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ABSTRACT

Oxidative stress can be split into two states: eustress is associated with beneficial
physiological states and cell proliferation, and distress correlates with deleterious states,
neurological disease, diabetes and disease. Many redox pathways in these physiological
states across cellular life require multiple oxidation events for full activation. OxyR in E. coli
needs four events, Nrf2-Keap1 in mammals requires three, Yap1 in baker’s yeast needs three
to four and Papl in S. pombe requires two oxidation events. This study investigated the
purpose of the multiple oxidation events in hydrogen peroxide signal transduction in redox
pathways. To achieve this, we developed and analysed a single and double oxidation
computational Papl-Tpx1-Trrl model to compare how they respond to different hydrogen
peroxide concentrations. We also utilised in vitro recombinant proteins, Tpx1 and Papl, to
assemble the Tpx1-Papl system and assessed the signal output at different hydrogen
peroxide concentrations. The computational analysis showed that adding an oxidative step
increases the system’s capability to attenuate the signal at low hydrogen peroxide
concentrations and amplify it at high concentrations. The in vitro system showed that a
simplified Tpx1-Papl system can differentiate between different hydrogen peroxide
concentrations. Multiple oxidation steps impart high pass filtering properties on the system,

allowing systems to better differentiate between low and high signal inputs.
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Chapter 1: Literature Review

1.1. Reactive oxygen species and aerobic metabolism

Oxygen metabolism and life on Earth

Life is nothing but electrons looking for a place to rest. - Albert Szent-Gyorgyi

Earth is now an aerobic world due to the Great Oxidation Event (GOE), which resulted
from the activity of cyanobacteria (Aiyer, 2022). The GOE shifted the Earth’s atmosphere and
environment from a weakly reducing (Kasting, 2014; Pavlov & Kasting, 2002) to an oxidising
one, with the atmosphere now made primarily of nitrogen and oxygen (Lyons et al., 2014).
Coinciding with the accumulation of oxygen on Earth was the appearance of eukaryotes, the
increased complexity of life observed in the Cambrian and Devonian eras, and the large body
sizes of animals observed later (Figure 1.1) (Baudouin-Cornu & Thomas, 2007; Falkowski et
al., 2005). The benefit of oxygen for cells was the expansion of the protein structural space,
an increased variety of metabolic reactions and greater thermodynamic efficacy (Raymond
& Segre, 2006; Wang et al., 2011). However, oxygen also led to the mass extinction of
anaerobic microbes previously dominating the planet because of oxygen’s susceptibility to

transform into reactive oxygen species (ROS) (Hodgskiss et al., 2019).
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Figure 1.1: The concentration of atmospheric oxygen over Earth’s history. The oxygen levels in
Earth’s atmosphere coincide with significant developments in life complexity—image obtained from
“Figure 1”7 in Govindjee and Shevela (2011) published in Frontiers (2011). The original work is an
open-access article subject to a non-exclusive license between the authors and Frontiers Media SA.
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Reactive oxygen species and cell function

Aerobic metabolism has challenges due to its inherent oxygen-associated toxicity and
mutagenic properties. Molecular oxygen has a dual nature stemming from the distribution of
its valence electrons. It makes oxygen relatively unreactive with most non-radicals (Gilbert,
2012; Halliwell, 2006b; Halliwell & Gutteridge, 2015a), but it also serves as a precursor for
many unstable and highly reactive molecules known as ROS (Rigoulet et al., 2011). While
sometimes mislabelled as radicals, these ROS have diverse chemical properties, but they all
share the common characteristic of being more reactive than molecular oxygen (Halliwell &
Gutteridge, 2015a). Studying ROS and their impact on cellular processes has been crucial in
elucidating the challenges and opportunities associated with aerobic metabolism and

subsequent redox-related physiological functions.

Figure 1.2: The generation of the different ROS from molecular oxygen. The various ROS are
generated from molecular oxygen through sequential reduction reactions (superoxide radical,
peroxide ion, oxene ion and oxide ion) and a photochemical reaction (singlet oxygen). Further
reduction by hydrogen ions results in additional ROS, including the perhydroxyl radical, hydrogen
peroxide, hydroxyl radical, and water—created with BioRender.com adopted from Apel and Hirt
(2004).

The transfer of either energy or electrons changes the stability of molecular oxygen. The
transfer of energy in the form of light leads to the formation of the singlet oxygen radical. A
single electron addition (reduction) forms the superoxide radical, and a double electron
addition results in the peroxide ion. The triple electron addition to molecular oxygen forms the
oxene ion, and adding hydrogen forms the hydroxyl radical. Water formation is the product
of a quadruple reduction of oxygen and the addition of two hydrogen molecules (Figure 1.2).
Each of these transformations can be generated by inter- and intra-cellular redox reactions
and, in some cases, is catalysed by enzymes (Apel & Hirt, 2004).

In aerobes, there are numerous ROS sources, with the two primary sources being the
enzymatic generation via NADPH oxidases (NOXs) and ROS being the by-product of aerobic
metabolism and photosynthesis (Goncalves et al., 2015; Reczek & Chandel, 2017). The

generation of ROS as a by-product of metabolism primarily occurs within the mitochondria
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and chloroplasts. The mitochondria’s electron transport chain (ETC) tends to leak electrons,
partially reducing molecular oxygen and producing superoxide (Cadenas & Davies, 2000).
This leakage of electrons primarily occurs through Complex | and Il in the ETC, but under
certain conditions, Complex Il and glycerol-3-phosphate dehydrogenase can also generate
superoxide; thus, most of the superoxide is localised within the mitochondrial matrix (Halliwell
& Gutteridge, 2015a).

The superoxide radical is also a physiological by-product of NOXs and xanthine oxidases.
In an aqueous environment such as the cytoplasm, the superoxide radical will act as an
electron acceptor undergoing a reduction reaction to form hydrogen peroxide, which is a
spontaneous reaction but is also catalysed by superoxide dismutase (SOD) (Kimura et al.,
2005). The superoxide radical is not the most abundant form of ROS and rarely interacts with
biomolecules. However, in the presence of nitric oxide, the superoxide radical produces the
highly toxic peroxynitrite anion (Beckman et al., 1990).

Singlet oxygen is a volatile ROS. Its instability makes it highly reactive towards
biomolecules, such as DNA, where it can induce mutations by forming 8-oxo-(d)G moieties,
significantly impacting gene and genome function and stability (Ravanat & Cadet, 1995). It
has also been linked to the oxidation of lipids via polyunsaturated fatty acids (Kimura et al.,
2005). Select amino acids in proteins, such as histidine, methionine and cysteine, tryptophan
and tyrosine, are prone to singlet oxygen oxidation (Klotz et al., 2003). The single oxidation
of these residues can lead to mitochondrial damage, affecting the ion channels and inhibiting
cellular caspases (Levine et al., 2001; Otsu et al., 2005). Fortunately, it is unlikely to be

generated in vivo (Kimura et al., 2005).

Hypochlorous acid is a potent oxidant that can oxidise all biomolecules: lipids, proteins,
and DNA (Kimura et al., 2005). Neutrophils use the potency of this ROS in the innate immune
system to destroy pathogens by producing hypochlorous acid in the phagosome via NADPH
oxidases (Gray et al., 2013; Varatnitskaya et al., 2021). The hydroxyl radical is considered
the most detrimental ROS due to its indiscriminate reactivity with biomolecules (Park & Imlay,
2003). It has been shown to cause significant oxidative damage to lipids and proteins and
can induce DNA strand breaks, base modifications and cross-linking. The hydroxyl radical
can lead to necrosis and apoptosis at the cellular level (Lloyd et al., 1997) and premature
ageing at the organismal level (Auten & Davis, 2009), and its production typically occurs
through the Fenton reaction with Cu(l) and Fe(ll) cofactors (Fenton, 1894; Pignatello et al.,
2006).
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Hydrogen peroxide is a ROS that plays a crucial role in redox biology (Winterbourn, 2008).
It is primarily produced via the SOD-dependent reduction of the superoxide radical, making
it a metabolic by-product (Kimura et al., 2005). Due to its chemical similarity to water and its
stability, hydrogen peroxide can effectively diffuse across biological membranes and
translocate away from its generation site (Battin & Brumaghim, 2009). Additionally, the
polarisability of hydrogen peroxide allows it to act as an electrophile. Proteins that increase
the polarisability of hydrogen peroxide can increase its reactivity by several orders of
magnitude (Winterbourn, 2013). Thus, hydrogen peroxide predominantly oxidises a subset
of cysteine-containing proteins but can only oxidise DNA or lipids slowly (Halliwell &
Gutteridge, 2015a). However, it can undergo homolysis under certain conditions, generating
more reactive ROS, such as the hydroxyl radical (Winterbourn, 2013). The Fenton reaction
generates the hydroxyl radical via hydrogen peroxide reduction by Fe(ll) (Thomas et al.,
2009). Therefore, to maintain cellular homeostasis and protect against oxidative damage,

cells need to develop mechanisms and enzymes to neutralise, remove and control ROS.

1.2. Redox eustress and distress in cellular function

The concept of stress, as understood in the biological setting, was formulated in 1985, but
its origins can be traced back to Hans Selye’s groundbreaking work in 1936 (Selye, 1936).
Selye introduced the term “stress” from physics into the biological lexicon and defined it as
the body’s non-specific response to any demand. It can also be seen as a threat to
homeostasis (Munck et al., 1984). He likened it to the interplay between damage and
defence, much like tension or pressure represents the interaction between a force and the
resistance it encounters (Selye, 1950). Selye observed consistent symptoms in his
experiments on rats exposed to various chemical, physical, and environmental stressors, and
this general stress response became known as Selye syndrome, later called the stress
response (Selye, 1936).

Theories of oxidative stress and their limitations

Several theories linked oxidative stress within mammalian cells to pathophysiology: the
oxidative stress theory of ageing (Harman, 1956; Lin & Flint Beal, 2003), the oxidative stress
theory of disease (Aruoma, 1998; Ghezzi et al., 2017), and oxidative distress and eustress
theory (Sies, 2019b, 2021). All these theories provided frameworks to investigate and
understand the purpose and function of ROS within biological systems.

The oxidative stress theory of ageing was first postulated by Denham Harman in 1956,
who posited that ageing was the accumulation of deleterious cell and tissue damage from

ROS (Harman, 1956). The linking of oxidative stress and ageing led to the investigation of
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mitochondria, giving rise to the mitochondrial theory of ageing (Balaban et al., 2005;
Shigenaga et al., 1994). The mitochondrial theory of ageing hypothesised that progressive
damage to mitochondrial DNA led to mitochondrial dysfunction, which affected the entire cell,
thus leading to ageing (Srivastava, 2017). It is known that the functioning of the mitochondria
decreases with age, which can increase the electron transport chain’s leakiness and release
more superoxide radicals (Pulliam et al., 2013). The oxidative stress theory of ageing and the
mitochondrial theory of ageing could explain how caloric restriction increases lifespan by
decreasing levels of oxidative damage and inhibiting the decline of repair systems and GSH.
It also explains the link between low oxygen consumption and increased lifespan (Halliwell &
Gutteridge, 2015a). In the lab, this theory has shown promising results; but clinical trials with
antioxidants have not shown benefits for health or longevity (Howes, 2006; Lapointe &
Hekimi, 2010).

The involvement of ROS in disease is widespread and has been implicated in over 200
disorders and tissue injuries, including diabetes, cancer, and neurodegenerative diseases
(Mani, 2015). For example, oxidative stress contributes to Type 1 and Type 2 diabetes by
causing inflammatory damage and loss of -cell function, respectively (Sivitz & Yorek, 2010).
Nonetheless, the role of ROS is unclear, as they are pro-proliferative and suppress apoptosis,
which is helpful for cancer. On the other hand, ROS also induce senescence, increases the
activity of the p53 and activates the class O subgroup of the Forkhead transcription factor
family (FOXO), which would be detrimental to cancer (Carter & Brunet, 2007; Halliwell,
2006a). Additionally, studies have shown that knocking out glutathione peroxidase (GPx), an
antioxidant enzyme, leads to intestinal cancer in mice, and the knocking out of peroxiredoxin
peroxidases also leads to the development of lymphomas, sarcomas and adenomas (Chu et
al., 2004). Neurodegenerative diseases exhibit impaired mitochondrial function, increased
oxidative damage (Xu et al., 2021), misfolded aggregated proteins and inflammation (Fischer
& Maier, 2015). These symptoms can be a function of accumulated oxidative damage, or
they could lead to the generation of ROS and increased oxidative damage in the cell.
Therefore, the precise relationship between oxidative stress and disease remains elusive—
whether oxidative stress precedes the disease state or emerges simultaneously (Halliwell &
Gutteridge, 2015a).

Alongside these two theories is a third framework with the concept of oxidative stress being
split into two distinct states: oxidative eustress and oxidative distress (Figure 1.3). While
oxidative stress generally refers to an imbalance between oxidants and antioxidants (Sies &
Jones, 2007), this framework allows for a more precise classification of the stress. In the

eustress and distress theory, cells utilise the oxidant for redox signalling and metabolism, but
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under high loads, damage to proteins and biomolecules occurs (Sies, 2018, 2020). Notably,
the oxidative theory of ageing, the oxidative theory of disease, and the theory of eustress and

distress are not mutually exclusive and can all work simultaneously within mammalian cells.

Figure 1.3: Eustress and distress are different cellular states. Oxidative stress and eustress are
concentration-dependent states of cellular function with different cell fates—created with
BioRender.com and adapted from Sies (2020).

Oxidative distress and eustress are distinct cellular physiological states.
Oxidative distress results following a supraphysiological oxidant challenge on a cell,
system or organism (Sies et al., 2017). Oxidative distress conditions damage receptors,
enzymes and nucleic acids (Sies, 2019b) (Halliwell & Gutteridge, 2015a). These effects can
alter cell signalling and mitochondrial function, causing ROS-induced inflammation and
cytokine production in mammalian cells (Nitti et al., 2022). However, cell death via apoptosis
or necrosis occurs if the ROS levels rise; these cells can release and spread inflammatory
molecules (Halliwell & Gutteridge, 2015b). The downstream pathologies associated with
oxidative distress, e.g. cancer, diabetes and neurodegenerative disorders (Hegde et al.,
2012) are the same diseases discussed in the oxidative theory of disease, thus associating

these two theories.

Oxidative eustress refers to the beneficial response of cells and organisms to oxidative
stress. (Okegbe et al., 2012). Achieving oxidative eustress involves the intricate process of
monitoring redox activity, managing the influx and efflux of ROS, and maintaining redox
balance through various cellular mechanisms and pathways involved in redox regulation
(Sies, 2021). Hydrogen peroxide exposure in neural cells can change the transcriptome to
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increase neurogenesis and differentiation (Estrada et al., 2014). The effect differs across
different regions of the neural system and uses different pathways, additionally influencing
proliferation and modulating and maintaining self-renewal capacity (Terzi & Suter, 2020). In
vertebrate embryos, eustress has been linked to proliferation, left-right symmetry and

apoptosis (Timme-Laragy et al., 2018).

Oxidative eustress is driven by the oxidation of redox-sensitive proteins by hydrogen
peroxide. Hydrogen peroxide's importance is due to its chemical properties that make it react
specifically with these proteins, unlike other ROS. This will be discussed in greater detail in
the next section. Fundamentally, the oxidation of these redox-sensitive proteins can alter
gene expression, metabolism, growth, and defence to benefit and protect cell homeostasis
(Sies, 2019a). An example is the direct oxidation and inactivation of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), which reroutes the metabolic flux from the glycolytic to
the pentose phosphate pathway (Talwar et al., 2023). As NADPH provides reducing power
for cellular antioxidants, this modification increases the oxidative stress tolerance of the cell
(Ralser et al., 2007). Additionally, ROS can influence the cell by oxidising redox-sensitive
proteins upstream from transcription factors, like peroxiredoxins (Brigelius-Flohé & Flohé,
2011; Young et al.,, 2019), which propagate signalling downstream to redox-sensitive
transcription factors such as the signal transducer and activator of transcription 3 (STAT3)
(Simon et al.,, 1998). STAT3 is involved in hydrogen peroxide production, cell division,
immunity and cell death (Carballo et al., 1999; Li et al., 2010). Furthermore, at the organismal
level, oxidative eustress is associated with synaptic plasticity and pruning (Cobley, 2018;
Sies, 2021). These outcomes are mediated by the activation of transcription factors, which
upregulate hundreds of target genes involved in diverse cytoprotective processes (Paek et
al., 2023).

Hydrogen peroxide as a signalling molecule and secondary messenger

As described above, a ROS commonly utilised as a signalling molecule is hydrogen
peroxide, which has a relatively prolonged half-life and migration distance (Table
1.1)(Marinho et al., 2014; Mignolet-Spruyt et al., 2016). Hydrogen peroxide is also an
excellent cell-to-cell signalling molecule, as it can travel 100 pM? extracellularly in
mammalian tissue (Fichman et al., 2024). ROS waves, which are auto-propagating waves of
ROS generation from cell to cell, allow hydrogen peroxide signals to travel even further,
travelling distances of centimetres from the source site (Fichman et al., 2023).

Table 1.1: The chemical characteristics of ROS that affect it as a signalling molecule. —Adapted
from D'Autréaux and Toledano (2007) and Mittler (2017).
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ROS t12 Migration distance from the source

Superoxide (03) 1-4 us 30 nm
Hydroxyl radical (OHe¢) 1ns 1nm
Hydrogen peroxide (H2032) >1ms >1 um
Singlet oxygen (*O>) 1-4 us 30 nm

Despite hydrogen peroxide having the chemical characteristics to be a promising signalling
molecule, the explanation of its efficacy and specificity is more complex. Redox-regulated
proteins, which include biomolecules like transcription factors, kinases, and phosphatases,
do not inherently possess a primary redox function, are not kinetically favoured for direct
oxidation by hydrogen peroxide, and are lowly expressed within the cell (Stroher & Dietz,
2006). This is contrasted with the abundance of thiol-peroxidases. These proteins, such as
peroxiredoxins that make up approximately 1% of the total soluble cellular protein content
(Stocker et al., 2018), react with hydrogen peroxide up to seven orders of magnitude faster
than redox-regulated proteins (Winterbourn & Metodiewa, 1999). These ROS sinks could,
therefore, hinder the effectiveness of hydrogen peroxide as a signalling molecule,
intracellularly, particularly in interactions with the redox-regulated proteins (Stocker et al.,
2018). Two models have been proposed to address this intriguing paradox to elucidate how
redox signalling can occur within a complex cellular environment: the redox relay and

floodgate models.

The redox relay theory posits that antioxidants, like peroxiredoxin and thioredoxin (Trx),
can serve as signal transducers in redox signalling pathways. As antioxidants exhibit high
sensitivity to hydrogen peroxide, they are excellent redox targets for undergoing oxidation
and transferring this oxidative signal to a target protein (Reczek & Chandel, 2015). As a result,
this enables the signal to be transmitted to other proteins via a redox relay (Figure 1.4A)
(Domeénech et al.,, 2018). The floodgate model, on the other hand, proposes that signal
transduction occurs once the peroxiredoxin has been inactivated by hyperoxidation, allowing
for hydrogen peroxide to accumulate and act as a signalling molecule (Figure 1.4B) (Forman
etal., 2010; Wang et al., 2018). Under these conditions, the competition between antioxidants
and target proteins is no longer a limiting factor. As a result, this model allows for more
localised and site-specific redox signalling (Winterbourn, 2013). Rather than being mutually
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exclusive, cells could employ both the redox relay and floodgate models in specific

compartments, for different pathways, or under certain oxidative conditions.

Figure 1.4: The mechanism of redox signalling. Redox signalling has multiple mechanisms through
which it can occur, and the most pertinent ones are (A) the redox relay model (Reczek & Chandel,
2015) and (B) the floodgate model (Forman et al., 2010)—created with BioRender.com.

1.3. Thiol-based redox systems mediate redox homeostasis within cells.

Thiols are sulfur-containing compounds that play a critical role in redox biology in cells and
proteins (Winterbourn & Hampton, 2008). Thiols constitute the large sulfur atom as the
backbone, bonded to hydrogen to form the S-H bond. The low energy bond between sulfur
and hydrogen makes it easy for hydrogen to dissociate, giving thiols nucleophilic and redox-
active properties (Winterbourn & Metodiewa, 1999). Additionally, sulfur's chemical properties

allow it to attain a range of oxidative states (-2 to +6) (Gupta & Carroll, 2014).

Cysteines are susceptible to redox reactions as their functional group is a thiol. However,
its susceptibility to redox reactions depends on its pKa value, which is influenced by its local
environment. Therefore, different proteins will have different kinetic and thermodynamic
properties for cysteine residues (Roos et al., 2012). Additionally, thiols can facilitate a variety
of redox modifications, such as S-glutathionylation (-SSG), S-sulfhydration (-SSH), S-
nitrosylation (-SNO), S-sulfenylation (-SOH), S-succinylation (-SO2H), and S-sulfonylation (-
SOsH) (Figure 1.5). These modifications can change the structure and function of the protein;
therefore, cells must closely regulate and control this interaction to avoid adverse impacts on

protein function (Yang et al., 2016).
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Figure 1.5: The diversity of thiol reactions in redox biochemistry. Cysteine, with its sulphur
molecule, can exist in multiple oxidation states (-2 to +6), enabling it to undergo various oxidation
processes and produce various oxidation isoforms based on the oxidant. These different isoforms
exhibit distinct biological functions and occurrences. (1) and (2) indicate the rest of the protein chain—
adapted from Gupta and Carroll (2014).

Thioredoxin system

The thioredoxin system is a crucial disulphide reductase system, consisting of NADPH,
thioredoxin and thioredoxin reductase (Trr). Thioredoxin is a small (12 kDa) well-conserved
protein found in all living cells, yeasts, bacteria, plants, and animals (Holmgren, 1985). The
thioredoxin motif has the redox-active centre Cys-Gly-Pro-Cys, which imparts to thioredoxin
its critical ability to reduce proteins and form disulphide bonds (Lu & Holmgren, 2014). The
N-terminal cysteine interacts with the disulphide bond of the target protein to form an
intermediary complex with it. Then, it forms a disulphide bond with the C-terminal Cys to
reduce the target protein (Figure 1.6). This oxidised thioredoxin isoform is then reduced by
thioredoxin reductase and NADPH (Nagarajan et al., 2017). In this manner, this system can
cleave the disulphide bonds of oxidised proteins and assist in maintaining the reducing

environment observed in the cell (Gromer et al., 2004).
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Figure 1.6: The reaction mechanism of the thioredoxin and glutaredoxin system in mammalian
cells. Trx and Grx are part of the thioredoxin family and are major reductase systems that assist in
maintaining the cell's reducing environment. The thioredoxin system has Trx, which reduces the target
protein. Trx is reduced by TrxR with NADPH, providing the reducing power as an electron donor. The
glutaredoxin system reduces the disulphide bonds of target proteins via Grx using a monothiol or
dithiol mechanism. Oxidised Grx is reduced by GSH, which in turn is reduced by GR and NADPH
(Mashamaite et al., 2015)—image obtained from "Figure 3" in Hanschmann et al. (2013), licensed by
Mary Ann Liebert, Inc. publishers under License Number 5730770138670.

Glutaredoxin system

Similarly to the thioredoxin system, the glutaredoxin system is a vital disulphide bridge
reductase which constitutes glutaredoxin (Grx), glutathione (GSH), glutathione reductase
(GR) and NADPH. Glutaredoxin is a small protein structurally belonging to the same family
of proteins as thioredoxin and has a similar function as thioredoxin but utilises GSH as a
cofactor. It has an active site motif similar to that found in thioredoxin (Cys-X-X-Cys or Cys-
X-X-Ser) (Fernandes & Holmgren, 2004). The mechanism of glutaredoxin reduction is similar
to that of thioredoxin: the N-terminal cysteine attacks the target proteins’ disulphide bond to
form the intermediary mixed disulphide bond (Figure 1.6). The mixed disulphide bond forms
an intermolecular disulphide bond, which GSH then reduces by forming another mixed
disulphide bond between glutaredoxin and GSH. A second GSH molecule then reduces this
mixed disulphide bond to form GSSG, which is reduced by glutathione reductase and NADPH
(Lillig et al., 2008).

GSH is a tripeptide that plays a role in buffering the cellular redox state and the antioxidant
response. Though it has millimolar concentrations, its reaction rates with protein disulfides

are too slow to be of physiological significance. GSH can be found in its reduced isoform,
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GSH, or its oxidised isoform glutathione disulphide, GSSG, which constitutes 2 GSH
molecules bound via a disulphide bond (Meister & Anderson, 1983). Much like thioredoxin
reductase, glutathione reductase is a flavoprotein that catalyses the NADPH-dependent
reduction of GSSG to GSH, which helps maintain glutathione levels (Figure 1.6) (Carlberg &
Mannervik, 1985).

Peroxiredoxin system

Peroxiredoxins are a large, highly conserved family of peroxidases that can reduce
peroxides using their conserved peroxide-reducing cysteine, the peroxidatic cysteine (Cp)
(Hall et al., 2009; Poole et al., 2011). The Cp has a high affinity for hydrogen peroxide, lipid
peroxides and peroxynitrites, with the formation of the Cp-SOH having a 5 to 7 orders of
magnitude higher than the rate constants for small thiols (Winterbourn, 2013), giving
peroxiredoxins their antioxidant activity (Knoops et al., 2011). Peroxiredoxins can be grouped
into 6 subfamilies (Poole & Nelson, 2016); however, an older convention separated them into
3 classes determined by the location and the presence of an additional cysteine residue
called the resolving cysteine (Cr) (Chae et al., 1994; Rhee et al., 2001). The 2-Cys typical
and 2-Cys atypical subfamilies are homodimeric and have both the Cp and the Cr residues,

while the 1-Cys peroxiredoxins are monomeric.

In the 2-Cys typical subfamily, the Cp is oxidised to Cp-SOH, which then reacts with the Cr
on the other subunit to form an intermolecular disulphide bond. By contrast, the Cp of the 2-
Cys atypical subfamily reacts with the Cr on the same subunit to form an intramolecular
disulphide bond. The 1-Cys subfamily does not have the Cr residue, so it forms a disulphide
bond with cysteines on other proteins or small thiols (Fisher, 2011). The CP-SOH residue
can be further oxidised in typically eukaryotic peroxiredoxins before forming the disulphide
bond to form a sulfinic acid isoform (Cp-SO2H). This isoform is catalytically inert and cannot
react with peroxides or be reduced by thioredoxin or the glutathione/glutaredoxin system
(Yang et al., 2002). Another enzyme, sulfiredoxin, which is ATP-dependent, is necessary to
reduce the sulfinic acid isoform, but this process is relatively slow (Biteau et al., 2003; Woo
et al., 2003). Nevertheless, as discussed in the floodgate model, this redox state is beneficial
as it allows for localised hydrogen peroxide accumulation (Veal et al., 2018). Hyperoxidation
is essential in coupling the circadian rhythm to cellular oxidation as the peroxiredoxin redox
state shows an entrainable circadian rhythm independently of the transcription-translation
feedback loops (O’Neill & Reddy, 2011).

The hyperoxidation of peroxiredoxin also increases its non-peroxidase activity, such as
chaperone functions and peroxidase-independent signalling, inhibiting thioredoxin reduction

(Rhee, 2016; Veal et al., 2018). Hyperoxidation transforms peroxiredoxins into dodecamers,
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acting as chaperones that protect the cell against protein aggregation and assist heat shock
proteins in removing and refolding damaged proteins (Veal et al., 2018). In humans,
peroxidase-independent signalling is evidenced by the increased formation of the Prx1:MKP-
5 and dissociation of the Prx1:MPK-1 complexes under high hydrogen peroxide
concentrations and Prx1 hyperoxidation. These processes decrease p38 activity in favour of
JNK-mediated signalling (Turner-lvey et al., 2013). The hyperoxidation of Tpx1 allows for the
oxidoreductase activity of thioredoxin to target other proteins, enabling the oxidative stress
recovery of the cell (Day et al., 2012). The diverse functions of peroxiredoxins show their role
in redox regulation by contributing to the cell’s antioxidant defence and signalling networks

that maintain the homeostasis of the cell.

1.4. Thiol-based redox signalling systems

Across the spectrum of life, thiol based redox signalling systems can be found. These
systems induce oxidative stress responses in their respective organisms. In some key model
organisms such as E. coli, S. cerevisiae and humans, these critical systems are coordinated

by the transcription factors OxyR, Yapl and Nrf2 respectively.

Regulation of prokaryotic redox signalling and adaptive stress response by
OxyR

Prokaryotes such as Escherichia coli need to be able to sense and respond to hydrogen
peroxide perturbations intracellularly and extracellularly (Stone & Yang, 2006). An excellent
example is the OxyR transcription factor, which regulates a large hydrogen peroxide-
inducible regulon within 10 minutes of oxidative stress (Storz & Tartaglia, 1992). This includes
gene encoding catalase, an enzyme breaking down hydrogen peroxide into water. Another
example is alkyl hydroperoxide flavoprotein, which can reduce biological hydroperoxides to
their corresponding alcohol, glutaredoxin, and glutathione reductase (Figure 1.7) (Antelmann
& Helmann, 2011). The induction of these proteins at lower levels of hydrogen peroxide (nM-
MM) enables the cell to mount an adaptive response that enhances the bacterium’s resistance
to subsequent higher levels (1-5 mM) as the induced proteins have protective functions
(Demple & Halbrook, 1983). In this regard, it has been shown that deleting OxyR increases
the frequency of mutations observed within the bacterium genome, which is exacerbated
under aerobic conditions (Sies, 1993). Furthermore, an overlap between the oxidative and
other stress responses allows the bacterium to resist various stressors, such as heat shock,

thereby enhancing its survival capabilities (Christman et al., 1985).
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Figure 1.7: The activation and inactivation of OxyR. The tetramer transcription factor, OxyR,
regulates a peroxide-inducible regulon. It is activated via peroxide thiol oxidation and the formation of
disulfide bonds within each monomer and inactivated by OxyR-induced glutaredoxin (GrxA)
(Antelmann & Helmann, 2011; Pomposiello & Demple, 2001)—created with BioRender.com.

OxyR forms a homotetramer, and its activity is regulated by thiol oxidation and reduction.
The activation of OxyR by hydrogen peroxide can occur at concentrations that are just above
the physiological concentrations (20 nM) (Aslund et al., 1999) and results in the oxidation of
a cysteine residue (Cys-199) on each monomer to form an intramolecular disulphide (Figure
1.7). The importance of these cysteines is demonstrated by the fact that these are the only
two cysteine residues conserved in OxyR homologs (Zheng, 1998). The formation of the
disulphide bond within each monomer causes a conformational change within the regulatory
domain of OxyR, influencing how OxyR interacts with the DNA sites and increasing its
productive interactions with RNA polymerase for enhanced gene expression (Zheng, 1998).

Regulation of mammalian redox signalling and oxidative stress response by
Nrf2-Keapl

The Nrf2-Keapl pathway is integral to sensing stress and activating antioxidant stress
responses in the mammalian cell. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
transcription factor that binds to antioxidant response elements (ARES). As many antioxidant
genes are downstream from ARES, Nrf2 acts as the master regulator of the antioxidant stress
response within the cell (Enomoto, 2001; Higgins et al., 2009). Nrf2 has been linked to
preventing and protecting many pathologies such as Parkinson’s (Yang et al., 2022), multiple
sclerosis (Suzen et al., 2022), Alzheimer’s (Bahn et al., 2019), arthritis, airway diseases

(Carlson et al., 2020) and some viral infections. In the case of airway diseases, the activation
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of Nrf2 correlates with increased defence against bacteria by macrophages in the lungs, thus
increasing the protection against opportunistic bacterial infections (Harvey et al., 2011). In
some viral infections such as RSV, rotavirus, and HSV-1, Nrf2 activation correlates with

decreased viral replication and cytotoxicity (Bender & Hildt, 2019).

Figure 1.8: The regulation of Nrf2 via the Keap1l ROS oxidation. The inhibitory mechanism of Nrf2
is disrupted by the oxidation and formation of 3 disulphide bonds within the Keapl protein (Dinkova-
Kostova et al., 2002; Taguchi et al., 2011)—created with BioRender.com.

Keapl is the primary inhibitor of Nrf2 activity because Nrf2 bound to Keapl is tagged for
ubiquitination (Figure 1.9). In the cytoplasm of an unstressed cell, Nrf2 is found in the Nrf2-
Keapl complex: this complex consists of one Nrf2 protein bound to a Keapl homodimer.
Keapl connects Nrf2 to the Cul3/RING-box complex, tagging Nrf2 for ubiquitination (Dinkova-
Kostova & Abramov, 2015). Therefore, Nrf2 does not translocate to the nucleus under normal

physiological conditions.

The presence of oxidants and electrophiles induces the dissociation of the Nrf2-Keapl
complex. Nrf2 then localises to the nucleus and heterodimerises with Maf to induce target
genes (Figure 1.8). Due to the thiol-rich nature of Keapl, it is a clear target for thiol oxidation
(Zhang & Hannink, 2003), with Cys-151, Cys-273 and Cys-288 being the critical cysteines
(Taguchi et al., 2011). Oxidation of Cys-151 on each monomer forms an intermolecular bond
between the Keapl monomers, and the oxidation of Cys-273 and Cys-288 increases the
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reactivity of the surrounding cysteines. This enables the surrounding cysteines (Cys-236 and
Cys-613) to form an intramolecular disulphide bond. The formation of these disulphide bonds
results in conformational changes, causing this oxidised isoform of Keapl to dissociate from
Nrf2 (Baird et al., 2013; Baird et al., 2014; Fourguet et al., 2010). In this way, Keapl acts as
the ROS sensor in the Nrf2-Keap1 pathway.

Regulation of yeast redox signalling and response by Yapl

The Yapl transcription factor is the Saccharomyces cerevisiae (baker’s yeast) member of
the subfamily of AP-1-like transcription factors found in mammals and humans (Moye-Rowley
et al., 1989). This is the same family in which we find Capl in Candida albicans, Papl
in Schizosaccharomyces pombe, and the AP-1 transcription factor in humans (Aslund et al.,
1999). These factors are implicated in many cellular processes, such as apoptosis (Shaulian
& Karin, 2001) and the transcriptional response to cytotoxins and oxidants (Ameyar et al.,
2003). The activation of Yapl has been demonstrated to enhance resistance to drugs,
oxidative stress, and heat shock and benefits the cell by strengthening many of the vital
pathways involved in essential cellular maintenance (Lee et al., 1999). It does this by inducing
the expression of genes that are associated with carbon metabolism pathways, protein
biosynthesis, heat shock and chaperoning, antioxidants, respiration and cell cycle and growth

regulation (Jun et al., 2012).

Yapl being an AP-like transcription factor means it consists of 3 central regions: (1) The
basic leucine zipper domain (bZip) is the DNA binding dimerisation domain (Wang et al.,
2023); (2) The nuclear exportin signalling region enables the interaction with the
chromosomal maintenance 1 protein (Crm1), thus facilitating the exportation of protein out of
the nucleus (Kirli et al., 2015); and (3) the cysteine-rich domain (CRD) is split into 2 regions:
one closer to the n-terminal, the n-CRD and one closer to the c-terminal, c-CRD. These
regions contain the cysteine residues that make the protein redox-sensitive (Toone et al.,
2001).
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Figure 1.9:The mechanism of Yapl activation in S. cerevisiae. Forming three disulphide bonds
within Yapl from GPx3-mediated hydrogen peroxide oxidation masks the nuclear export for the
translocation of Yapl to the nucleus (Boronat et al., 2014; Veal et al.,, 2003)—created with
BioRender.com.

The mechanism of Yap1 activation closely parallels that of Pap1’s: both are not directly
oxidised by hydrogen peroxide but use an antioxidant to transduce that signal. However, in
the case of Yapl, the antioxidant used is GPx3, and for hydrogen peroxide oxidation, another
protein is called upon in the process, Yapl-binding protein (Ybpl) (Veal et al., 2003) (Figure
1.9). Hydrogen peroxide oxidises the catalytic cysteine on GPx3 to form GPx3-SOH. This
then condenses with the cysteine residue on Yapl to form an intermolecular disulfide bond
between GPx3 and Yapl. This hydrogen peroxide-dependent reaction is chaperoned by
Ybpl, which brings Yapl and GPx1 together to favour this reaction. Forming an
intramolecular disulfide bond within Yap1l resolves the Yapl-GPx3 intermediary (Bersweiler
et al., 2017; Delaunay et al., 2000). Three disulfide bonds are formed in the full activation of
Yapl (Okazaki et al., 2007). The formation of these disulfide bonds causes structural change,
which masks the exportin region of Yapl, disrupting the Yapl-Crm1l interaction. This causes
the nuclear localisation of Yapl as Crm1 can no longer interact with it to export it out of the

nucleus (Kuge, 1997; Yan, 1998), enabling Yap1 to induce the genes associated with it.

The Tpx1-Papl-Trrl pathway in Schizosaccharomyces pombe
S. pombe has emerged as a model organism for investigating oxidative stress due to its
conserved processes, which are more closely related to those of higher eukaryotic organisms
and mammals compared to S. cerevisiae (Hoffman et al., 2015; Papadakis & Workman,
2015). This makes it ideal for exploring oxidative stress response processes with potential
applications for human systems (Hayles & Nurse, 2018).
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A critical pathway in S. pombe’s response to oxidative, multidrug, and nutritional stress is
the Tpx1-Papl-Trrl pathway (Madrid et al., 2004; Vivancos et al., 2006). Central to this
pathway is the Papl transcription factor, which has similarities with the previously discussed
Yapl (Toone et al., 2001). The Papl pathway enables the cell to mount a response to non-
toxic hydrogen peroxide levels (70 — 200 uM) by triggering the induction of a slew of genes
(Chen et al., 2008). The induced genes' induce the translation of proteins that detoxify the

cell of hydrogen peroxide cell and undo oxidative damage (Song & Roe, 2008).

The redox activity of Papl is dependent upon a 2-Cys typical peroxiredoxin Tpx1 (Wood,
Poole, et al., 2003; Wood, Schrdder, et al., 2003), which serves as the redox sensor of the
pathway (Vivancos et al., 2005) The exact mechanism of Papl oxidation by Tpx1 remains a
subject of debate. However, one of the hypotheses is that Tpx1's Cp is oxidised by hydrogen
peroxide to form the Cp-SOH. The Cp-SOH forms a transient disulphide complex with Pap1l
at Cys-501 or Cys-532 in the c-CRD. A disulfide exchange reaction allows for forming a
disulphide bond with one of the cysteines in the n-CRD, Cys-278 and Cys-285 (Bozonet et
al., 2005). For the complete activation of Papl, two disulfide bonds must be formed across
the n-CRD and c-CRD (Cys-278-Cys-532 and Cys-285—Cys-501), which would require a
second oxidised Tpx1 to oxidise the other Cys residue.

Figure 1.10: The activation of Papl via oxidised Tpx1 and its translocation in and out of the
nucleus. Tpx1 oxidises Pap1, leading to the formation of disulphide bonds, thus disrupting Crm1’s
ability to bind to Pap1’s NES, allowing for nuclear translocation of Pap1 and Pap1-dependent gene
induction. The thioredoxin system reduces the disulphide bonds, allowing Crm1 to export Papl out of
the nucleus—adapted from “Figure 1. A”in Calvo et al. (2012) and the original work is an open-access
article distributed under the terms of the Creative Commons Attribution Non-Commercial License.

The formation of these bonds causes a conformational change in Papl, disrupting the
Crm1l's ability to bind with Papl (Vivancos et al., 2004), inhibiting Papl's export out of the
nucleus, allowing Pap1l to activate its target genes (Pemberton & Paschal, 2005; Yan, 1998)
(Figure 1.10). The thioredoxin system can reduce Pap1, similar to Tpx1 (Day et al., 2012).
The reduction of Papl breaks the disulphide bonds, allowing for the reconstitution of the

Papl:Crml complex and Papl's export from the nucleus (Figure 1.10).
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The Tpx1-Papl-Trr1 pathway’s activation decreases as hydrogen peroxide (>500 puM)
increases. This is due to Tpx1's propensity to become hyperoxidised at high hydrogen
peroxide levels, forming a sulfinic acid (Day et al., 2012). Interestingly, the thioredoxin system
cannot reduce the hyperoxidised peroxiredoxin isoform, but it is instead reduced by the
sulfiredoxin (Srx1) (Bozonet et al., 2005; Halliwell & Gutteridge, 2015a), whose gene is
induced by Papl. However, hyperoxidised Tpx1 plays a role in activating Styl, as it needs
dual phosphorylation and Tpx1-mediated oxidation to translocate to the nucleus (Tomalin et
al.,, 2016). Styl is a protein in the stress-activated protein kinase (SAPK) pathway in S.
pombe (Papadakis & Workman, 2015).

A commonality observed across all these pathways is that they all require multiple
oxidation events to activate the transcription factor fully. Curiously, unlike, say, an electronic
alarm system, these pathways need multiple switches to activate cellular ‘alarm’ for oxidative
stress. This raises the question of why such apparent redundancy exists within these cellular

defence pathways.

1.5. Design principles of analogous signalling systems.

Achieving specific responses through kinetic insulation

The cell can process a large influx of external information despite its size, orchestrating
appropriate responses to various stimuli. Though resource constraints seem challenging, the
cell’s strategy of reusing components across many signalling pathways efficiently mitigates
wastage. However, this would make the cell susceptible to crosstalk, a symptom in many
pathologies and disease states (Komarova et al., 2005). What is observed is a cell being able
to produce specific responses for specific stimuli (Schaeffer & Weber, 1999). Kinetic
insulation is one of the cell’'s mechanisms to pull this off (Behar, Dohiman, et al., 2007). It
leverages the unique temporal behaviour of different pathways to establish specificity. So, in
an example where there are two different pathways, X and Y, which share a common protein,
P, the determination of whether the response originates from pathway X or pathway Y hinges
on the temporal profile of P, meaning pathway X will only trigger a response if P’s activation

constitutes a transient signal (Locasale, 2008).

In contrast, pathway Y may respond exclusively to a slow P signal increase (Figure 1.11).
The capability of each pathway to discern these distinct temporal profiles depends on the
specific mechanisms inherent to each pathway. Some pathways utilise chaperoning proteins
to create microcompartments, further insulating the pathway and increasing its specificity
(Komarova et al.,, 2005). An example in S. cerevisiae is the FUS3, KSS1 and HOG1

pathways, which all share common proteins in the MAPK cascade even though they influence
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vastly different cellular responses. FUS3, KSS1 and HOG1 function in the mating pheromone

response, filamentous growth and high osmolarity response, respectively (Schaeffer &
Weber, 1999; Schwartz & Madhani, 2004).

pathway X pathway Y
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Figure 1.11: Kinetic insulation prevents cross-talk between pathways with a standard protein.
Different pathways may share a common protein, and to prevent crosstalk, the activation profile of a
common protein determines the activation signal profile for each pathway. Thus, each pathway has a
separate outcome (Behar, Dohlman, et al., 2007)—created with BioRender.com.

Enhancing accuracy in biochemical reactions through kinetic proofreading
Kinetic proofreading utilises energy-consuming steps in a pathway to increase the fidelity
of the reaction. This mechanism is used in T-cell activation, enabling T-cells to differentiate
between “self” and “non-self” antigens (lyengar & Perry, 2021). DNA repair systems also use
kinetic proofreading to recognise errors in the DNA strand and replace them with the correct
nucleotide. In protein synthesis, kinetic proofreading assures heightened accuracy in codon

reading and adding the correct amino acid to the polypeptide chain, making the error rate for
this reaction as low as 10 (Hopfield, 1974).
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Figure 1.12: The kinetic proofreading mechanism compared to a reversible Michaelis-Menten
process. The Michaelis-Menten reaction (top) progresses linearly and reversibly at each step, where
the difference in the reverse reaction rate at each step (Ko, k1, k-2 and k) for the correct and incorrect
substrate or ligand determines the fidelity of the reaction. However, with kinetic proofreading (bottom),
the phosphorylation modification of the receptor or enzyme (kp), illustrated by the yellow circles,
introduces a discriminating step. This step ensures that it cannot be reformed again if the complex
disassociates (koff, different for the correct and incorrect ligand or enzyme). This increases the fidelity
of the reaction—created with BioRender.com.

The kinetic proofreading mechanism is best understood when contrasted with a Michaelis-
Menten reaction. Given a simple Michaelis-Menten reaction, the 'on' rates for incorrect and
correct substrates are assumed to be similar. The 'off' rates differ, with the correct substrate
having a lower off rate than the incorrect substrate (Hopfield, 1974). This allows the off rates
to differentiate between the substrates, thus increasing the fidelity of the reaction. Adding
steps increases the fidelity of the reaction even further. However, the trade-off would involve
many steps to reach the same error rate observed for protein synthesis (Boeger, 2022).
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Kinetic proofreading solves this problem by enzymatically coupling the reaction to another
reaction that can provide energy, e.g. the hydrolysis of ATP or GTP (Hopfield, 1974). The
energy step overcomes the thermodynamic limits and modifies the tRNA in protein synthesis.
The modified tRNA either continues down the elongation process or dissociates from the
codon; however, once dissociated, due to the phosphorylation, it cannot reassociate (Alon,
2019). The energy step provides a second discriminating step, which removes the
dissociated tRNA from the pool of options, thus further increasing the fidelity of the reaction.
In cell signalling, kinetic proofreading ensures that a false signal is not propagated and is a

consequence of multiple reactions, which initiate the signal cascade (Goldstein et al., 2008).

Attenuation and amplification of the signal using high, low and band pass filters.

Cells are signal processors in a noisy environment and need processes to filter out
unwanted noise, much like low pass, high pass, and bandpass filters do in electrical signalling
processors. The removal of noise is essential because when a signal is transmitted, the
environment will inevitably introduce noise to the signal, thus adding errors to the information
(Magsi et al., 2018). Therefore, signal processors must be able to remove the noise and error
and extract the original signal. Band pass, low pass, and high pass filters do this. A high pass
filter attenuates frequencies below a lower threshold, only allowing frequencies above it to
pass through, and a low pass filter attenuates frequencies above an upper threshold, allowing
only frequencies below the threshold through. A bandpass filter combines the two, only
allowing frequencies over a specific range through and attenuating all frequencies below and

above the upper and lower threshold (Jaeger & Blalock, 2016).

These filters are utilised in biological systems. The thalamus acts as a low-pass filter, but
the individual neurons act as a high-pass filter. For individual neurons of the thalamus to be
fired, the input needs to be above a specific rate; however, for the thalamus to encode a
specific stimulus, the neurons cannot be firing too rapidly as this will create ambiguity within
the network and cause the thalamus not to be able to encode the stimuli at all. So, the
thalamus only encodes the stimuli when the firing of the neurons happens below a given rate
(Connelly et al.,, 2016). Synthetic biologists have also been able to design chemically
responsive protein-based bandpass filters that only react to a drug over a specified
concentration range (Shui et al., 2023). Similarly, the HOG pathway in S. cerevisiae acts as
a low pass filter, where it averages out the stimuli when the osmolarity changes rapidly but
accurately follows osmolarity stimulation when it is not rapidly changing (Hersen et al., 2008).
These filtering properties within biological systems, networks, and pathways most likely

emerge from their architecture. The fact that these properties are analogous to electrical
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engineering concepts may make it easier to understand these complex systems, thus

opening different avenues of investigation.

1.6. The aim and objectives

The principal objective of this study is to elucidate how multiple oxidation events within
redox-regulated pathways contribute to the specificity of these pathways in responding to
stimuli, hydrogen peroxide. To achieve this, we have developed and analysed a
computational model of the Papl-Tpx1-Trrl pathway, investigating the impacts of multiple
oxidations on the system'’s response to varying hydrogen peroxide concentrations. Further,
our in vitro assembly of the Papl-Tpx1-Trrl pathway, coupled with targeted Papl protein
mutations aimed at inhibiting multiple oxidations, may provide insight into the dynamic

responses of the pathway to such events.
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Chapter 2: The Computational Modelling of the Tpx1-
Papl Pathway

2.1. Introduction

Computational modelling uses mathematical and logical approaches to model realistic or
approximate solutions for biochemical and metabolic pathways (Klipp & Liebermeister, 2006).
These approaches have been used to model several redox systems, providing insights into
these systems. For example, it was established that a redox switch's oxidation-reduction ratio
influences the switch's hydrogen peroxide sensitivity (Antunes & Brito, 2017). In the
thioredoxin system, an analytical solution expanded upon the computational model's insights,
demonstrating that the thioredoxin system is adaptable and has interconnectivity between
thioredoxin-dependent pathways (Pillay et al., 2011). A large-scale model was used to study
how redox couples (GSH/GSSG, Cys/CySS and thioredoxins) influence cell function, interact,

and control each other (Kemp et al., 2008).

For experimental work and computational models investigating signalling pathways, the
signal output can be described as a function of four parameters: dynamic range, amplitude,
time, and duration (Figure 2.1) (Heinrich et al., 2002). The dynamic range is the pathway's
responsiveness to the incremental changes in the input, which is vital in determining the
outcome of the signal (Janes et al., 2008). Signal amplitude (S;) is the average concentration
of the activated protein, indicating the signal's strength. The average time it takes to activate
the protein is described by the signal time (z;) while the signal duration (¥;) is the average
time the protein remains activated (Heinrich et al., 2002; Hornberg et al., 2005). These signal
parameters are calculated from the total amount of activated protein (P;) over the signal
interval (t) and T; is the total concentration of activated protein. Additionally, the equations
have been formatted by colour to show how each variable in integrated into other equations.

The area under the curve (P;(t)) is I; and is calculated as such:
= J, Pu(t)dt (2.1)
and
T; = [t P(t)dt (2.2)
Equations 2.1 and 2.2 are used to describe the signal time (z;):
=5 (2.3)
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The signal duration is calculated using equation 2.2:

I t°Pi(t) dt )
= |[2—""—— (2.4)

The signal amplitude is calculated using equation 2.3:

Si = (25)

2

Figure 2.1: A graphical representation of signal time, duration and amplitude. The signal
parameters can be calculated using equations 2.1, 2.2 and 2.3 from the signal output's time course.

This study investigated the purpose of multiple oxidation steps in adaptive redox pathways
for transcription factor activation. Specifically, we focused on the Tpx1-Papl pathway and its
response to the input signal, hydrogen peroxide. We employed in silico methodologies to
determine the potential benefits of adding an extra oxidation step in enhancing the pathway’s
response. We constructed and analysed simplified analytical models for single-oxidation and
double-oxidation functions to achieve this. Additionally, we developed a model of the Tpx1-
Papl-Trrl pathway to investigate its behaviour and dynamics further under different
hydrogen peroxide concentrations and when one or two oxidation steps are needed for the
full activation of the pathway. Through these analyses, we aimed to understand better how
multiple oxidation steps contribute to redox signalling pathways’ overall functionality and

adaptability.
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2.1. Methods

The analytical modelling of a single and double oxidised redox transcription

factor
Double and single oxidation models were constructed to investigate the fraction of oxidised
transcription factor (TFox/TFtot). TFox/TFot  was solved using Maxima

(https://maxima.sourceforge.io/) and was analysed using NumPy (Harris et al., 2020) and

Matplotlib (Hunter, 2007). A histogram of TFox/TFwt values for each quartile of a variable was
generated using 30 bins.

Computational modelling of the Tpx1-Papl-Trrl pathway

The computational models for the Tpx1-Papl pathway were developed using SciTE, a text
editor, and simulated using the Python Simulator for Cellular Systems (PySCeS) (Olivier et
al., 2005) in a Jupyter notebook (https://jupyter.org/). The models were based on differential

equations that described the molecular interactions within the pathway, incorporating data

from the BRENDA database (https://www.brenda-enzymes.ora/). All models are available in

the Supplementary Information.

2.2. Results

Developing an analytical model for comparing single and multiple oxidation

models in redox transcription factor activation.

We investigated the impact of multiple oxidation events on a theoretical redox transcription
factor activation by comparing a model requiring a single oxidation event to activate the

transcription factor to one requiring two.
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Figure 2.2: The oxidation and reduction of the simple hypothetical redox transcription factor.
(A) Schematic representation of a redox transcription factor (TF) undergoing reversible oxidation from
its reduced isoform (TFeq) to its oxidised, active form (TFq) by hydrogen peroxide (H»O;) with a rate
constant of k; and the reducing reaction with a rate constant of k.. (B) The TF.q undergoes two
oxidation events to form an intermediary isoform (TF;) and then the fully activated TFox isoform, both
with a rate constant of ki and the reducing reaction with a rate constant of kp—created with
BioRender.com.

The analytical single oxidation and double oxidation models developed comprised two or
four reactions, respectively, with the redox transcription factor (TF) being oxidised and
reduced once or twice (Figure 2.2). The models made several assumptions: (i) at a steady
state, the rates of oxidation and reduction of the TF were equal; (ii) auxiliary reactions which
contribute to the oxidation or reduction of the TF were included in the ki and k2 parameters,
respectively; and (iii) TFox is the only active isoform of TF. In the models, the total
concentration of the TF was conserved, and the reactions were also described with
irreversible mass-action kinetics (Behar, Hao, et al., 2007; Cavadas et al., 2013; Klipp &
Liebermeister, 2006).

The ODEs for the single-oxidation model:

AT Fyreq

et k, - TF,x - reductant — k, - TFred - H,0, (2.6)

dTF,,
dt

=ky TFypqH,0, — k, - TF,, - reductant (2.7)
In the single oxidation event system, the rate equations are given by:

V1 = k1 ' TFreq " Hy0; (2.8)

v, =k, - TF,, - reductant (2.9)
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The total TF moiety couple can be related to its sum as follows:

TFiot = TFreq + TE,,

TFreq = TFeor — TFox (2.10)
At steady state, v, = v4, which gives us:

k, - TE,, - reductant = kq * TF,.4 - H,0, (2.11)

Rearranging equation (2.11) yields:

_ k1 TFyeqHy0;

TE,, = (2.12)

k,reductant

To solve for a fraction of the activated TF, we can substitute equation (2.10) into equation

(2.12), which gives us the following:

TFOX _ kl 'H2 02
TFiot k1-Hp0,+k,reductant

(2.13)

Thus, as the reductant approached zero, the fraction of activated TF tended toward one,
resulting in the total oxidation of the TF at any hydrogen peroxide value greater than zero
(eqgn. 2.13). This solution was aligned with the literature as Pap1 is fully oxidised in Atrr1 S.
pombe cells (i.e.) cells where the reductant is zero (Vivancos et al., 2004). Conversely, as
the reductant increased, the fraction of activated TF tended towards zero (eqn. 2.13) as the
reductant reduced the oxidised form of the TF. The fraction of activated TF is zero if the
hydrogen peroxide concentration is zero, showing that the system is inactive under normoxic
conditions (eqn. 2.13). As the hydrogen peroxide concentration increases, the fraction of
activated TF is also expected to increase, which is corroborated by OxyR studies
demonstrating that the fraction of oxidised OxyR increased with increased hydrogen peroxide
(Aslund et al., 1999).

The ODEs for the double-oxidation model:

AT Freq _

Tk k, - TF;-reductant — ky * TF,.q * H,0, (2.14)
dZtFi = kq * TFyeq - H,0, + k, - TF,, - reductant — k, - TF; - reductant — k, - TF; - H,0, (2.15)
dTFyy
—*% =k, TF,-H,0, — k, - TF,, - reductant (2.16)

dt

Equations (2.17) through (2.20) define the rates of four chemical reactions in terms of rate

constants and concentrations of reactants for the double oxidation model (Figure 2.2B):
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v = k]_ ' TFT'ed ' H202 (217)

vy, =k, - TF; - reductant (2.18)
U3 == kl ' TFL - H202 (219)
v, = k, - TE,, - reductant (2.20)

The total concentration of TF is defined in equation (2.21):
TFpr = TFyeq + TF; + TE,, (2.21)

The intermediary isoform at steady state was described as v, + v, = v, + v3, which was

substituted and solved:

ki TF.oq - Hy,0, + k, - TFE,, - reductant = k, - TF; - reductant + k- TF; - H,0,

__ k1 TFyeq Hy02+k, TFyx reductant
kyreductant+kq-H,0,

TF, (2.22)

The reduced isoform at steady was described as v, = v; at steady state, which was
substituted and solved:

k, - TF; -reductant =k, - TF,.4 - H,0,

__ ky'TFyreductant

TF,,q = xlfireductant (2.23)

kq-Hp Oy
The intermediary isoform was also described in terms of the total:

TF; = TF,yy — TF,oq — TE,, (2.24)
Equation (2.24) substituted into equation (2.23) and solving yields:

TR - k- (TFiot — TFreq — TF,,) - reductant
red — kl . Hz 02

_ (TFtot—TFyx) kyreductant

TF,oq = (2.25)

kyreductant+k,-H,0,

At a steady state, the oxidised isoform can be described as v, = v3, therefore:
k, - TF,, - reductant = k, - TF; - H,0, (2.26)

Equation (2.25) was substituted into equation (2.22), and it was substituted into equation
(2.26) and solved:
(TF;ot — TF,,) - k, - reductant

e+ ( k, - reductant + k, - H,0,
k, - reductant + k, - H,0,

)+ Hy05 + ko - TF,, - reductant

k, - TFE,, - reductant = k4 - ( ) - H20;

TFOX _ k12‘H2022
TFror k12 Hp0,%+kqky HyOpreductant+k,?reductant?

(2.27)
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The two equations for the single oxidation (2.13) and double oxidation (2.27) share
similarities: the fraction of activated TF is directly proportional to the hydrogen peroxide
concentration and inversely proportional to the reductant concentration. However, the single
oxidation equation comprises linear polynomials in both the numerator and denominator with
no critical points, whereas the double oxidation equation (eqn 2.27) comprises quadratic
polynomials with critical points at (O, reductant). At the critical point, the slope of the graph is
zero, and for quadratic polynomials, the absolute value of the rate of change increases the
further away from the critical point (Marden, 1966). Additionally, when the absolute value of
the rate of change is high, a slight change in the hydrogen peroxide concentration will cause
a rapid increase in the fraction of activated TF. When it is low, the opposite is true. Therefore,
for the double oxidation equation at low hydrogen peroxide concentrations, close to the
critical point, TF activation is low and less responsive to hydrogen peroxide changes than the
single oxidation model. Conversely, TF activation is highly responsive to high hydrogen
peroxide changes at high concentrations. Thus, an additional oxidation reaction changes the

system's behaviour to input hydrogen peroxide concentrations.

To visualise this effect, the two functions were plotted on contour plots:

Figure 2.3: The transcription factor activation for a single and double oxidation equation. (A-
B) The contour plots were constructed using equation (2.13) for the single oxidation equation and
equation (2.27) for the double oxidation equation with the reductant and hydrogen peroxide
concentrations quantified in arbitrary units (AU). The contour plots used a gradient scale to represent
the fraction of activated transcription factor (TFox/TFw:). Boundary lines (0.1, 0.25, 0.5, 0.75 and 0.9)

Page 30 of 84



are drawn on the plot as black lines and labelled. (A) Represents the single oxidation function, and
(B) represents the double oxidation function. (C-D) Bar plots representing the percentage of the
contour plot (corresponding to (A) and (B) respectively) that fall within the quartiles of the fraction of
activated transcription factor (Q1=0-0.25, Q2=0.25-0.5, Q3=0.5-0.75 and Q4=0.75-1.0).

Our results show that the double oxidation model (Figure 2.3B) can maintain a higher
fraction of inactive TF over a broader range of hydrogen peroxide concentrations than the
single oxidation model (Figure 2.3A). This is demonstrated by the rightward shift of the
boundary lines (Figure 2.3B), particularly at low hydrogen peroxide concentrations. The shift
in the TF activation levels was quantified by looking at the activation threshold of 0.5 for the
activated transcription factor. In the single oxidation function, a modest proportion of the plot,
12.6% (4.27+8.33%, Figure 2.3C), fell below this threshold. However, in the case of the
double oxidation function, this percentage increased to 20.29% (9.68 + 10.61%, Figure 2.3D).
These findings suggested that the double oxidation function maintained relatively lower
activation levels across varying concentrations of reductant and hydrogen peroxide than the

single oxidation function.

Figure 2.4: The distribution of the contour plot for the fraction of activated transcription factor.
The TFu/TFw: data points were categorised into their corresponding quartile based on the
concentration of hydrogen peroxide or reducant. The histogram was generated by dividing the
TFox/TFtot values range within each quartile into 30 bins. The number of data points within each bin
was counted to obtain the frequency, making it unitless. (A) The distribution plot for the single
oxidation function at the different quartiles of hydrogen peroxide. (B) The distribution plot for the single
oxidation function at the different quartiles of the reductant. (C) The distribution plot for the double
oxidation function at the different quartiles of hydrogen peroxide. (D) The distribution plot for the
double oxidation function at the different quartiles of the reductant.

The double oxidation function also had a wider dynamic range of activation, as exhibited

by its broader distribution of activated transcription factor. At lower hydrogen peroxide levels
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(0-25 AU), the double oxidation model had a lower median (0.33 TFox/TFtwt) and mean (0.37
TFox/TFtot) (Figure 2.4C) than the single oxidation model mean and median at 0.5 TFox/TFtot
(Figure 2.4A). Thus, most data is clustered towards the low activation levels for the double
oxidation model, whereas the single oxidation model is normally distributed at low hydrogen
peroxide levels. This suggests that the double oxidation model at low hydrogen peroxide
concentrations is less responsive than the single oxidation model. However, the mean and
median values of activated TF for both models at high hydrogen peroxide concentrations (75-
100 AU) are similar, with the single oxidation model’s being 0.88 and 0.87 and the double
oxidation model’s being 0.86 and 0.86. Therefore, both models respond similarly and highly

at high concentrations of hydrogen peroxide.

The double oxidation function displays heightened sensitivity to the influence of the
reductant on the activation of the transcription factor compared to the single oxidation
function. Both functions exhibit similar central tendencies at low reductant concentrations (0—
25 AU), with mean and median values of 0.9 and 0.94 for the single oxidation function (Figure
2.4B) and 0.88 and 0.94 for the double oxidation function (Figure 2.4D), respectively. In the
highest quartile (75-100 AU), the mean and median of activated TF for the double oxidation
function are 0.53 and 0.61, respectively, while for the single oxidation function, they are 0.62
and 0.70. Thus, the double oxidation model was more affected by the reductant than the

single oxidation model at these levels.

The analytical modelling of the activation of a redox transcription factor showed that
increasing the number of oxidation steps attenuated the activation of the pathway (i.e.) extra
oxidation steps prevent pathway activation at low hydrogen peroxide concentrations.
Furthermore, this attenuation of the double oxidation model seemed limited to lower hydrogen
peroxide levels. Compared to the single oxidation model, there was no decrease in the double
oxidation model's ability to respond highly to elevated levels of hydrogen peroxide. Therefore,
an extra oxidation step results in a high-pass filter for the system. This filter is critical as the
oxidative stress response reconfigures the cell's metabolome, transcriptome, and proteome
to support antioxidant defence mechanisms (Gasch et al., 2000; Morano et al., 2012; Rusz
et al., 2021). Therefore, these systems' unintentional and nonessential activation could be

highly detrimental and wasteful for the organism.
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The model of the Tpx1-Papl pathway indicates that the pathway acts as a high-

pass filter.

NADPH

Figure 2.5: Schematic representation of the Tpx1l-Papl pathway used for computational
analysis. The reduction of Trx by Trr and NADPH is represented by reaction 1. The oxidant sensing
component of the pathway is the oxidation of a Tpx dimer, reaction 2, which is modified to the sulfenic
isoform. The sulfenic isoform then reacts with the other monomer within the dimer to form a disulfide
bridge, reaction 3, which Trx then reduces in reaction 4. In the single oxidation model, Pap is oxidised
once, as in reaction 5, and assumed to be fully oxidised (Model S1). The double oxidation model
(Model S2) includes reaction 6, which occurs at a rate 10 times faster than reaction 5 and forms a
partially oxidised intermediate. Reactions 7 and 8 reduce the oxidised Pap (Boronat et al., 2014;
Klomsiri et al., 2011; Vivancos et al., 2005)—created with BioRender.com.

We constructed a model of S. pombe’s Papl pathway to analyse the double and single
oxidation models on a complete system of reactions (Figure 2.5). In order to investigate the
Tpx1-Papl pathway, we simplified the model to include a maximum of eight reactions,
including only those proteins and reactions directly involved in Papl activation. We assumed
the second oxidation step occurred faster than the first, as the partially oxidised isoform is
rarely observed in western blotting experiments (Vivancos et al., 2005). However, a double
oxidation model was constructed in which the second Papl oxidation step occurs at the same
rate as the first. All three models’ hydrogen peroxide consumption (Figure S1) and Tpx1
oxidation states (Figure S3) were compared and found to be the same. This demonstrated
that the differences observed in Pap1 oxidation for each model (Figure S2) were independent
of the dynamics of the upstream molecules. The construction of the pathway was based on

the information provided in Table 2.1.

The ODEs for the computational model of the Tpx1-Papl-Trrl pathway:
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NADPH TrxSS
A

dTrxSS Kina kitrxiss
=== ky " TpxSHryyss " TrxSH + ko - PapSSSS  TrxSH + kg - PapSSSH + TrxSH — ———— I (2.28)
<k1nadph )(kltrxlss)
k Trr NADPH ( TrxSS )
dTrxSH __ catt Kinadph ) \K1trxiss
= — ky - TpxSH_TpxSS - TrxSH ) — k, - PapSSSS - TrxSH — kg - PapSSSH - TrxSH (2.29)
dt 1+NADPH (1+TrxSS)
<k1nadph. ) kitrxiss
G _ k- TpxSH_TpxSS - TraSH + ks - TpxSH_TpxSOH - PapSHSH + kgTpxSH_TpxSOH - PapSSSH — ky - TpxSH_TpxSH - Hy0, (2.30)
TREEIPEOR = ky - TpxSH_TpxSH - Hy0, — ks - TpXSH_TpxSS — ks - TpxSH_TpxSOH - PapSHSH ) — ks - TpxSH_TpxSOH - PapSSSH (2.31)
dTpxSH_TpxSS
% = ks - TpxSH_TpxSS — k, - TpxSH_TpxSS - TrxSH ) (2.32)
dPapSHSH
TP = kg - PapSSSH - TrxSH — ks - TpxSH_TpxSOH - PapSHSH (2.33)
dt
dPapSSSH

= ks TpxSH_TpxSOH - PapSHSH + k- PapSSSS - TrxSH — k¢ - TpxSH_TpxSOH - PapSSSH — kg - PapSSSH - TrxSH (234)

dt

dPapSSSS

pra ke TpxSH_TpxSOH - PapSSSH — k- - PapSSSS - TrxSH (2.35)
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Table 2.1: Kinetic parameters and species concentrations used to develop the computational models of Papl reduction and activation.

Model Reactions Model Parameters
Reaction Label Rate equation Kinetic Parameters (s- i m i
q 1; uM; uM.s-1) Species Initial concentration (uM)
TrxSH 0.7 (Marguerat et al., 2012)
NADPHY ( TrxSS kearn 66
Reatr " Tr7 |3 (k ) TrxSS 0.00
R1 1nadph 1trx1ss
(1 + NADPH ) (1 + TrxSS) NADPH 150 (Lee et al., 1995)
klnadph k1trxiss klnadph 1.3
NADP 0.00
k1trxiss 4.4 Trr 0.5 (Lee et al., 1995)
R2 ky * TDXSHrpxsy * Hy O, k, 20 H202 €1.00
H20 0.00
R3 ks - TpxSH_TpxSS ks 1.7 TpxSH_TpSH 4 (Marguerat et al., 2012)
R4 ky - TpxSH_TpxSS - TrxSH k., 0.2 TpxSH_TpxSOH 0.00
RS ks - TpxSH_TpxSOH - PapSHSH ks 0.04 TpxSH_TpxSS 0.00
*R6 ke - TpxSH_TpxSOH - PapSSSH Ak, 0.4 PapSHSH 0.0245 (Marguerat et al., 2012)
*R7 ks - PapSSSS - TrxSH ab, 0.01 PapSSSH 0.00
R8 ke - PapSSSH - TrxSH bkg 0.01 PapSSSS 0.00

* These reactions are not present in the single oxidation model.

a These parameters are not present in the single oxidation model.

b These parameters are changed when the reduction of Pap1 is a perturbation.

¢ The initial concentration of hydrogen peroxide (H203) is changed for each system perturbation
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Figure 2.6:The double oxidation of Papl activity of the pathway at low and high hydrogen
peroxide concentrations, respectively. The left panel (A, C, E) shows the time course for a fraction
of oxidised Papl with increasing hydrogen peroxide concentrations for single and double oxidation
models. The right panel (B, D, F) shows the amplitude for each model at the different concentrations
of hydrogen peroxide. (A — B) the simulation results for the single and double oxidation models of
Papl at different hydrogen peroxide concentrations, with the model reduction parameters left
unchanged. (C — D) The single and double oxidation model with a 10-fold increase in Papl
inactivation. (E — F) The single and double oxidation models with a 10-fold decrease in Papl
inactivation. The plots in each figure show the fraction of activated Papl at different hydrogen
peroxide concentrations over a specific time (16 min:40 sec for A and C, 2 hrs:13 min:20 for C).

The double oxidation of Papl exhibited an apparent attenuation of the pathway at low
concentrations of hydrogen peroxide, resembling the behaviour of a high-pass filter. Under
normoxic conditions (Figure 2.6A), when the hydrogen peroxide concentration is 10 uM or
lower, the fraction of activated Papl in the double oxidation model is lower compared to the
single oxidation model. However, starting from 50 uM of hydrogen peroxide, the double

oxidation model displays a higher fraction of activated Pap1. This transition in the pathway’s
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behaviour, shifting from low activation to high activation, suggests the presence of a threshold
in the double oxidation model. The amplitude analysis of the pathway at different hydrogen
peroxide concentrations (Figure 2.6B), which quantifies the average concentration of
activated Papl, confirms the distinct behaviour of the double oxidation model compared to
the single oxidation model. At low hydrogen peroxide concentrations, the double oxidation
model shows a lower amplitude, therefore a lower concentration of activated Papl over the
signal time, in the fraction of activated Papl than the single oxidation model. However, as the
hydrogen peroxide concentration increases, the double oxidation model displays a larger

amplitude value.

We analysed Pap1 activation for both models when Pap1’s reduction rate is either
increased or decreased. Increasing the reduction rate (Figure 2.6C-D) decreased the overall
fraction of the activated Papl, its signal time and the duration of both models. With the
increased reduction rate, the pattern observed in Figure 2.6A is conserved, but the high pass
properties are exaggerated. Lower Papl activation was observed for the double oxidation
model at low hydrogen peroxide concentrations and higher Papl activation for the double
oxidation model at high hydrogen peroxide concentrations. However, the overall attenuation
of both models makes the pathway less activated (Figure 2.6D), which could result in an

inadequate or non-existent response to hydrogen peroxide.

By decreasing the Pap1l inactivation rate (Figure 2.6E), the maximum fraction of activated
Papl increases in the single oxidation model, reaching levels similar to those of the double
oxidation model at 50 and 100 uM hydrogen peroxide. However, at lower hydrogen peroxide
concentrations (10 uM or less), the double oxidation model still exhibits a smaller fraction of
activated Papl than the single oxidation model. Interestingly, the decrease in the Papl
inactivation rate does not appear to impact the maximum fraction of activated Papl

significantly in the double oxidation model across all concentrations of hydrogen peroxide.

2.3. Discussion

In this study, we investigated the impact of an additional oxidation event on a redox
pathway and its implications for transcription factor activation using an analytical model. Our
findings revealed that including an extra oxidation step in the pathway conferred high-pass
filter properties. The double oxidation models exhibited a greater attenuation of transcription
factor activation at low concentrations of hydrogen peroxide and comparable activation levels
at higher concentrations of hydrogen peroxide. The response to oxidative stress reconfigures
the cell and can alter the cell’'s proteome by inducing reversible and irreversible post-

translational modifications (Go & Jones, 2013). Transcriptomically, a wide array of genes are
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induced by oxidative stress; these genes code for proteins involved in the antioxidant defence
system, protein synthesis and carbohydrate metabolism, thus affecting the metabolome
(Chen et al., 2003). Therefore, the accidental activation of the oxidative stress response
pathways is detrimental to the cell. A high pass filter-like mechanism ensures that low levels
of hydrogen peroxide, which may play a role in normal cell physiology, do not activate the
pathway and the stress response. Multiple oxidation steps impart this property onto the
pathway due to an increased number of steps at which the reductant can inhibit transcription
factor activation. However, too many reductive steps could make the pathway less responsive
as observed by the overall lowered Papl activation at high reductant capacity (cf. Figures
2.3, 2.6). Therefore, the number of redox steps in activating these pathways represents a

trade-off between high-pass filtering and responsiveness.

In agreement with the literature, our model showed Tpx1l underwent oxidation at low
hydrogen peroxide concentrations (20 and 50 uM), while Papl remains reduced and inactive
(Domenech et al., 2018). At higher levels of hydrogen peroxide, our model showed increased
Papl activation which was also in agreement with the literature (Quinn et al., 2002). However,
our model is simplified and relies on estimated parameters as some parameter values are
unknown. Consequently, certain discrepancies exist between the in silico model and the in
vivo pathway. For instance, our model does not account for the bimodal function resulting
from the recovery of the hyperoxidised Tpx1 isoform by Srx1 as gene expression was not

included in the model (Vivancos et al., 2005).
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Chapter 3: In vitro analysis of the Tpx1-Pap1-Trrl

system

3.1. Introduction

In vivo and in vitro approaches give complementary insights into redox biology and the
systems involved, from the molecular to the organismal level. In vivo approaches allow
researchers to study the system in a physiologically relevant context, including the system’s
environmental, genomic, and proteomic background, generating spatial and temporally
dependent data. However, this plethora of data has downsides, making it challenging to
disentangle all the different information flows, signalling and activity in a system (Rao et al.,
2014). In vitro methods fill this gap by simplifying the system and enabling researchers to
control the environment and the components involved; this allows for more acute
manipulation of the system, which can provide mechanistic insights (Graudejus et al., 2018).
However, this approach sacrifices critical components in each system, but together, these
methods are synergistic with validated in vitro studies and complementing in

vivo observations.

In vitro studies on transcription factors offer a targeted examination of these crucial
proteins, which lie downstream of signalling cascades and can regulate the response of a
system to stimuli. Notable studies have included studying the role of c-Fos and c-Jun in an in
vitro system to analyse hydrogen peroxide’s influence on its DNA binding and transcriptional
activity (Ferguson, 2001). The DNA binding capability of NF-kB was studied in vitro and
shown to be inhibited by alkylation and diamide oxidation, with the diamide oxidation inhibition
being reversed by reducing agents (Toledano & Leonard, 1991). Moreover, the activation of
OxyR is influenced by the ratio between hydrogen peroxide generation and degradation, and
its preferential reduction by the glutaredoxin system was demonstrated in an in vitro

experiment (Aslund et al., 1999).

There have been no in vitro studies of Papl activation, which is surprising given that there
are conflicting theoretical models of Papl activation. The first two models assume that Tpx1
oxidises Pap1l directly (Figure 3.1 A-B), although it is unclear whether it is the sulfenic isoform
of Tpx1 which interacts with Papl (Vivancos et al., 2005; Vivancos et al., 2006) or the
disulphide Tpx1 isoform which oxidises Pap1 via a thiol-disulphide exchange (Calvo, Boronat,
et al., 2013; He et al., 2016). The third model assumes Papl oxidation is driven by oxidised
thioredoxin-1 (Trx1) (Brown et al., 2013) (Figure 3.1C). All three of these mechanisms could

operate simultaneously, and an in vitro system could be used to test these models. However,
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the resolution of the models is complicated because Tpx1 can exist in its monomeric and
dimeric isoforms and other redox states. These redox states of some isoforms are similar in
size, making it difficult to differentiate them by SDS-PAGE. For example, the Tpx1 homodimer
can have a single or two disulphide bonds or the Cp of one Tpxl molecule can be
hyperoxidised to form C,SO2H (Tomalin et al., 2016). The monomeric isoform on a gel can
represent the sulfenic acid Tpx1 and the hyperoxidised sulfinic acid isoform of Tpx1 (Day et
al., 2012; Vivancos et al., 2005). The computational model (Figure 2.5) assumed that the
sulfenic acid isoform of Tpx1l (Figure 3.1A) oxidised Papl; the other two models were

excluded.

Figure 3.1: Theoretical Papl activation models. Papl is not directly oxidised by hydrogen peroxide,
and thus, three hypothetical mechanisms propose distinct events that lead to the oxidation and
activation of Papl. (A) Hydrogen peroxide oxidises Tpx1 to form the sulfenic acid, which then oxidises
Papl. (B) Papl oxidation occurs through thiol-disulfide exchange with the disulfide isoform of Tpx1.
(C) Oxidised Tpx1 oxidises Trx1, which undergoes a thiol-disulfide exchange with Papl to oxidise it
(details in text)—created with BioRender.com.

Four critical cysteines regulate Pap1’s redox activity. The two critical cysteines for Papl
activation at the n-CRD are Cys-278 and Cys-285, as when these critical cysteines are
mutated, no nuclear accumulation of Papl is observed in vivo (Calvo, Ayté, et al., 2013).
Cells expressing this mutated Papl are as sensitive to hydrogen peroxide as Apap1 cells. At
the c-CRD, there are three cysteines. However, only two are critical, and mutations of these
critical cysteines, Cys-501 and Cys-532, disrupt Papl accumulation in the nucleus with a
mutation at Cys-501 leading to a partial nuclear accumulation and a mutation at Cys-532
completely inhibiting the nuclear accumulation of Papl. Interestingly, a mutation in Cys-532
leads to peroxide-sensitivity equivalent to Apap1 cells (Calvo, Ayté, et al., 2013; Castillo et
al., 2002).

In this chapter, we expressed and purified the Tpx1-Papl-Trrl system. As a first step, we
aimed to determine the mechanism underlying Papl activation and then used site-directed
mutagenesis to create Papl mutants activated by a single disulfide bridge.
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3.2. Methods and Materials

Materials

PCR reagents, including DreamTaq DNA polymerase, SnakeSkin™ dialysis tubing (3.5 K
MWCO), PageRuler™ Plus prestained protein ladder, Pierce™ bicinchoninic acid (BCA)
protein kit and GeneJET plasmid miniprep kit were obtained from Thermo Fisher Scientific
(Johannesburg, South Africa). PCR primers and nickel-charged nitriloacetic acid (Ni-NTA)
agarose were purchased from Whitehead Scientific (Pty) Ltd (Cape Town, South Africa).
Hydrogen peroxide was obtained from Lab Care Supplies (Durban, South Africa). Bovine
serum albumin (BSA) was purchased from Celtic Molecular Diagnostics (Pty)Ltd (Cape
Town, South Africa). N-ethylmaleimide (NEM); iodoacetamide (IAM); acrylamide; N,N'-
methylene-bisacrylamide, ammonium persulphate (APS); the secondary antibody produced
in rabbit, anti-mouse IgG horseradish peroxidase conjugate antibody (Lot #106M4870V);
kanamycin sulfate; dithiothreitol (DTT); 4-(2-aminoethyl) benzene sulfonyl fluoride
hydrochloride (ABESF), phenylmethylsulfonyl fluoride (PMSF) and isopropyl R3-D-1-
thiogalactopyranoside (IPTG) were obtained from Sigma Aldrich (Johannesburg, South
Africa). S. pombe cytosolic thioredoxin (trx1, SPAC7D4.07c), thioredoxin peroxidase
(tpx1, SPCC576.03c), thioredoxin reductase (trrl, SPBC3F6.03), and AP-1-like transcription
factor (papl, SPAC1783.07c) genes were synthesised and cloned into the pET28a
expression vectors by GenScript Ltd (Hong Kong). The Q5 site-directed mutagenesis kit from
New England Biolabs was obtained via Ingaba Biotechnical Industries (Pretoria, South
Africa). The primary antibody, monoclonal mouse 6x-His tag, was kindly donated by Prof
Dean Goldring (Pietermaritzburg, South Africa), and E. coli BL21 cells were available as lab
stocks. Clarity™ western ECL substrate, nitrocellulose membrane (0.45 pM), N,N,N’,N"-
tetramethylethylenediamine (TEMED), and other general chemicals were bought from Merck
(Johannesburg, South Africa).

Luria-Bertani agar and broth

The Luria-Bertani (LB) agar medium composition used in this study included agar (20 g/L),
NacCl (10 g/L), tryptone (10 g/L), and yeast extract (5 g/L). For LB broth, the same components
were used except for agar. All solid ingredients were dissolved in distilled water, and the pH
of the solution was adjusted to 7.0 with NaOH. The media were sterilised by autoclaving, and

once cooled, kanamycin was added at a concentration of 50 pg/mL.
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1x Phosphate Buffered Saline
PBS consisted of KCI (2.7 mM), Na2HPO4, KHPO (10 mM) and NaCl (500 mM); the solutes
were dissolved in distilled water, and the pH was adjusted to 7.4 using HCI. The buffer was

autoclaved and stored at room temperature.

Lysis buffer
The lysis buffer consisted of KCI (2.7 mM), NazHPO4 and KH2PO4 (10 mM), NaCl (500
mM), glycerol (20% v/v) and imidazole (20 mM). The buffer was made of distilled water and

autoclaved; B-mercaptoethanol (10 mM) was added once cooled.

Equilibration Buffer
The equilibration buffer consisted of PBS (1x), imidazole (30 mM) and 3-mercaptoethanol
(20 mM).

Wash buffer
The wash buffer consisted of PBS (1x), imidazole (20 mM) and B-mercaptoethanol (10
mM).

Elution buffers at different imidazole concentrations
The elution buffers consisted of PBS (1x), B-mercaptoethanol (10 mM) and imidazole at
different concentrations (40, 60, 80, 100, 120, 150 and 250 mM), which was made from 1 M

imidazole.

30% Acrylamide solution
The acrylamide solution consisted of acrylamide (29% w/v) and N,N'-methylene
bisacrylamide (1% wi/v) dissolved in distilled water. The solution was filtered through a

Whatman filter paper.

Separating buffer
The separating buffer consisted of Tris base (1.5 M) and SDS (0.8% wi/v) and was
dissolved in distilled water. The pH was calibrated to pH 8.8 with HCI, and the solution was

filtered using a Minisart® syringe filter.

Stacking buffer
The stacking buffer consisted of Tris base (0.5 M) and SDS (0.4% wi/v) and was dissolved
in distilled water. The pH was adjusted to pH 6.8 with HCI and filtered using a Minisart®

syringe filter.
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10x SDS Tank Buffer
The SDS tank buffer consisted of Tris base (0.25 M), glycine (1.924 M), and SDS (0.03467

M) and was dissolved in distilled water.

Coomassie Blue Stain
Coomassie blue stain consisted of brilliant blue R250 (0.125% wi/v), methanol (50% v/v)

and acetic acid (10% v/v) and was made up of distilled water.

Destain Solution | and I
The destain solution was made with methanol (50% v/v), acetic acid (10% v/v), and distilled
water, whilst destain solution Il consisted of methanol (5% v/v) and acetic acid (7% v/v) and

distilled water.

50x TAE
The TAE buffer consisted of tris base (2 M), acetic acid (1 M), and disodium EDTA (Naz-
EDTA) (50 mM), which were dissolved in distilled water.

10x Tris-buffered saline (TBS) and 1x Tris-buffered saline with 0.1% Tween® 20
detergent (TBST)

A stock solution of 10x TBS was made with a final concentration of 200 mM Tris base and
1.5 M NacCl, and its pH was adjusted to 7.6 with HCI, and 1x TBST was made from the 10x
stock solution, and 0.1% (w/v) Tween® 20 detergent was added.

Blocking agent in TBST
The blocking agent used was BSA, dissolved as 10% (w/v) BSA in 1x TBST.

The primary and secondary antibody solution

The primary antibody was stored at -20°C. Before use, it was diluted 5000 X in 5% BSA in
1x TBST and kept at 4°C for reuse. The secondary antibody was stored at -20 °C and was
freshly prepared before use by diluting it 5000 X in 5% BSA in 1x TBST.

Methods

Growing of E. coli BL21 cultures
LB (50 pg/mL kanamycin) stock plates were incubated at 37 °C, and broth cultures were

incubated at that same temperature at 200 rpm.

Expression and purification of Tpx1 and Pap1l protein
The protocol used for the expression and purification of the recombinant proteins was
adapted from Sivashanmugam et al. (2009).

Page 43 of 84



Determining the optimal induction time for each protein

50 mL of LB broth was inoculated with 1 mL overnight E. coli BL21 culture containing the
pET28a plasmid, housing the respective S. pombe genes. The culture was incubated at 37
°C and grown to ODe00=0.3 — 0.4. The culture was then induced with isopropyl 3-D-1-
thiogalactopyranoside (IPTG) at a final concentration of 0.5 mM and incubated (30°C at 200
rpm), and a 1 mL sample was collected pre-induction and every hour post-induction. All the
samples were centrifuged (12 000 x g for 5 minutes), and the supernatant was discarded.
The pellets were resuspended in sterile distilled water dependent on the OD600 of each

sample (according to equation 3.1); this step normalised the cell number.
amount of sterile dH,0 = 1000 uL (()D%galue) (3.1)

These samples were then run on an SDS-PAGE gel to check the optimal induction time.

Expression of Protein

A 50 mL LB broth was inoculated with 1 mL of overnight culture and incubated at 37 °C
until reaching an optical density at 600 nm (ODeoo) of 0.3—0.4. The culture was then induced
with IPTG at a final concentration of 0.5 mM and incubated at 30 °C with agitation at 200 rpm
for a predetermined optimal induction time. After the induction period, the cells were
harvested by centrifugation (9299 x g, 4 °C, 10 minutes), the supernatant was discarded, and

the cell pellets were stored at -20 °C if necessary.

Sonication-dependent extraction of expressed soluble proteins from E. coli cell culture

The induced cell pellets were resuspended in 10 mL of lysis buffer containing either
AEBSF (final concentration of 0.2 mM) or PMSF (final concentration of 2 mM). The cell
suspension was subjected to sonication using 7 cycles of 1-minute pulses with a minimum of
1-minute intervals between pulses, operating at 30% amplitude. Following sonication, the

samples were centrifuged (9299 x g, 4 °C, 10 minutes), and the supernatant was stored.

Ni-NTA Affinity His-Tagged Protein Purification

The Ni-NTA column was first washed with 30% (v/v) ethanol, and the eluate was discarded.
The column was then equilibrated with the equilibration buffer to prepare it for sample loading.
The sonicated supernatant containing the target proteins was carefully loaded onto the
column and incubated overnight at 4°C on a bench-top tube rotator.

Determining the Optimal Imidazole Concentration for Protein Elution
At each elution step, 1 mL of the eluate was collected for further analysis. The crude
supernatant containing unbound proteins was first eluted, followed by two wash steps using

the wash buffer. After each wash step, the eluate was collected. Next, a series of gradient
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wash steps with increasing concentrations of imidazole (40, 60, 80, 100, 120, 150, and 250
mM) were performed. The eluate was collected at each step of the gradient wash. Once all
the desired elution samples were collected, the column was incubated with 0.5 M NaOH for
a minimum of 30 minutes, and the solution was then discarded, in order to strip the column
of protein and enable its reuse. The column was stored in 30% (v/v) ethanol at 4°C. The
eluted samples were analysed by running them on an SDS-PAGE gel to assess the purity

and yield of the target proteins.

The Batch Ni-NTA Affinity His-Tagged Purification of Proteins

The batch purification of the proteins was done post optimal imidazole determination, using
the determined optimal imidazole concentration. The crude supernatant containing the target
protein was eluted from the Ni-NTA column, and 1 mL of the eluate was collected. The column
was then washed using the wash buffer, and the corresponding eluate was collected after
each wash step. Two times the column volume of the predetermined elution buffer was added
to elute the target proteins. All of the eluates were collected for further analysis. The fractions
collected during the elution steps were then analysed by running them on an SDS-PAGE gel
to assess the purity and yield of the target protein. The eluting buffer was exchanged for 1x

PBS buffer via SnakeSkin tubing dialysis, PD-10 columns or Amicon 15-ultra filter.

Pierce™ BCA Protein Assay Kit
The BCA working reagent (WR) was made using equation 3.2 and was prepared to mix

50 parts of Reagent A and 1 part of Reagent B.
volume of WR = (#samples + 2) x 3 X 0.2 (3.2)

The microplate procedure with the sample-to-WR ratio of 1:8 was used. Thus, 25 pL of
each sampile triplicate was pipetted, and 200 pL WR was put into a microplate well. The plate
was closed with a cover plate, incubated at 37°C for 30 minutes, and then cooled to room

temperature. The absorbance was measured at 562 nm on a plate reader.

The contents of one Albumin Standard (BSA) ampule were diluted into several clean
microcentrifuge tubes using the same diluent as the samples used. The dilution of BSA
standards was prepared and aliquoted to the microplate in triplicates. The standard curve
was created by plotting the average blank—corrected 562 nm measurement for each BSA

standard vs. its concentration in pg/mL, done in triplicates.

The molar concentration (UM) was calculated using equation 3.3 to covert from pg/mL.

1
proteinsize (kDa)

molar concentration (uM) = X mass concentration (ug/mlL) (3.3)
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The site-directed mutagenesis of the papl gene

Plasmid isolation of pET28a Pap1 plasmid
The GeneJet plasmid isolation kit and its protocol were used for isolating the pET28a Pap1
plasmid from E. coli BL21cultures stored in the lab. The DNA’s purity was assessed using

spectroscopy at Azeo/A2s0 and stored at -20 °C.

Q5® site-directed mutagenesis of pET28a Pap1 plasmid

The Q5® site-directed mutagenesis kit and its protocol
(dx.doi.org/10.17504/protocols.io.cjpumm) were used to mutate Papl: Cys-278 to Ala-278
(Cys278Ala), Cys-285 to Ala-285, Cys-501 to Ser-501 (Cys501Ser) and Cys-532 to Ser-532
(Cysb32Ser). The primers for the mutation (Table 3.1) were developed using

NEBaseChanger® (https://nebasechanger.neb.com).

Table 3.1: Oligonucleotide primers for Papl site-directed mutagenesis. The primers and their
annealing temperatures were constructed and calculated using NEBaseChanger®.

Primer Sequence Annealing
Temperature
CAA GCA GTT CGC GCA AAA ACT GAG CAC

Cys278Ala forward CGC G 66
Cys278Alareverse CCATCC GCAACG TCCTCG

Cys285Ala forward GAG CAC CGC GAG CGG TAG CAT TG 69
Cys285Alareverse  AGT TTT TGG CAG AAC TGC TTG CC

Cys501Ala forward GTATCTGAGCAGCCCGAAAGTGTGGAG 71
Cys501Serreverse GCA CGC TCC TTC GCC GGA

Cysb532Ser forward CAA GGC GAA AAG CAG CAG CAG CG 69

Cysb32Serreverse  TTT TTC AGCTTG CTG CAC AGA TCG

Visualisation of proteins

SDS-PAGE Acrylamide Gel Electrophoresis

For SDS-PAGE gel electrophoresis, protein samples were prepared by adding the loading
buffer to the protein samples at a ratio of 2:5 and boiling them for 8-10 minutes. The resolving
gel and stacking gel were prepared according to the method of Laemmli (1970). The gels
were run in a 1x SDS tank buffer at 150 V. After electrophoresis, the gels were incubated
overnight on an orbital shaker in a Coomassie Blue stain solution. Subsequently, the gels
were destained, and protein bands were visualised using a G-BOX Chemi-XR5 GeneSys

imaging system.

Western blotting
Following SDS-PAGE electrophoresis, a nitrocellulose membrane on top of the gel was
sandwiched between transfer stacks (Trans-blot, Bio-rad). Protein transfer was performed
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using the semi-dry method with an ice-cold transfer buffer. The gel was stained with
Coomassie blue to confirm the successful transfer of proteins.

Following protein transfer, the nitrocellulose membrane was blocked by incubating it with
a 10% (w/v) BSA solution in 1x TBST (Tris-buffered saline with Tween 20) for 30 minutes.
After blocking, the membrane was incubated overnight (4°C, 60 rpm, RT) with the primary
antibody (10 mL). The next day, the membrane was washed four times with 1x TBST for 5
minutes each to remove any unbound primary antibodies and other impurities. The
membrane was then incubated with a diluted secondary antibody solution (1:20 000 dilution,
10 mL) for 1 hour at room temperature. Following the incubation with the secondary antibody,
the membrane was washed four times with 1x TBST for 5 minutes each to remove any
unbound secondary antibody. The membrane was dried for 10 minutes and incubated with
an ECL reagent for 30 seconds. The membrane was imaged using the G-BOX Chemi-XR5
GeneSys imaging. The protein bands on the membrane were sized by comparing them to a

PageRuler™ standard.

The Western blot images were processed into 8-bit images, and the intensities of the
reduced Papl bands (Papred) and oxidised Papl bands (Papox) were measured using the gel
analysis function of ImageJ. To determine the overall concentration of Papl, the intensities
of Papred and Papox were added together, resulting in the total Papl intensity (Paptota). The
fractional activation of Papl was calculated by dividing the intensity of Papox by the Paptotar.
A plot was created with the time course period on the x-axis and the fractional activation on

the y-axis.

The assembling of the Tpx1-Papl system with hydrogen peroxide perturbation

Working solutions comprised 1.5 uM of Pap1, 4.5 uM of Tpx1 and 200 mM iodoacetamide
(IAM) in phosphate-buffered saline (PBS) buffer. The proteins were reduced by 20 mM DTT
(1 hour, RT), the DTT was removed using PD-10 columns or Amicon 15-ultra filters, and the
1x PBS buffer used in the reaction mixtures was degassed. Subsequently, the proteins Papl
and Tpx1 were mixed within the reaction tube, followed by the addition of hydrogen peroxide
(0.4 pM, 4 pM and 40 pM) to initiate the reaction, which was allowed to progress for time
intervals of 0s,1s,5s,15 s, 30 s, and 60 s from the initial addition of hydrogen peroxide.
The reaction was stopped at each time point by adding an aliquot of IAM (200 mM), and then
the samples were prepared for electrophoresis.
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3.3. Results

The IPTG expression and purification of the Tpx1-Papl pathway proteins

The tpx1, papl, trx1 and trrl genes were synthesised on a pET28a plasmid backbone and
expressed utilising the E. coli BL21 expression system (Hutchens & Yip, 1990). IPTG
induction successfully expressed the Tpx1-Papl-Trrl pathway proteins (Figure 3.2). The
data suggested that the optimal induction time for Tpx1 was overnight, with the 4-hour time
point producing an intense band (Figure 3.2A), which was corroborated by densitometry
analysis (Figure 3.2B). The expression of Papl remained consistent throughout the induction
period, with the overnight time point having the most pronounced band (Figure 3.2C). The
densitometry analysis corroborated this, though the 1-hour time point was slightly above the
other time points in terms of the yield of Papl (Figure 3.2D). Trrl also had consistent
expression across all time points, with marginally denser bands observed from the 4-hour
time point (Figure 3.2E). The overnight expression of Trrl produced the most significant yield
(Figure 3.2F). The gel indicated that for Trx1, the 1, 5-hour, and overnight time points had the
most intense bands (Figure 3.2G), which agreed with the densitometry analysis (Figure
3.2H). Papl and Tpx1 expression experiments were done in triplicates as they were our most
important proteins. Trx1 and Trrl expression was prioritised when we proved our concept

with the Tpx1-Papl system.
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Figure 3.2: The expression and purification of Tpx1-Papl-Trrl system proteins. The induction
of Tpx1-Papl-Trrl system proteins in the E. coli BL21 strain using the pET28a plasmid and IPTG
induction. The induction was conducted for at least 16 hours, to observe if maximal induction
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occurs overnight, for sufficient protein expression and was done in triplicate for Papl and Tpx1
induction. (A) Optimisation of induction time for Tpx1. (B) Determination of optimal expression time
for Tpx1 using densitometry. (C) Optimisation of induction time for Papl. (D) Determination of optimal
expression time for Papl using densitometry. Standard error bars are shown as a two-tailed t-test
was used to compare the induction times (*’, p<0.10 and ** p<0.05). (E) Determination of the optimal
time for Trrl induction. (F) Determination of optimal expression time for Trrl using densitometry. (G)
Determination of the optimal time for Trx1 induction. (H) Determination of optimal expression time for
Trx1 using densitometry.

The expression of the Tpx1-Papl-Trrl proteins revealed that the overnight induction time
yielded the highest protein quantities for all four proteins; however, a trade-off between time
efficacy and protein yield had to be considered. Consequently, it was determined that the
second-best time point would be the preferred option for protein expression unless a
maximum Yyield were deemed necessary. This meant that for Tpx1, a 2-hour induction time

and for Pap1l, Trrl, and Trx1, a 1-hour induction time were utilised for protein expression.

Imidazole elution successfully purified the proteins off Ni-NTA columns (Figure 3.3). The
most significant yield of Tpx1 elute was at 150 mM imidazole elute buffer (Figure 3.3A). Papl
was eluted at 60 mM imidazole elution buffer through to 250 mM imidazole elution buffer, and
some Papl was eluted at the crude and wash 1 step (Figure 3.3C). When batch expressing,
a small amount of Papl was eluted off at the crude and washed 1 elute, but the remaining
Papl was eluted at 150 mM (Figure 3.3D). Trrl purification demonstrated that it eluted off at
the crude and wash 1 step and then at 80 mM to 150 mM. Unfortunately, much of the protein
was observed within the debris pellet (Figure 3.3E). At 150 mM, after two washes, most of
the Trrl was eluted off the column, with a minimal amount coming off 250 mM and still a
significant amount of the protein was trapped in the sonicated pellet (Figure 3.3F). In the
batch expression, Trx1 was eluted in only the first two 150 mM imidazole buffer washes, with
faint bands observed at the 60 and 250 mM washes (Figure 3.3G).

This purification protocol prevented co-elution of contaminating proteins, but some
proteins remained trapped within the sonicated pellet, and the protocol will need further
optimisation to enhance the solubility of the protein. Given the high yield of purified Tpx1, we

used this protein for our range-finding experiments.
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Figure 3.3: The purification of Tpx1-Papl1-Trrl system proteins. Protein purification was done
using Ni-NTA affinity chromatography and imidazole wash buffers for elution. (A) Determination of
the optimal imidazole concentration for Tpx1 elution from a Ni-NTA agarose column. (B) Assessment
of Tpx1 sample purity. (C) Determination of the optimal imidazole concentration for Papl elution from

Page 51 of 84



a Ni-NTA agarose column. (D) Assessment of Papl sample purity. (E) Determination of the optimal
imidazole concentration for Trrl elution from a Ni-NTA agarose column. (F) Purity assessment of the
batch expressed and purified Trrl samples. (G) Purity assessment of the batch expressed and

purified Trx1 samples.

Range finding experiments.

Figure 3.4: The optimisation of Tpx1 protein visualisation with Coomassie blue stain. A gradient
concentration of Tpx1 was run on a reducing 12% SDS-PAGE gel ranging from 0.2 to 4.5 uM and
visualised using Coomassie blue stain. Due to the reducing agent, Tpx1 was fully reduced, and only
the monomeric isoform was visible.

We examined Tpx1 concentration gradients ranging from 0.2 to 4.5 uM on a reducing 12%
SDS-PAGE gel to determine the minimum concentration required for successful visualisation
using the Coomassie Blue stain (Figure 3.4). The intensity of the bands increased with
increasing Tpx1 concentration, but from 2.0 uM upwards, there was no drastic increase in
the intensity of the bands. A 2.2 uM Tpx1 concentration was used for further range-finding

experiments.

Figure 3.5: Visualisation of the Tpx1 isoforms. Gradient concentration of Tpx1 on a reducing 12%
urea-SDS-PAGE gel ranging from 2.4 — 4.5 uM. The dimeric isoform can consist of the single and
double disulphide bridge redox state of Tpx1, and the monomeric isoform comprises the free thiol and

sulfinic isoform of Tpx1.
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We utilised a modified gel with 9M urea (Smith, 1994) to enhance the separation of distinct
Tpx1 isoforms (Figure 3.5). Two bands below 25 kDa and two above 35 kDa were observed
in this gel, representing the monomer and dimer isoforms of Tpx1. The urea SDS-PAGE gel
also successfully separated the different Tpx1 isoforms without affecting the clarity of the
bands. However, it must be emphasised that precise and accurate classification of the
isoforms requires an a-sulfenic acid-modified cysteine antibody which labels sulfenic acid-
modified cysteine residues (Stocker et al., 2018; Tomalin et al., 2016). This result highlighted
a limitation of this assay: increasing the concentration of hydrogen peroxide led to an increase
in oxidised Tpx1 in both dimeric and sulfinylated monomeric isoforms, which complicated the
interpretation of SDS-PAGE results.

Figure 3.6: The effect of hydrogen peroxide on Tpx1 protein. (A) SDS-PAGE analysis of 2.2 uM
Tpx1 protein exposed to a hydrogen peroxide gradient, ranging from 1 nM to 100 mM for 10 minutes.
The gel reveals the presence of monomeric and dimeric Tpx1l at various hydrogen peroxide

Page 53 of 84



concentrations. (B) Densitometry analysis of the dimeric to the monomeric ratio of Tpx1 at different
hydrogen peroxide concentrations.

A 2.2 uM Tpx1 sample was exposed to hydrogen peroxide concentrations ranging from
1 nM to 100 mM hydrogen peroxide this was done as a range finding experiment on what
would be the minimum and maximum concentration of hydrogen peroxide that could be used.
What was observed is that hydrogen peroxide reacted with Tpx1, increasing the dimer
formation of Tpx1l, which was dose-dependent (Figure 3.6). Interestingly, some dimeric
formation at zero hydrogen peroxide exposure suggested that protein handling protocols
might cause oxidation by trace amounts of hydrogen peroxide in the buffer and exposure to
oxygen (Figure 3.6A). Therefore, proteins needed to be pre-reduced before conducting
assays with them. Densitometry analysis showed an increase in the fraction of oxidised
(dimer) Tpx1 with increasing hydrogen peroxide from 1 nM to 1 uM, reaching a maximum
dimer fraction at 1 pM, decreasing from 10 uM to 10 mM slightly, with theTpx1l dimer
substantially decreased at 100 mM (Figure 3.6B).

Figure 3.7: The optimisation of protein alkylation in the Tpx1-Papl System. This figure shows
the optimisation of protein alkylation in the Tpx1-Papl system using a non-reducing 9% SDS-PAGE
gel. The concentrations of Pap1 and Tpx1 were 1.1 and 4.8 uM, respectively. The reagents were
added in this order: 10 mM DTT, 500 uM H202 and 17 mM IAM or 18 mM NEM. (A) The alkylation of
the Papl protein shows the results obtained by treating Papl with NEM in the presence of H,O, and
DTT. (B) The alkylation of the Tpx1 protein shows the results obtained when Tpx1 is subjected to
alkylation using 1AM, H>O,, and DTT.

Thiol alkylation is used to preserve proteins in their current oxidation state, inhibiting further
oxidation. As this system had not been previously analysed in vitro, it was necessary to test
how the alkylation of Papl and Tpx1 affected the assay (Figure 3.7). Papl exhibited a
reduced and oxidised isoform fraction in the untreated control, with the more intense band
found in the oxidised isoform. Additionally, adding NEM did not change the redox state of
Papl (Figure 3.7A). The pre-reduction of Papl entirely reduced it so that only the reduced
Papl band was observed; the addition of NEM led to a slight shift upwards of the reduced
band on the gel. When hydrogen peroxide and NEM were added to unreduced Papl, the

banding pattern was not different from the untreated control. Therefore, hydrogen peroxide
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did not oxidise Papl. Only the reduced band was visible when pre-reduced Papl was
exposed to hydrogen peroxide and then alkylated with NEM (Figure 3.7A).

Tpx1 reacted differently to the three reagents: DTT, hydrogen peroxide and IAM (Figure
3.7B). The negative control of Tpx1 had Tpx1 mainly in its dimeric isoform, with some in the
monomeric isoform. The addition of hydrogen peroxide dimerised all of the Tpx1. In contrast,
the DTT reduction of Tpx1 completely reduced the protein. Additionally, a band was observed
at 19.9 kDa, which most likely was reduced Tpx1. Pre-reduced Tpx1 and hydrogen peroxide
had a similar banding to lane 2. The alkylation of Tpx1 using IAM on pre-reduced protein had
a similar banding pattern to the negative control. Thus, the alkylating agent does not
drastically affect how the protein runs on the gel. Hydrogen peroxide exposure oxidised most
of the Tpx1 to form the dimeric isoform, and 97.9 kDa and 130.0 kDa bands were observed.
These bands could be higher order Tpx1 isoforms (Jang et al., 2004), with 97.9 kDa being a

dimer of dimers and 130.0 kDa a tetramer of dimers.

Figure 3.8: Protein Concentration Comparison in the Tpx1-Pap1-Trrl System. A bubble plot was
constructed depicting the molar (uUM), mass concentration (ug/mL) and mass per lane (ug) of Papl
and Tpx1. The plot demonstrated the minimum for Coomassie Blue visualisation and the actual
experimental concentrations used in the experiments.

Protein-protein interactions are molar concentration-dependent which are protein size-
dependent. However, Coomassie blue staining and western blotting are mass-dependent
which results in a potential discrepancy between the reaction and visualisation conditions.
For example, the smaller Tpx1 (21.191 kDa) protein has a larger molar concentration than
Papl (61.532 kDa) at the same mass concentration (Figure 3.8). Additionally, the molar ratio

of Papl and Tpx1inan S. pombe cell is 1:54 (Marguerat et al., 2012).This limited our assays
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capability to faithfully replicate in vivo reaction conditions. Therefore, in our assays, the molar
concentration for Tpx1 and Papl was 4.5 pM and 1.5 pM (Figure 3.8), respectively

Assembling the Tpx1-Papl system

Assembling the Tpx1-Papl system provided insight into hydrogen peroxide signal
transduction through Tpx1 to Papl and information on Papl signal dynamics at different
hydrogen peroxide concentrations. Papl oxidation by hydrogen peroxide was dose-
dependent and was shown by western blotting and densitometry analysis. Increasing the
hydrogen peroxide concentration increased the prevalence of oxidised Papl (Figure 3.9A),
with the most intense bands at 5 and 15 s at 40 uM hydrogen peroxide. The densitometry
analysis corroborated these observations (Figure 3.9B). At 0.4 uM hydrogen peroxide
(green), Pap1 oxidation was low but gradually increased over time. However, at 4 uM
hydrogen peroxide (orange), Papl oxidation rapidly increased and then dropped at 30 s.
whereas, at 40 uM (red), Pap1 increased and decreased immediately after but continued to
increase. Moreover, the amplitude of Pap1, the average amount of oxidised Papl throughout
the time course, increased with increased hydrogen peroxide (Figure 3.9C). This suggested
that this simplified in vitro Tpx1-Papl system can sense and respond to hydrogen peroxide
and differentiate between different concentrations.
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Figure 3.9: The oxidation of Pap1 in vitro over 1 minute at different hydrogen peroxide concentrations. The Tpx1-Papl system was assembled
using recombinant Tpx1 (4.5 uM) and Pap1 (1.5 pM) protein and exposed to relatively low (0.4 pM), medium (4 pM) and high (40 pM) concentrations of
hydrogen peroxide, over a 1-minute time range. (A) The representative western bolts for the in vitro Tpx1-Papl system at 0.4, 4 and 40 uM hydrogen
peroxide, respectively. (B) The densitometry analysis-based fraction of oxidised Pap1l at the different time points for A (Table S1, S2 and S3). (C) The
amplitude of oxidised Pap1l at the low, medium and high hydrogen peroxide concentrations obtained from the signals in B.
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Site-Directed Mutagenesis of Papl

The purpose of Figure 3.10 was to compare the wild-type and mutated versions of the
Papl protein using the Pymol visualisation software. The Pap1 protein’s structure was
obtained from AlphaFold (accession code: Q01663). 87% of the protein’s tertiary structure
was predicted, with the bZIP region having been crystallised by Fuijii et al. (2000). The pLDDT
average over all 552 amino acid residues being 55.70, with the pLDDT for the n-CRD and c-
CRD were and for Cys—278, Cys—284, Cys-501 and Cys—-532 was 90.40, 81.22, 91.90 and
90.90 respectively (Jumper et al., 2021; Varadi et al., 2023). The protein mutations were
conducted in PyMol, where the rotamer was altered to minimise clashes of amino acids. This
comparison showed how mutations in critical cysteine residues disrupt the formation of

essential disulfide bonds in Papl as the disulphide bridge cannot be formed.

Figure 3.10: A comparative analysis of the wild-type and mutated versions of the Pap1 protein,
visualised using Pymol visualisation software. The structure of the Papl protein is depicted as
cartoon ribbons in light blue, while the critical cysteines are shown as sticks in salmon, with their
sulfuric side chains coloured yellow and the hydroxymethyl side chain of serine in red. The nuclear
export signal region and the basic leucine zipper domain of Papl are coloured in deep and marine
blue, respectively, and the N-terminus and C-terminus are represented in green and brick red,
respectively. (A) The wild-type oxidised Papl protein is displayed as a dot surface to illustrate the
packing and steric hindrance of the oxidised protein. (B) The fully oxidised Pap1 exhibits two disulfide
bridges formed at the cysteine residues Cys-278—Cys-501 and Cys-285—Cys-532. (C) The mutated
Papl shows the substitution of Cys-278 with an alanine (Ala-278), disrupting one of the disulfide
bridges. (D) Mutated Pap1 with Cys-285 was replaced by an alanine amino acid (Ala-285), disrupting
the other disulfide bridge. (E) Papl mutated at Cys-501 to Ser-501 to break one of the disulfide
bridges. (F) Papl mutated at Cys-532 to Ala-532, thus causing the disulfide bridge.

The mutating of the critical cysteines in Papl disabled their ability to form the disulfide

bonds; however, it does not appear to alter the predicted tertiary structure of the protein
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(Figure 3.10). Papl has 4 functional domains: the bZip domain, located near the n terminus
of the protein, facilitating Pap1-DNA binding (Ellenberger, 1994); the n-CRD and c-CRD,
located more towards the c terminus of Papl, which contain the redox-sensitive critical
cysteines involved in Papl hydrogen peroxide activation and the NES, found between the n-
CRD and c-CRD, which enables Papl to interact with Crm1 (Kudo et al., 1999) (Figure
3.10A). The importance of the cysteines in the CRDs is that when Pap1 is oxidised, they form
disulfide bonds across the c-CRD and n-CRD, locking the NES and CRDs in a very rigid
conformation (Figure 3.10B). The mutating of Cys-278 or Cys-501 to alanine (Cys278Ala)
and serine (Cys501Ser), respectively, inhibits the formation of this disulfide bond at the n-
terminus of the NES (Figure 3.10C and Figure 3.10D), whilst the mutation of Cys-285 and
Cys-532 to alanine (Cys285Ala) and serine (Cys532Ser) inhibits the formation of the disulfide
bond at the c-terminus of the NES (Figure 3.10E and Figure 3.10F).

Figure 3.11: Transformation plates from Q5 site-directed mutagenesis of critical cysteines in
Papl. This figure presents the transformation plates obtained after performing Q5 site-directed
mutagenesis on three critical cysteines in Papl. The transformation plates demonstrate the
successful introduction of mutations into the Pap1 gene and their subsequent transformation into E.
coli cells. (A) the pUC19 transformation of DH5a and BL21 E. coli competent cells on an ampicillin
(100 pg/mL) plate. (B) The pUC19 transformation of DH5a and BL21 E. coli competent cells is
displayed on a kanamycin (50 ug/mL) plate. (C), (D) and (E) represent the mutated Cys-278.

The mutations of Papl were obtained using the Q5® site-directed mutagenesis Kit. In this
method, the forward primer contains the mutagenic sequence, and the nonoverlapping
reverse primer flanks it and amplifies the plasmid (Decero et al., 2020). The transformation
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of the pET28a plasmid into E. coli BL21 competent cells were successful. The positive control
(Figure 3.11A) resulted in a dense growth of cells, and the negative control (Figure 3.11B)
exhibited no colony formation or growth. There was colony formation for E. coli BL21
transformed with pET28a housing the mutated Pap1 gene: Cys278Ala (Figure 3.11C),
Cys285Ala (Figure 3.11D) and Cys501Ser (Figure 3.11E).

Figure 3.12: Comparison of Cys278Ala mutated Papl sequence to wild-type and theoretical
sequences. This figure illustrates a comparison of the Cys278Ala mutated Papl sequence (bottom)
with the native wild-type Papl sequence (top) and the theoretical Cys278Ala mutated Papl sequence
(middle). The top sequence displays the native wild-type Papl sequence, representing the original
sequence of the protein without any mutations or alterations. The middle sequence showcases the
theoretical Cys278Ala mutated Papl sequence based on the specific mutation at residue Ala-278.
This sequence represents the expected outcome of the mutation at position 278. The bottom
sequence depicts the experimental Cys278Ala mutated Papl sequence obtained from sequencing
with the orange stars showing the location of the incorrect mutations. This sequence represents the
observed sequence resulting from the mutation at residue Ala-278.

Unfortunately, the site-directed mutagenesis of Papl was unsuccessful, as three
unintended mutations were introduced into the sequence (Figure 3.12). The expected
mutation, Cys278Ala, illustrated by comparing wild-type Papl to the theoretically mutated
Papl sequence, failed. Instead, the NEB Q5® site-directed mutated Papl sequence had
mutations at three residues: 278, 279 and 531, which resulted in serine, phenylalanine, and
serine substitutions, respectively. These discrepancies suggested potential errors in the
mutagenesis experiment, such as accidental primer mixing or issues with the sequencing

data.

3.4. Discussion

In this study, we reconstituted a simplified recombinant Tpx1-Papl system in vitro,

perturbed it at different hydrogen peroxide concentrations, and attempted to mutate Pap1l at
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the four critical cysteines. However, this simplification does not ideally mimic the system as
the system lacks the reducing component, the Trrl system. The western blotting analysis
showed that the Tpx1l-Papl system has different signalling profiles at different hydrogen
peroxide concentrations. Furthermore, oxidized, activated Papl was linked to increasing
hydrogen peroxide. A direct comparison between our in vitro system and the bolus addition
of hydrogen peroxide to cell culture cannot be made, as our in vitro system will mimic an
individual cell’s response. This is different from a cell culture analysis as this gives us the
average response across the entire culture. However, observed similarities can be noted.
Cell culture studies have demonstrated that Papl activation is hydrogen peroxide dose-
dependent, with Papl in a cell culture being activated at 70 uM hydrogen peroxide (Chen et
al., 2008; Vivancos et al., 2004), which is similar to our results. Knockout studies have shown
that Pap1’s activation requires Tpx1 for hydrogen peroxide signalling (Quinn et al., 2002;

Vivancos et al., 2006), which was consistent with our results (Figure 3.7A).

Since Papl cannot be oxidised directly by hydrogen peroxide, the necessity for the highly
sensitive peroxiredoxin, Tpx1, becomes more evident. The affinity of Tpx1 for hydrogen
peroxide is such that it reacted with trace hydrogen peroxide amounts in the reaction buffer,
which makes it an excellent antioxidant in S. pombe but also makes it a suitable hydrogen
peroxide sensor for signal transduction to Papl (Marinho et al., 2014). However, for Papl
activation, the downside of utilising Tpx1 as a redox relay sensor means that the system is
subject to hyperoxidation of Tpx1, which shuts down its signal transduction capacity at high
hydrogen peroxide concentrations (Tomalin et al., 2016). Therefore, we attributed the
decrease in dimeric Tpx1 to hyperoxidation at high hydrogen peroxide concentrations; this
redox state of Tpx1l accumulates in its monomeric isoform (Jara et al., 2007). Our study also
showed Pap1’s inability to be directly oxidised by hydrogen peroxide, in vitro, is an inherent

property of the protein itself and is not due to mechanistically dependent.

We simplified the Tpx1-Papl-Trrl pathway to only Tpx1l and Papl for assembling this in
vitro system. The exclusion of the Trrl system, such as Trx1, has been shown to affect the
dynamics of redox transcription factor activation by disallowing the reduction of the oxidised
protein (Day et al., 2012). This removes the capability of the system to shut off in vivo.
Additionally, the reducing component of these systems maintains Papl in a soluble, peroxide-
responsive state (Brown et al., 2013). Utilising western blotting as our critical visualisation
methodology allows for accurate protein identification; however, it requires optimisation,

mainly if the downstream densitometry analysis will be quantitatively utilised.

Some of these limitations can be mitigated with further work, such as adding the Trrl

component to the in vitro system. This will better mimic the in vivo pathway and allow for a
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more accurate model, and the further optimisation of the western blotting will improve the
precision of the data, enhancing our certainty in the accuracy of the data and decreasing our
standard errors. Optimisation of the western blotting will require antibody optimisation and
additional protocols, including whole protein normalisation, for quantitative western blotting
(Pillai-Kastoori et al., 2020). Acquiring a-Pap1 and a-Tpx1 antibodies will allow for more
precise identification of the proteins and the interesting complexes they may form. Due to the
failure of the mutagenesis work using NEB Q5® site-directed mutagenesis kit, another
approach for introducing the mutations at the critical cysteines will need to be considered:

gene synthesis and Gibson assembly are two approaches that will be considered.
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Chapter 4. General Discussion

This thesis explored whether multiple oxidation events in redox pathways confer increased
specificity to the respective pathway. We combined in silico and in vitro methods to model
and assemble the Tpx1l-Papl-Trrl pathway to address this. The first step involved the
construction of simplified redox pathways, described through equations, which were plotted
for further analysis. This was followed by constructing a simplified Tpx1-Papl-Trrl pathway
that was computationally modelled and scrutinised for its different characteristics under
different conditions. The in vitro component of the study involved the expression and
purification of Tpx1, Papl, Trrl and Trx1 proteins, which were done utilising the E. coli BL21
and IPTG system and Ni-NTA chromatography. Tpx1 and Papl were assembled in a system
and subjected to different concentrations of hydrogen peroxide, and the oxidation state of
Papl was determined using western blotting and densitometry analysis. Finally, the Q5®

Site-Directed Mutagenesis Kit was used to mutate papl, and the results were sequenced.

Adding an extra oxidation step enhanced the system’s capability to attenuate the signal,
especially at low hydrogen peroxide concentrations. The analytical modelling of simplified
generic redox pathways showed that the extra step increased the influence of the reduction
steps in the system. In tandem, the computational modelling of the Tpx1-Papl-Trrl system
revealed that the double oxidation system, compared to the single oxidation model, exhibited
greater attenuation of the signal at low hydrogen peroxide and amplification at higher
hydrogen peroxide concentrations. This is evidenced by the non-linear relationship between
the Papl amplitude and the hydrogen peroxide concentration (Figure 2.6B). The non-linearity
observed in the computational model is very similar to the in vitro Pap1 amplitude in response
to hydrogen peroxide (Figure 3.9C). In the in vitro assay, a greater attenuation of the system
was exhibited at 0.4 uM of hydrogen peroxide and amplification at 40 uM of hydrogen
peroxide. Specificity is the ratio between correct and incorrect pathway responses (Komarova
et al., 2005). In that case, a pathway that can minimise incorrect pathway responses and

increase correct pathway responses will increase its specificity.

A redox pathway with high pass filter-like properties will counteract the effect of low
physiological concentrations of hydrogen peroxide by preventing the pathway's activation
under these conditions. However, the attenuation of the signal increases with an increase in
the number of oxidative events but at the cost of weaker pathway activation. This insight
highlights the interplay between the number of oxidation steps and the system’s response
across varying hydrogen peroxide concentrations. The computational model created in this
study was acknowledged to be simplified, with some of the parameters approximated from
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analogous systems. The assumptions of the computational model could produce results that
were an artefact of the model and not an approximation of the in vitro or in vivo pathway. This
necessitated the in vitro assay to verify the modelling findings, and in the future, in vivo data

would also be necessary.

Using recombinant Tpx1 and Pap1 demonstrated Pap1’s Tpx1-dependent mechanism for
hydrogen peroxide sensing, as observed in the literature. This is inherent to Pap1, not the
pathway’s mechanism. This was illustrated by Tpx1’s oxidation in the presence of hydrogen
peroxide, whilst Papl remained reduced even when exposed to hydrogen peroxide (Figure
3.7A). The Tpx1 and Papl were assembled to form the in vitro Tpx1-Papl system - an untried
assay with these proteins within the field. Interestingly, the Tpx1-Papl system responded to
hydrogen peroxide without Trrl and Trx1, indicating that Papl oxidation can occur via Tpx1-
hydrogen peroxide oxidation, thus answering a question about how Papl is oxidised, but not
to the exclusion of the other mechanisms. Additionally, the system’s signalling dynamics had
distinct profiles at different hydrogen peroxide concentrations, with the average concentration
of oxidised Pap1 rising with the increase in hydrogen peroxide concentration. These in vitro
experiments contributed to the field by showing Tpx1-mediated oxidation of Pap1, illustrating
Pap1’s innate hydrogen peroxide insensitivity and demonstrating that assembling an in vitro

system is possible and can provide insights into the mechanisms of the pathway.

The development of the in vitro assay ran into some issues, such as the oxidised state of
the system prior to the hydrogen peroxide exposure, even though the proteins were reduced.
Itis concerning as it may distort our findings on the effect of hydrogen peroxide on the system.
Therefore, in the future, a protocol must be developed to reduce the system better than our
attempts. Coomassie Blue was initially considered a sufficient visualisation method for this
system. However, challenges arose with Papl visualisation. Therefore, we turned to western
blotting but could not optimise the protocol under time constraints. However, western blotting
has the advantage of differentiating proteins when specialised antibodies are used, allowing
for further elucidation of the system. Our attempts to mutate papl were unsuccessful;
therefore, we have now turned to alternative methods of acquiring the mutated papl gene.
We have looked into ordering the plasmids from GenScript and creating our own using
Gibson assembly, whichever is both time and financially feasible. Thus, future studies will
entail the optimisation of the final assembly of the system, the generation of mutated papl
and the addition of the other proteins in the pathway to the in vitro system. In retrospect, there
have been fewer published in vitro studies than in vivo studies on redox signalling, possibly
due to the challenges with studying these systems in vitro. The development of genetically

encoded redox sensors which may be activated by single or multiple disulphide bridges, could
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represent an alternate approach to confirm our computational modelling analyses both in vitro
and in vivo (Meyer & Dick, 2010).
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These models were constructed for the double and single oxidation model. They were
constructed to be used in PySCeS to simulate the Tpx1-Pap1-Trrl pathway.

Model S1: The single oxidation Tpx1-Papl-Trrl computational model script

# A simplified model of the Tpx-Pap pathway.

# The Pap TF is oxidised once in this model and is oxidised once by TpxSH_TpxSOH.
# The parameters are all simplified to 1.

# The Tpx part of the model is simplified.

R R R R R R R R R R R R

# Model Reactions

# Reaction 1: Reduction of TrxSS to TrxSH by NADPH catalysed by Trr

R1: TrxSS + NADPH = TrxSH + NADP
kcatl * Trr * (NADPH / k1nadph) * (TrxSS / k1trx1ss) / ((1 + NADPH / k1lnadph) * (1 +
TrxSS / k1trx1ss))

# Reaction 2: Conversion of ToxSH_TpxSH to TpxSH_TpxSOH in the presence of H202
R2:  TpxSH_TpxSH + H202 = TpxSH_TpxSOH
k2 * TpxSH_TpxSH * H202

# Reaction 3: Conversion of TpxSH_TpxSOH to TpxSH_TpxSS
R3: TpxSH_TpxSOH = TpxSH_TpxSS
k3 * TpxSH_TpxSOH

# Reaction 4: Exchange of disulfide bonds between TpxSH_TpxSS and TrxSH
R4:  TpxSH_TpxSS + TrxSH = TpxSH_TpxSH + TrxSS
k4 * TpxSH_TpxSS * TrxSH

# Reaction 5: Exchange of disulfide bonds between TpxSH_TpxSOH and PapSHSH
R5:  TpxSH_TpxSOH + PapSHSH = TpxSH_TpxSH + PapSSSH
k5 * TpxSH_TpxSOH * PapSHSH

# Reaction 8: Exchange of disulfide bonds between PapSSSH and TrxSH
R8: PapSSSH + TrxSH = PapSHSH + TrxSS
k8 * PapSSSH * TrxSH

HHHHHHHHH
# Species Concentrations (uM)

TpxSH_TpxSH =4
TpxSH_TpxSOH =0
TpxSH_TpxSS =0
PapSHSH = 0.0245
PapSSSH =0
TrxSH = 0.7

TrxSS =0
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NADPH = 150
NADP =0
Trr=0.5
H202 =1
H20 =0

P R R R R T
# Kinetic Parameters (units are s-1; uM; uM.s-1)

kcatl = 66
kinadph = 1.3
kltrxlss = 4.4
k2 =20
k3=1.7

k4 =0.2

k5 =0.04

k8 = 0.01

Model S2: The double oxidation Tpx1-Papl-Trrl computational model script

# A simplified model of the Tpx-Pap pathway.

# The Pap TF is oxidised twice in this model and by TpxSH_TpxSOH.
# The parameters are all simplified to 1.

# The Tpx part of the model is simplified.

HHHHHH R R R R
# Model Reactions

# Reaction 1: Reduction of TrxSS to TrxSH by NADPH catalysed by Trr

R1: TrxSS + NADPH = TrxSH + NADP
kcatl * Trr * (NADPH / k1nadph) * (TrxSS / k1trx1ss) / ((1 + NADPH / k1lnadph) * (1 +
TrxSS / k1trx1ss))

# Reaction 2: Conversion of ToxSH_TpxSH to TpxSH_TpxSOH in the presence of H202
R2:  TpxSH_TpxSH + H202 = TpxSH_TpxSOH
k2 * TpxSH_TpxSH * H202

# Reaction 3: Conversion of TpxSH_TpxSOH to TpxSH_TpxSS
R3: TpxSH_TpxSOH = TpxSH_TpxSS
k3 * TpxSH_TpxSOH

# Reaction 4: Exchange of disulfide bonds between TpxSH_TpxSS and TrxSH
R4:  TpxSH_TpxSS + TrxSH = TpxSH_TpxSH + TrxSS
k4 * TpxSH_TpxSS * TrxSH

# Reaction 5: Exchange of disulfide bonds between TpxSH_TpxSOH and PapSHSH
R5:  TpxSH_TpxSOH + PapSHSH = TpxSH_TpxSH + PapSSSH
k5 * TpxSH_TpxSOH * PapSHSH
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# Reaction 6: Additional oxidation of PapSSSH by TpxSH_TpxSOH
R6: TpxSH_TpxSOH + PapSSSH = TpxSH_TpxSH + PapSSSS
k6 * TpxSH_TpxSOH * PapSSSH

# Reaction 7: Exchange of disulfide bonds between PapSSSS and TrxSH
R7: PapSSSS + TrxSH = PapSSSH + TrxSS
k7 * PapSSSS * TrxSH

# Reaction 8: Exchange of disulfide bonds between PapSSSH and TrxSH
R8: PapSSSH + TrxSH = PapSHSH + TrxSS
k8 * PapSSSH * TrxSH

HHHHH AR R R R R
# Species Concentrations (uM)

TpxSH_TpxSH =4
TpxSH_TpxSOH =0
TpxSH_TpxSS =0
PapSHSH = 0.0245
PapSSSH =0
PapSSSS =0
TrxSH = 0.7
TrxSS=0

NADPH = 150
NADP =0

Trr=0.5

H202 =1

H20 =0

FHHHH R R R R R
# Kinetic Parameters (units are s-1; uM; uyM.s-1)

kcatl = 66
kinadph = 1.3
kltrxlss = 4.4
k2 =20
k3=1.7

k4 =0.2

k5 =0.04

k6 = 0.04

k7 =0.01

k8 = 0.01
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Figure S 1. The hydrogen peroxide concentration time course. (A) The single oxidation model.
(B) The double oxidation model when k5 = k6. (C) The double oxidation model when k5 << k6.

Figure S 2: The fraction of activated Papl for three different Tpx1-Papl-Trrl pathway for
different hydrogen peroxide concentrations. (A) Comparing the double oxidation (ks = ke) to the
single oxidation model. (B) Comparing the double oxidation model (ks = ke) to the double oxidation

model (ks << Kg).
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Figure S 3: The Tpx1 isoforms for the three oxidations models. (A) The single oxidation model.
(B) The double oxidation model (ks = ks) and (C) the double oxidation model (ks <<ks).

Table S 1: The densitometry results and analysis of Papox/Papt: from the western blot for 0.4
UM hydrogen peroxide Tpx1l-Papl experiment. Triplicates of the fractional activated Papl from
ImageJ analysis, the average of each time point and the standard error.

Time Exp 1 Exp 2 Exp 3 Mean SEM
0 0.5155 0.3491 0.507 0.4572 0.0541
1 0.4803 0.4197 0.4572 0.4524 0.0176
5 0.4724 0.4218 0.4654 0.4532 0.0158
15 0.504 0.4267 0.439 0.4566 0.024
30 0.4985 0.4179 0.4752 0.4639 0.024
60 0.5941 0.4596 0.4317 0.4951 0.0501

DTT 0.4724 0.4911 0.4696 0.4777 0.0067

Table S 2: The densitometry results and analysis of Papox/Paptt from the western blot for 4 uM
hydrogen peroxide Tpx1-Papl experiment. Triplicates of the fractional activated Papl from ImageJ
analysis, the average of each time point and the standard error.

Time Exp 1 Exp 2 Exp 3 Mean SEM
0 0.4394 0.4080 0.5331 0.4602 0.0376
1 0.4906 0.5093 0.5228 0.5076 0.0093
5 0.5040 0.5226 0.4885 0.5050 0.0099
15 0.4580 0.5033 0.5246 0.4953 0.0196
30 0.3532 0.4925 0.5187 0.4548 0.0513
60 0.4380 0.4698 0.4717 0.4598 0.0109
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DTT

0.4930

0.5062

0.4920

0.4971

0.0046

Table S 3: The densitometry results and analysis of Papox/Paptt from the western blot for 4 uM
hydrogen peroxide Tpx1-Papl experiment. Triplicates of the fractional activated Papl from ImageJ

analysis, the average of each time point and the standard error.

Time Exp 1 Exp 2 Exp 3 Mean SEM
0 0.4673 0.3779 0.4902 0.4451 0.0343
1 0.4861 0.4831 0.5120 0.4937 0.0092
5 0.4772 0.4888 0.4580 0.4746 0.0090
15 0.4693 0.4728 0.4829 0.4750 0.0041
30 0.4645 0.4871 0.5047 0.4854 0.0117
60 0.5382 0.4503 0.5176 0.5020 0.0265

DTT 1.0000 0.5138 0.6724 0.7287 0.1432
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