM hydrogen peroxide resulted in linear correlation values of r2=0.3, r2=0.54 

and r2=0.16 for normalisation with DTT, total Pap1 oxidation and total protein respectively 

(J-L).  
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Figure S.26: The linear correlations between Pap1 oxidation profiles obtained from 

optimized and oversaturated western blots.  

When exposed to 100-1000 µM hydrogen peroxide, Pap1 profiles from optimised western blots 

had significantly higher correlation values (r2=0.94, r2=0.94, r2=0.85, r2=0.67), compared to 

oversaturated blots (A-D). 
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 Figure S. 27: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of oxidoreductases genes. 

Oxidoreductases function by using cofactors to reduce proteins that have been oxidized playing 

a critical role in cellular detoxification. In total 105 genes associated to oxidoreductase activity 

were upregulated at least 2-fold after exposure to 70 µM, 500 µM or 6 mM hydrogen peroxide. 

The Pap-regulated genes (outlined in red) that showed at least a 2-fold increase in induction 

after hydrogen peroxide exposure at either are zym1, yhb1, osr1, adh8, dhd1, atd3, zta1, orb1, 

plr1, ctt1, srx1, gst2, SPAPB1A11.03, SPBC2A9.02, SPAPB24D3.08C, SPCC1739.08C, 

SPBC23G7.10C, SPCC6630.08C, SPAC1F8.04C, SPCC24B10.20.  
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Figure S.28:The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of DNA regulation genes.  

These genes primarily function in tightly regulating the transcription of genes under various 

conditions. In total 55 genes were found to be upregulated in this category after exposure to 

70 µM, 500 µM and 6 mM hydrogen peroxide. No genes showed downregulation in a Δpap1 

strain.  
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 Figure S.29: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes associated to mRNA regulation. 

These genes primarily function in tightly regulating the proteins that produce, process, 

transport and degrade mRNA transcripts. In total 38 genes were found to be upregulated in 

this category after exposure to 70 µM, 500 µM and 6 mM hydrogen peroxide. Of these genes, 

puf5 and dpb2, showed downregulation in a Δpap1 strain (outlined in red).  
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Figure S.30: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes associated to signal transduction.  

These genes primarily function in tightly regulating the proteins interpret and respond to 

extracellular signals by relaying information from the cell surface to the nucleus. In total 95 

genes were found to be upregulated in this category after exposure to 70 µM, 500 µM and 6 

mM hydrogen peroxide. Of these genes, SPAC1039.02c, showed downregulation in a Δpap1 

strain (outlined in red). 
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Figure S. 31: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes associated to cell cycle regulation.  

These genes primarily function in tightly regulating the proteins that ensure the cell accurately 

replicates DNA and divides while maintaining proper growth and development. In total 78 

genes were found to be upregulated in this category after exposure to 70 µM, 500 µM and 6 

mM hydrogen peroxide. Of these genes sro1, aft1 and cum1 showed downregulation in a Δpap1 

strain.  
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Figure S. 32: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes associated to vitamin regulation.  

These genes primarily function in tightly regulating the proteins that are involved in the 

biosynthesis and transport of vitamins. In total 28 genes were found to be upregulated in this 

category after exposure to 70 µM, 500 µM and 6 mM hydrogen peroxide. Of these genes rib4, 

alr2, arg12, cbl1, car2, and SPCC794.02c showed downregulation in a Δpap1 strain (outlined 

in red).  
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 Figure S. 33: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes associated to transmembrane transport.  

These genes primarily function in tightly regulating the proteins that ensure the movement of 

substances across cellular membrane.. In total 68 genes were found to be upregulated in this 

category after exposure to 70 µM, 500 µM and 6 mM hydrogen peroxide. Of these genes caf5, 

opt3, and osr2 showed downregulation in a Δpap1 strain (outlined in red).  
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Figure S. 34: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes associated to lipid regulation.  

These genes primarily function in tightly regulating the proteins that ensure the cell accurately 

replicates DNA and divides while maintaining proper growth and development. In total 68 

genes were found to be upregulated in this category after exposure to 70 µM, 500 µM and 6 

mM hydrogen peroxide. Of these genes caf5, opt3, and osr2 showed downregulation in a Δpap1 

strain (outlined in red ).  
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Figure S. 35: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes with unknown functions.  

These genes have not been assigned a function and further investigations are required to better 

understand the role of these genes in oxidative stress response. In total 65 genes were found to 

be upregulated in this category after exposure to 70 µM, 500 µM and 6 mM hydrogen peroxide. 

Of these genes six showed downregulation in a Δpap1 strain.  
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Figure S. 36: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes associated to ubiquitin regulation.  

These genes primarily function in tightly regulating the proteins that are involved post-

translational modifications to maintain cellular metabolic processes. In total 37 genes were 

found to be upregulated in this category after exposure to 70 µM, 500 µM and 6 mM hydrogen 

peroxide. Of these genes none showed downregulation in a Δpap1 strain.  
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Figure S.37: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes associated to mitochondrial regulation.  

These genes primarily function in tightly regulating the structure, integrity and functionality of 

the mitochondria. In total 35 genes were found to be upregulated in this category after 

exposure to 70 µM, 500 µM and 6 mM hydrogen peroxide. Of these genes none showed 

downregulation in a Δpap1 strain.  
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Figure S.38: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes associated to autophagy.  

These genes primarily function in tightly regulating the process of autophagy and the proteins 

responsible for degrading and recycling damaged cellular components. In total 22 genes were 

found to be upregulated in this category after exposure to 70 µM, 500 µM and 6 mM hydrogen 

peroxide. Of these genes none showed downregulation in a Δpap1 strain.  
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Figure S.39: The addition of hydrogen peroxide to S. pombe cells and the relative gene 

expression of genes associated to retrotransposon activity.  

These genes primarily function in tightly regulating genome stability, silencing and gene 

regulation. In total 9 genes were found to be upregulated in this category after exposure to 70 

µM, 500 µM and 6 mM hydrogen peroxide. Of these genes none showed downregulation in a 

Δpap1 strain.  

 




