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Abstract 
 
Oxidative stress, caused by reactive oxygen and nitrogen species (RONS), is widely recognized 

as important in both in the pathogenesis and subsequent pathophysiological sequelae of many 

diseases, including diabetes, cancer, and muscular dystrophy. A key target of RONS is the thiol 

moiety of cysteine residues in proteins. The oxidation of protein thiols has been established as 

a modulator of protein function. The focus of this thesis is to determine if protein thiol 

oxidation is perturbed in vivo in diseases featuring muscle dysfunction, and in cases where 

protein thiol oxidation is present, to develop tools which identify the nature and extent of 

protein thiol oxidation. Techniques which can be used in biologically relevant experimental 

designs are necessary for the identification of targets of protein thiol oxidation in vivo. 

Identification of these targets allows for determination of which biochemical pathways affected 

by the oxidative stress are present in disease states, leading to a greater understanding of the 

role which oxidative stress plays in pathogenesis. 

 

Protein thiol oxidation was measured in the muscle tissue of people with Chronic 

Fatigue/Myalgic Encephalomyelitis (ME/CFS), and the animal models of Duchenne Muscular 

Dystrophy (DMD): the mdx mouse and the Golden Retriever Muscular Dystrophy (GRMD) 

dog. The finding of increased protein thiol oxidation in the muscle tissue of individuals with 

ME/CFS prompted the development of novel mass spectrometry tools for identifying proteins 

susceptible to thiol oxidation at a residue specific level. A proteomic workflow optimising 

sensitivity was devised using maleimide isoptomeric tags, and this tool was successfully used to 

identify novel targets of protein thiol oxidation in the muscle of the GRMD dog.  

 

Myalgic Encephalomyelitis and Chronic Fatigue Syndrome (ME/CFS) are terms used to 

describe a condition or a set of conditions characterised by a persistent fatigue, and chronic, 

unabating intolerance of activity. It is highly debilitating and relatively prevalent, affecting 

around 0.7% of the population of the USA. Despite the severity of its impact, it is a disease with 

an unclear pathophysiology and with no validated diagnostic test. Oxidative stress has been 

suggested as a possible diagnostic target for ME/CFS. A cardinal symptom of ME/CFS is a 

persistent muscle fatigue after exertion, termed post-exertional malaise.  
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Protein thiol oxidation has been shown to affect muscle function. As oxidative stress has been 

observed in ME/CFS, it was hypothesised that dysregulation of protein thiol oxidation in the 

muscle of individuals with ME/CFS may be linked to the abnormal muscle function evident in 

post-exertional malaise. To test this hypothesis, muscle biopsies and blood samples were 

collected from individuals suffering from ME/CFS. Muscle samples were taken before and after 

a voluntary maximal leg exercise. The response of individuals with ME/CFS was compared to 

the response in healthy, sedentary individuals matched to the ME/CFS cohort in age, sex, and 

body composition. Before exercise, the protein thiol oxidation in the muscle of individuals with 

ME/CFS was significantly lower than those without, demonstrating a disrupted redox state in 

the muscle of individuals with ME/CFS. An abnormal response of protein thiol oxidation to 

exercise in ME/CFS was also revealed. In healthy individuals, the leg exercise resulted in an 

increase in the proportion of oxidised protein thiols. In contrast, individuals with ME/CFS did 

not exhibit a change in oxidation of muscle tissue protein thiols. These data suggest that the 

dysregulation of thiol oxidation in the muscle tissue of individuals with ME/CFS before and 

after exercise may be involved with the symptomology of post-exertional malaise. This work is 

the first measurement of in vivo protein thiol oxidation in human tissue and establishes that 

protein thiol oxidation is relevant to human muscle tissue pathophysiology.  

 

The abnormal response to exercise in ME/CFS was also observed in plasma albumin thiol 

oxidation. Serial blood samples were taken following the leg extension exercise, and the thiol 

oxidation of protein albumin from plasma was analysed. After the isometric exercise protocol, 

reversible albumin oxidation was increased in healthy volunteers, but no change was observed 

in individuals with ME/CFS. This reflects the changes of the muscle protein thiol oxidation 

after 24 hours, and again indicates an abnormal response to exercise in individuals with 

ME/CFS. These results are significant as it demonstrates that it may be possible to diagnose 

ME/CFS by using blood markers of oxidative stress in combination with an exercise protocol. 

 

In order to link measures of overall protein thiol oxidation with the specific functional effects 

of this modification, tools which can measure the oxidation of protein thiols at a residue 

specific level in vivo accurately and sensitively were developed. The mass spectrometry 

technique developed in this thesis used isoptomeric maleimide probes. Maleimide probes were 
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chosen for their high sensitivity and specificity, allowing investigation of biologically relevant 

changes to protein thiol oxidation. It was discovered that maleimide probes become oxidised 

and hydrolysed at the succinimide moiety, causing a loss in sensitivity of the technique. This 

issue can result in difficulty detecting peptides. In this thesis, a set of practical guidelines for 

minimising the formation of these adducts during proteomic sample preparation workflows is 

given. It was demonstrated that these guidelines can result in up to four times the amount of 

unmodified peptide being detected, greatly improving the sensitivity of thiol oxidation as 

assessed by mass spectrometry.  

 

The refined mass spectrometry technique for measuring protein thiol oxidation in vivo was 

validated through application to the GRMD model of DMD. Several peptides with significantly 

different thiol oxidation between the dystrophic and control groups for each animal model 

were identified, demonstrating that the approach for measuring protein thiol oxidation 

developed in this thesis is effective. The technical reproducibility of the technique was sufficient 

to detect biologically relevant changes in protein thiol oxidation at the residue level. The 

technique was also shown to be highly sensitive, detecting differences as low as 3% between 

groups.  

 

Through the application of the technique devised in this thesis, protein thiol oxidation was 

quantified at the residue level in the muscle tissue of a model for DMD for the first time. This 

included the identification of novel targets of protein thiol oxidation in models of DMD 

(cytoskeletal proteins titin, tubulin, and filamin). The technique also confirmed previously 

identified targets of protein thiol oxidation: the metabolic enzymes glyceraldehyde-3-

phosphate dyehydrogenase, triosephosphate isomerase, fructose bisphosphate aldolase, and 

the regulatory contractile protein myosin light chain 1/3. For these established targets, the 

residues at which these modifications take place were identified through the use of this 

technique.  

 

This thesis has contributed to the understanding of oxidative stress as measured by protein 

thiol oxidation in the two pathological conditions examined, and to the general development 

and use of mass spectrometry tools to measure protein thiol oxidation in vivo. This thesis 

demonstrates that the accurate and sensitive measurement of oxidation of protein thiols has 
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utility in investigating the pathophysiology of disease (Duchenne Muscular Dystrophy), and 

also in a potential clinical diagnostic role (Myalgic Encephalomyelitis/Chronic Fatigue 

Syndrome). By overcoming the technical challenges in using maleimide compounds in protein 

mass spectrometry, an accurate mass spectrometry technique for quantifying protein thiol 

oxidation was developed and successfully applied to an experimental design using biological 

replicates, resulting in the identification of novel oxidatively-modified proteins, confirming the 

identity of previously reported targets, and identifying the residues at which these proteins were 

oxidised.  
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published, submitted but not accepted, papers in preparation, or any combination of these. 

However, these papers must be related to the same central theme and be integrated by a general 

introduction and discussion.  

 

This thesis is comprised of one published paper (Chapter 3), and two manuscripts in 

preparation (Chapters 2 and 4). This series of papers is brought together in the thesis by the 

Abstract, an Introduction (Chapter 1) and the Aims of the thesis. Methods are described within 

the methods section specific to each manuscript. Finally, a General Discussion (Chapter 5) 

integrates the body of knowledge derived from the thesis and establishes the significance of the 

work.  

 

All manuscripts have been prepared specifically to satisfy the submission requirements for the 

intended journal. However, the manuscripts have been re-formatted for this thesis such that all 

figures and tables have a common numbering system throughout (chapter number.figure 

number), a common page numbering system (bottom centre of the page), and a common 

referencing system (Harvard UWA Science). The relevant references included in a section at 

the end of each chapter.  

 

This thesis is written in Australian English. Chapters Two, Three and Four are presented as 

manuscripts for publication and hence their language is kept according to requirements of 

Nature Medicine, Journal of Proteome Research, and Free Radical Biology and Medicine 

respectively.  
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1.1  OXIDATIVE STRESS AND OXIDATIVE SIGNALLING 
 

Oxidative stress is widely recognised as important in both in the pathogenesis and subsequent 

pathophysiological sequelae of many diseases, including diabetes, cancer, and muscular 

dystrophy (as reviewed in Dalle-Donne et al., 2004). The phenomenon of “oxidative stress”, a 

condition where the effects of reactive oxygen and nitrogen species (RONS) outweigh the 

effects of anti-oxidant mechanisms, has been observed and investigated in states of disease and 

as a part of healthy physiological functioning. The term “Reactive Oxygen and Nitrogen 

Species” is a broad descriptor, denoting any species that can oxidise a biological molecule. As 

all classes of biomolecules can be oxidised, the impact of RONS at a cellular level can have 

broad-ranging effects.  

 

The oxidation of biomolecules does not occur by a single modality of action. The term RONS 

describes a group of molecules with differing reactivities and specificities, produced in a range 

of cellular and pathological contexts. The biological effects of an “oxidative stress” will differ 

based on location and properties of the particular RONS generated. Cellular oxidants damage 

macromolecules via the processes of lipid peroxidation, protein carbonylation, and the 

breakdown of DNA, each with different implications for cellular function (as reviewed in 

Murphy et al., 2011). The generation of RONS not only results in damage to biomolecules, but 

also reversible modifications. Investigation into the reversible oxidation of proteins at cysteine 

residues has led to an understanding of RONS within a signalling paradigm.  

 

The reversible oxidation of protein thiols has a role in cellular signalling, as these reactions 

confer functional changes on the oxidised proteins. There is an observed specificity to the 

reactions, determined by the location of the generation of the oxidant and the reactivity of the 

thiol (Forman, Ursini & Maiorino, 2014). An essential element of these protein thiols 

functioning as “redox switches” is that the oxidation can be reversed by the action of enzymatic 

antioxidant systems. These include disulphide exchange facilitated by thioredoxin or 

glutaredoxin, and reduction by ascorbate (Monteiro et al., 2007; Klomsiri, Karplus & Poole, 

2011).  
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The production of RONS should therefore be viewed in the context of redox homeostasis. 

Changes in redox homeostasis impacts cellular signalling pathways, affecting the mechanisms 

of response in pathogenesis, and to normal physiological stimuli. Whilst measures of damage 

to biomolecules indicates the presence of oxidative stress, measuring the oxidative and 

nitrosative modifications made to protein thiols provides insight into the functional 

significance of oxidative signalling and oxidative stress to the pathophysiology of disease.  

 

1.2  PROPERTIES OF KEY REACTIVE OXYGEN AND NITROGEN SPECIES  
 

Reactive oxygen and nitrogen species are produced within the cell as a by-product of cellular 

metabolism and as the result of enzymatic reactions which produce oxidants through regulated 

processes (Holmström & Finkel, 2014; Winterbourn, 2008).  There are a range of RONS 

generated by cells, with differing reactivities and cellular targets (Halliwell & Gutteridge, 2007). 

These oxidants can also be catalytically converted to other reactive species (Figure 1.1). The 

range of ways in which oxidants are generated demonstrates their widespread involvement in 

cellular and extracellular environments. This thesis focuses on the oxidation of protein thiols 

leading to changes in the function of muscle tissue, and as such this introduction will highlight 

production of oxidants relevant to this biological context (Table 1.1). This section includes a 

series of examples to demonstrate diversity in the biogenesis of RONS. 
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Figure 1.1. Interconversion of physiologically relevant RONS, adapted from Winterbourn et 

al., 2008 and Rice-Evans, 1994. 
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Table 1.1. Reactive oxygen and nitrogen species' reactivities with thiol groups, adapted from 

Winterbourn, 2008 and Held & Gibson, 2012. 

Oxidant 
Second order rate  

constants for reactivity  
with protein thiols (M-1s-1) 

Other reactivities 

   
Hydrogen peroxide 10 Reactive with peroxiredoxins, catalase, 

glutathione peroxidases 
 

Superoxide 15 Highly reactive with superoxide 
dismutase and nitric oxide 

 
Peroxinitrite 3.8 x103 Moderately reactive with peroxiredoxins 

 
Hypochlorous and 

Hypobromous acids 
107  

 
 

Hydroxyl radical 109 Very reactive, limited specificity 
 

 

The superoxide radical is a biologically important reactive oxygen species in redox signalling 

via protein thiol oxidation. The superoxide radical is generated both enzymatically, and as a 

by-product of mitochondrial respiration. It is not very reactive with protein thiols (Table 1.1) 

but is converted to a range of other thiol-reactive oxidative and nitrosative species (Figure 1.1). 

It is dismuted to hydrogen peroxide by the action of superoxide dismutase and converted to 

the thiol-reactive and membrane permeable peroxynitrite (as reviewed in Arthur, Grounds & 

Shavlakadze, 2008; Winterbourn, 2008). The superoxide radical is relevant to understanding 

protein thiol oxidation: it is widely produced by many cellular processes, with subsequent 

conversion to species that react more readily with protein thiols.  

 

Whilst hydrogen peroxide is less reactive than superoxide or hydroxyl radicals, it has been 

identified as an important oxidant of protein thiols. Hydrogen peroxide can travel across 

membranes using aquaporin water channels (Miller, Dickinson & Chang, 2010) and was 

thought to act directly as a second-messenger molecule in cellular signalling (Winterbourn, 

2008). Newer work indicates that hydrogen peroxide oxidises signalling proteins by redox 
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relays, with thiol oxidation of peroxiredoxins as an intermediate (Travasso et al., 2017; 

Winterbourn & Hampton, 2014; Antunes & Brito, 2017). 

 

Hydrogen peroxide is converted to two reactive species, with variable relevance to protein thiol 

oxidation. The hydroxyl radical is produced from hydrogen peroxide by reaction with iron in 

the Fenton reaction (Figure 1.1). Despite the high reactivity of the hydroxyl radical with 

protein thiols it shows little discrimination in its reactivity, and is not relevant to signalling by 

protein thiol oxidation (as reviewed in Arthur, Grounds & Shavlakadze, 2008). In contrast, 

hydrogen peroxide can also be converted to hypohalous acids by the action of enzymes such as 

myeloperoxidase (MPO). The product of MPO catalysis is hypochlorous acid, the major 

hypohalous acid, which is highly reactive with protein thiols. Protein thiol oxidation by 

hypochlorous acid is hypothesised to be the mechanism by which neutrophils effect an 

inflammatory response in neighbouring cells (Winterbourn, Kettle & Hampton, 2016). 

 

1.3  GENERATION OF REACTIVE OXYGEN AND NITROGEN SPECIES AT A CELLULAR 

LEVEL 
 

Multicellular eukaryotic life thrives due to the aerobic metabolism which occurs within the 

mitochondria. Through the reduction of several intermediate species within the electron 

transport chain, a proton motive force is generated across the mitochondrial membrane. 

Oxygen is the terminal acceptor of the electrons from the electron transport chain. The proton-

motive force is used to generate the cellular energy molecule adenosine triphosphate (ATP). 

Under some conditions, these energy-generating reactions can result in the generation of a 

large proton motive force and a consequent build-up of radicals within the electron transport 

chain. This allows for the inappropriate reduction of oxygen at complexes I and III, producing 

superoxide (Hansen, Go & Jones, 2006). This mitochondrial production of RONS was initially 

thought to be a significant source of RONS within the cell. However, the extent to which 

superoxide radical production by mitochondria affects cellular function is unclear (Holmström 

& Finkel, 2014).  

 

Oxidants have a well-established role in cellular host defence systems. Phagocytotic cells, such 

as neutrophils and macrophages, generate superoxide via the action of nicotinamide adenine 
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dinucleotide phosphate (NADPH) oxidases (NOX) (Cross, Rae & Curnutte, 1995) in a process 

known as the respiratory burst. Generation of superoxide by NOX is one of the major 

contributors of oxidants to the cell (Nauseef, 2008). This family of oxidases has signalling roles 

in other physiological systems including the vascular system (Konior et al., 2014), and in 

cardiac muscle (Brandes, Weissmann & Schröder, 2014a). The activities of NOX are tightly 

regulated by a range of mechanisms from phosphorylation to mechano-transduction (reviewed 

in Brandes, Weissmann & Schröder, 2014b), and localization via lipid rafts (reviewed in 

Winterbourn, 2008). The NOX family of enzymes demonstrates the diverse stimuli and 

signalling pathways which lead to the production of RONS.  

 

The superoxide produced by macrophages and neutrophils in the respiratory burst is also 

converted to hypochlorous acid by enzymes these cells secrete. Superoxide produced by NOX 

activity is dismuted to hydrogen peroxide by superoxide dismutase, thereby forming the 

substrate for MPO to generate hypochlorous acid (Nauseef, 2014), the major hypohalous acid. 

Hypochlorous acid is an oxidant of many biomolecules within the cell (Winterbourn, Vissers 

& Kettle, 2000), and is implicated in exacerbating inflammation, tissue damage and disease 

(Podrez, Abu-Soud & Hazen, 2000; Schraufstätter et al., 1990). As this pathway is a major 

mechanism by which phagocytic cells cause inflammation within tissues, determining the 

activity of secreted MPO can be used as a measure of inflammation (Setsukinai et al., 2003; 

Terrill et al., 2013a), as well as indicating the generation of RONS by phagocytic cells.  

 

Of the nitrogen free radicals, generation of nitric oxide has the greatest impact on the cell. It is 

synthesised from L-arginine by nitric oxide synthases (NOS) (Palmer, Rees & research, 1988). 

This class of enzyme was initially characterised through investigations into the involvement of 

nitric oxide in regulating vascular tone (Palmer, Ferrige & Moncada, 1987). There are three 

subtypes of NOS present in skeletal muscle. In skeletal muscle, neuronal NOS (nNOS) and 

endothelial NOS (eNOS) isoforms are constitutively expressed (Baldelli et al., 2014). The splice 

variant nNOSμ is involved in regulating blood flow during skeletal muscle contraction 

(Thomas et al., 2014). As the protein associates directly with dystrophin-glycoprotein complex 

(Molza et al., 2015), and absence of  this variant is noted in muscular dystrophies (Brenman et 

al., 1995). So-called inducible NOS (iNOS, subtype II) is particularly responsive to disease states 

(Robinson, Baumgardner & Otto, 2011) and muscle contraction (Eu et al., 2000). Under 



 8 

oxidative stress, glutathionylation of endothelial NOS (eNOS) results in the enzyme forming 

superoxide (Chen et al., 2010). This is a key example of oxidative stress causing further 

generation of oxidants. Inducible NOS has a role in inflammation in many tissues and diseases 

(Zamora, Vodovotz & Billiar, 2000), due to the migration of macrophages expressing iNOS to 

inflammatory sites.   

 

1.4  ANTIOXIDANTS PREVENT AND REVERSE OXIDATIVE MODIFICATIONS TO 

BIOMOLECULES  
 

In Section 1.2, some of the mechanisms by which cells generate oxidants were presented. The 

maintenance of a redox homeostasis is necessary for a signalling system to maintain 

responsiveness to oxidant production. Oxidants must also be counteracted to prevent damage 

to biomolecules. There are several antioxidant processes by which the cell maintains redox 

homeostasis (reviewed in Sart, Song & Li, 2015). These antioxidants fall into three classes: 

RONS scavengers, antioxidants with enzymatic action, and systems which reduce or repair 

oxidant effects. This thesis is focused on protein thiol oxidation and the antioxidants involved 

in preventing and reversing this modification to proteins.   

 

Antioxidant scavengers are themselves sacrificially oxidised in place of other biomolecules. 

These antioxidants include Vitamin E (tocopherols) and Vitamin C (ascorbate). There are 

complex recycling mechanisms to return such scavengers to their reduced states (Forman, 

Davies & Ursini, 2014). These antioxidants are most relevant in the prevention of lipid 

peroxidation (Bowry, Ingold & Stocker, 1992). Additionally, ascorbate has been found to 

reduce nitrosothiols (Monteiro et al., 2007).  

 

There are several antioxidant enzymes systems that work within the cell to maintain redox 

balance. The peroxiredoxins are an example of an enzymatic system where the antioxidant is 

oxidised, removing peroxide from the oxidant pool. The site of oxidation of peroxiredoxin is a 

cysteine residue that is reduced by the action of thioredoxin (Arnér & Holmgren, 2000). Of 

particular interest is evidence that oxidised peroxiredoxin acts as an oxidant – transferring the 

oxidising equivalents to another protein. In this way, peroxiredoxin is a sensor for oxidative 

stress (Winterbourn & Hampton, 2014; Rhee et al., 2012).  
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A subset of antioxidant enzymes work together to interconvert and neutralise reactive species. 

The antioxidant superoxide dismutase (SOD) converts superoxide to hydrogen peroxide, then 

peroxidases degrade the formed peroxide to water. For example, glutathione peroxidase uses 

the low molecular weight thiol-containing peptide glutathione in catalysing the dismutation of 

peroxide (Rampon et al., 2018).  

 

Glutathione is the most abundant non-protein thiol in the cell. The amount of reduced 

glutathione available (for oxidation) increases the amount of oxidant needed to oxidise protein 

thiols (Meister & Anderson, 1983). To maintain this availability, glutathione must be reduced. 

Glutathione reductase activity leads to the maintenance of the reduced glutathione pool 

(Couto, Wood & Barber, 2016). It is important to note that oxidised glutathione can also react 

with protein thiols via a number of oxidation-mediated mechanisms, causing glutathionylation 

(reviewed in Pimentel et al., 2012).  

 

Intramolecular and intermolecular disulfides can be formed by protein thiols as a result of the 

action of RONS. Thioredoxin and glutaredoxin are enzymes that reduce protein disulfides. 

Both enzymes catalyze the reduction of the protein disulfide by forming a mixed-disulfide with 

the target (Deponte, 2013). The disulfide formed within each enzyme is then reduced by 

thioredoxin reductase and glutathione, respectively (reviewed in Xiao et al., 2019; Berndt, Lillig 

& Holmgren, 2007). These enzymes provide the mechanism by which protein thiol oxidation 

is reversed in a cellular context.  

 

In this section the range of mechanisms and specificities of cellular antioxidants were discussed. 

Antioxidant production responds to the presence of oxidants, maintaining cellular homeostasis 

and preventing oxidation of biomolecules (Musarò, Fulle & Fanò, 2010). Additionally, 

mechanisms such as the action of thioredoxin and glutaredoxin demonstrate that antioxidants 

can reverse the oxidation of protein thiols. As with oxidants, the effect which antioxidants have 

on the cell is dependent on the nature, concentration, and localisation of the antioxidant. 

Antioxidants have diverse and dynamic roles in oxidative stress and signalling, facilitating the 

specificity and responsiveness of redox signalling.  
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1.5  PROTEIN THIOLS ARE OXIDATIVELY AND NITROSATIVELY MODIFIED 
 

One way oxidative stress modulates signalling pathways is through the reversible oxidative 

modifications to proteins, specifically on the thiol moiety of cysteine residues (Ghezzi, Bonetto 

& Fratelli, 2005; Cross & Templeton, 2006). Whilst oxidation of the thiolate ion results in the 

formation of sulfenic acid (R-SOH) this product is unstable and rarely observed (Patai, 1990). 

The term “protein thiol oxidation” broadly encapsulates a number of different oxidative 

modifications, including the formation of intra- and inter- molecular disulfides, mixed 

disulfides with glutathione (glutathionylation), and formation of S-nitrosothiols (nitrosylation) 

(Figure 1.2). Each of these products is generated by different reactions facilitated by RONS, or 

by disulphide exchange reactions (as reviewed in Poole, 2015).  Oxidative modification of 

protein thiols can be facilitated by enzymes such as peroxiredoxins, thioredoxins and 

glutaredoxins in disulfide exchange reactions (Forman, Maiorino & Ursini, 2010). 

 
Figure 1.2. Forms of protein thiol oxidation and nitrosylation. Example protein depicted is 

triosephosphate isomerase, as modelled by SWISS-MODEL.  

 

The cysteine side chain is the most potent nucleophile of any amino-acid (Conte & Carroll, 

2013), hence protein thiols are readily oxidised. However, this reactivity is not equivalent 

between specific residues. Protein thiols exhibit variable reactivity with oxidants. This confers 

some specificity to oxidation of cysteine residues within the proteome (Roos, Foloppe & 
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Messens, 2013). Nucleophilicity, protonation state, solvent accessibility and pH 

microenvironment all determine the reactivity of a specific protein thiol with an oxidant. This 

differing reactivity means that different protein thiols have varying sensitivity to oxidants. 

 

Nucleophilicity is not equivalent across all cysteine residues. Thiol groups with greater 

nucleophilicity react more readily with oxidants than less potent thiol nucleophiles. The 

nucleophilicity of a particular thiol group is determined by the amino acid context of the 

cysteine, and the microenvironment provided within the folded protein (Poole, 2015). 

 

Reactivity of thiols with RONS is also influenced by the protonation state of the group. Thiols 

are oxidised when in their highly reactive thiolate (deprotonated) state (Ferrer-Sueta et al., 

2011). The protonation state of thiols at a set pH is described by pKa (the acid dissociation 

constant). The extent to which an acid dissociates (its bacicity) parallels nucleophilicity, as both 

reflect the extent to which the group donates electron pairs to another atom. The pKa of a 

cysteine residue is therefore likewise influenced by neighbouring amino acid residues in the 

protein (Salsbury et al., 2008; Salsbury, Poole & Fetrow, 2012). At physiological pH a low pKa 

favours formation of thiolates, increasing the susceptibility of the residue to oxidation. The 

wide range of possible pKa values for the thiol group of cysteines means that some thiols are 

highly susceptible to oxidation, and others less so (as reviewed in Poole, 2015). 

 

Protein folding also affects the reactivity of thiols with RONS. Within a folded protein, cysteine 

residues can exist in a particular pH microenvironment. The pH in combination with the pKa 

of the thiol group determines the protonation state of a particular residue, and its susceptibility 

to oxidation. Folding of the protein will also determine solvent and, therefore oxidant, 

accessibility to the group (Roos, Foloppe & Messens, 2013).   

 

The reactivity of protein thiols also impacts on the extent to which they are oxidised (Paulech 

et al., 2015). For highly reactive thiols, sulfenic acid can be further oxidised to the higher order 

sulfinic (RSO2
-) or sulfonic (RSO3

2-) acids. Whilst it has been observed that sulfiredoxin reverses 

the sulfinic acid modification of peroxiredoxin (Rhee et al., 2007), sulfinic and sulfonic acid are 

generally considered to be biologically irreversible forms of protein thiol oxidation.  
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1.6  THE IMPACT OF PROTEIN THIOL OXIDATION AND NITROSYLATION ON 

PHYSIOLOGICAL FUNCTION  
 

The oxidation of protein thiols is the focus of much research into the role oxidants play in 

signalling (Pace & Weerapana, 2013). Oxidation of protein thiols has functional consequences 

for cells. The variable reactivity between protein thiols also confers some specificity as to targets 

of redox modifications, and facilitates both sensing of disruption to redox homeostasis and 

redox mediated signalling (Jones et al., 2010). Most forms of protein thiol oxidation are 

reversible in a biological context, facilitating their function as “redox switches” which impact 

on cellular function (Groitl & Jakob, 2014; Klomsiri, Karplus & Poole, 2011).  

 

The oxidation of protein thiols has effects on the activity of many proteins (Paulsen & Carroll, 

2010; Groitl & Jakob, 2014). Thiol oxidation impacts protein function not only because 

cysteines are readily oxidised, but also since these residues are often important to protein 

function. The cysteine residue of proteins is slightly underrepresented in terms of amino acid 

distribution, possibly due to the higher cost of synthesis (Craig & Weber, 1998). Despite this, 

cysteine residues are highly conserved (Kumar et al., 2012). Further, cysteine residues are more 

likely to be present in a functionally relevant site within a protein (Marino & Gladyshev, 2010). 

These observations indicate the importance of cysteine residues to the myriad functions 

proteins perform. Considering cysteine residues are often relevant to protein function, it 

follows that protein thiol oxidation alters protein function.   

 

Oxidation of protein thiols has a range of effects on the function of the protein, resulting in 

activation or inactivation of enzymes, activation or inactivation of cell receptor proteins, 

alteration of binding affinity of transcription factors, and shifts in subcellular localisation (as 

reviewed in Klomsiri, Karplus & Poole, 2011; Paulsen & Carroll, 2010). There is also evidence 

that some proteins involved in epigenetic modification pathways are under redox-dependent 

control (Ago et al., 2008). Protein thiol oxidation can therefore result in changes to a wide range 

of cellular functions, depending on the site of the oxidation, the extent to which the cysteine 

residue is oxidised, and the function of the affected protein.  
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Oxidative signalling for redox regulation occurs via the oxidation of many proteins within 

prokyarotes and eukaryotes (as reviewed in Antelmann & Helmann, 2011). An example which 

demonstrates the complexity of oxidative signalling is the oxidation of the transcription factor 

Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-κB).  NF-κB can be directly 

oxidised at critical cysteine residues, inhibiting its DNA binding ability. The NF-κB pathway 

has roles in multiple cellular processes including immune responses, cell proliferation and 

apoptosis. The downstream effects of NF-κB oxidation involve both pro-oxidant and anti-

oxidant targets (Morgan & Liu, 2010) and are context and tissue specific (as reviewed in 

Lingappan, 2018). The effects which RONS have on NF-κB signalling show that oxidation of 

protein thiols is involved in crosstalk between signalling pathways and complex cellular 

responses.  

 

Protein thiol oxidation influences signalling pathways involving phosphorylation of proteins. 

Nearly all protein phosphatases and many kinases contain redox sensitive cysteine residues that 

regulate their activity (Fisher-Wellman & Neufer, 2012). A notable example of protein thiol 

oxidation affecting the phosphorylation status of downstream signalling proteins is the 

inactivation of protein tyrosine phosphatases by thiol oxidation (as reviewed in Winterbourn, 

2008; Westerblad & Allen, 2011). Oxidation of protein tyrosine phosphatases involves the 

generation of hydrogen peroxide as a result of extracellular ligand binding events (Marinho et 

al., 2014; Rampon et al., 2018). The downstream effect of this oxidant production is oxidation 

of cysteine residues within signalling proteins, including protein tyrosine phosphatases (Stone 

& Yang, 2006; Rhee, 2006). Protein tyrosine phosphatases contain a conserved cysteine residue 

in the catalytic centre, which transiently binds phosphate during reactions (Tonks, 2006; Miki 

& Funato, 2012) . This cysteine is susceptible to oxidation, inactivating the phosphatase. As an 

example, PTP1B  inactivates the insulin receptor via dephosphorylation. Oxidation, and hence 

inactivation of PTP1B contributes to insulin resistance. dephosphorylates the insulin receptor, 

decreases insulin receptor signalling, promoting insulin resistance (Meng et al, 2004; Kim, Wei 

& Sowers, 2008; Kim et al., 2018). This mechanism also operates to affect signalling for cell 

survival, proliferation and growth (as reviewed in Sies, 2014). This demonstrates that protein 

thiol oxidation has effects on signalling networks involving other post-translational 

modifications.  
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Understanding how cysteines function within signalling networks requires an appreciation that 

there are antioxidant mechanisms controlling the reduction of cysteines. The mechanisms of 

these were discussed in Section 1.4 . This maintenance of a redox homeostasis and the 

enzymatic reversal of oxidative modifications places oxidation of cysteine residues in a 

paradigm akin to phosphorylation of serine, threonine and tyrosine residues.  

 

1.7  MUSCLE FUNCTION IS AFFECTED BY REACTIVE OXYGEN AND NITROGEN SPECIES 
 

Oxidative stress has been observed in skeletal muscle across a range of physiological and 

pathological states (as reviewed in Westerblad & Allen, 2011; Moulin & Ferreiro, 2017; Terrill 

et al., 2013b). In this section, muscle contractile function is used as an example of how changes 

in protein thiol oxidation affect the physiological function of the tissue. The fact that muscle 

function has been shown to be affected by protein thiol oxidation in this way is the basis for 

investigating the role protein thiol oxidation plays in diseases affecting muscle function.   

 

 THE PHYSIOLOGY OF MUSCLE CONTRACTION 

 

Skeletal muscle comprises 30-40% of the mass of the human body (Janssen et al., 2000). Skeletal 

muscle in the limbs performs the function of locomotion using limb skeletal muscle, while 

other skeletal muscle also conducts the necessary movement for other actions, including 

breathing.  The oxygen requirements of skeletal muscle constitute a large proportion the body’s 

total oxygen requirements, consuming 20-30% of whole body oxygen uptake at rest and up to 

90% during exercise (Zurlo et al., 1990). Whilst skeletal muscle also plays a role in heat 

generation and regulation of metabolism, its primary function is to contract.  

 

The structure of skeletal muscle is represented in Figure 1.3. The contractile machinery of 

skeletal muscle is made up of myofilament proteins, which assemble to form the sarcomere 

structure (Figure 1.4B). Each myofibril contains a parallel arrangement of many myofilaments. 

Myofibrils are surrounded by the sarcoplasmic reticulum (the Ca2+ store within skeletal muscle 

cells), mitochondria, and nuclei. Each muscle fibre contains many myofilaments, encased by 

the sarcolemma (the skeletal muscle membrane) (Silverthorn, 2015). 
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Figure 1.3. The structure of skeletal muscle. Figure from Silverthorn, 2015 
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Figure 1.4. The contractile apparatus: components of the myofilaments (A) and sarcomere (B), 

adapted from Boron & Boulpaep, 2016. 

 

The sarcomere consists of an orderly, parallel arrangement of filaments, visible under light 

microscopy. Thick filaments are composed of the myosin protein complex, and the thin are 

filaments composed of the protein actin (Figure 1.4A). Myosin tails are joined at the H band.   

Parallel actin microfilaments are cross-linked. Titin, the giant molecular spring protein, confers 
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stability to the sarcomere. It spans the entire half sarcomere, and interacts tightly with myosin. 

At both the Z-disks and the M-bands, titin filaments of adjacent sarcomeres overlap. This links 

adjacent sarcomeres within myofibrils. (Figure 1.4B).  At rest, the thick and thin filaments 

partially overlap within the sarcomere (Gautel & Djinović-Carugo, 2016). Actin contains a 

binding site for myosin, which, at rest cannot be accessed by myosin because it is hidden by 

tropomyosin. The globular myosin head contains actin and ATP binding sites (Wells, Edwards 

& Bernstein, 1996). Muscle contraction results from the action of the contractile proteins actin 

and myosin in a process known as crossbridge cycling. Whilst the contractile proteins are the 

immediate cause of contraction, their activation is as a result of a series of cellular processes.  

 

The sarcomere is surrounded by the sarcoplasm, and a network of membranes called the 

sarcoplasmic reticulum. Invaginations of the sarcolemma form the transverse (t) tubular 

system.(Figure 1.3). Muscle contraction occurs when neurological signalling initiates an action 

potential to travel along the sarcolemma. This action potential is propagated along the 

membrane and into the t-tubule structures, where the interaction between the dihydropyridine 

receptor with the ryanodine receptor causes the release of calcium from the sarcoplasmic 

reticulum. At rest, a low concentration of calcium is present in the sarcoplasm (50-100nM). 

Opening of calcium channels in the sarcoplasmic reticulum leads to an increase in sarcoplasmic 

calcium, and subsequently muscle contraction. After muscle contraction, this calcium is 

removed from the sarcoplasm through reuptake into the sarcoplasmic reticulum, maintaining 

a low concentration of calcium in the sarcoplasm at rest.  

 

Muscle tissue achieves contraction via a process termed crossbridge cycling. Due to the 

transduction of an action potential into the T-tubules, calcium is released from the 

sarcoplasmic reticulum by the opening of the ryanodine receptor channels. Calcium is then in 

high concentration in the sarcoplasm and binds the troponin complex causing the movement 

of tropomyosin. This exposes the myosin binding site on actin, allowing the myosin head to 

bind to actin. In binding to actin, myosin pulls actin to the middle of the sarcomere. The release 

of actin from myosin is facilitated by the binding of ATP to the myosin head. A conformational 

change in the myosin head occurs with the hydrolysis of ATP to adenosine diphosphate (ADP). 

The myosin head is then poised to bind actin at a new myosin binding site. When elevated 

calcium levels are present the process repeats, drawing the Z disc towards the H band, bringing 
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the sarcomeres closer together and leading to muscle contraction (Geeves, Fedorov & 

Manstein, 2005). 

 

When the signal for contraction ends, action potentials are no longer generated. Sarcoplasmic 

calcium concentrations decrease, as calcium is returned to the sarcoplasmic reticulum by the 

action of sarcoplasmic reticulum Ca²+/ATPase (SERCA) pumps on the sarcoplasmic reticulum. 

With the decrease in sarcoplasmic calcium concentration, troponin is no longer bound by 

calcium, and tropomyosin can sit in the helical groove of the filamentous actin. This results in 

the termination of crossbridge cycling, and the relaxation of the muscle (Lamb, 2000). 

 

 

 OXIDATIVE AND NITROSATIVE MODIFICATIONS TO PROTEINS CAUSE CHANGES IN 

CONTRACTILE FUNCTION OF MUSCLE 

 

Skeletal muscle endogenously produces oxidants as a result of its physiological functioning 

(Barbieri & Sestili, 2012; Reid & Durham, 2002) . This can occur during contraction through 

mechanisms directly relating to the process of contraction itself, such as the activation of iNOS, 

as discussed in Section 1.3 . The high metabolic activity of muscle suggests generation of RONS 

as a byproduct of ATP synthesis. Haemodynamics vary as a result of muscle contraction 

impacting on the range of oxygen concentrations supplied to the tissue during and immediately 

after contraction, affecting the production of RONS (Powers & Jackson, 2008). Additionally in 

pathological states muscle tissue is subject to the exogenous production of oxidants from 

sources such as phagocytic cells involved in inflammation (see Section 1.2 ).  

 

There is an extensive body of literature investigating the relationship between RONS 

production and muscle function. Reid’s seminal review effectively summarised the paradigm 

defining the physiological link between muscle function and oxidative stress: RONS are 

endogenously generated during muscle contraction, and muscle contractile strength displays a 

biphasic response to the cellular redox state where the highest force is generated at a moderate 

oxidant level (Reid, 2001). This model of the functional consequences of RONS is not 

surprising, given the range of pathways which can be modulated by oxidative modifications, 

and the varying effects of those modifications on proteins, as discussed in Section 1.6 . 
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On a molecular level, actin, myosin, troponin and tropomyosin are all functionally affected by 

protein thiol oxidation. Oxidation of actin changes its structure (Chung, Wang & 

Venkatraman, 2013), and the kinetics of actin-myosin binding (Hertelendi et al., 2008; 

Prochniewicz, Spakowicz & Thomas, 2008; Andrade, Reid & Westerblad, 2001). Modifications 

to myosin alter its ATPase activity (Moen et al., 2014; Milzani et al., 2000; Tiago et al., 2006; 

Prochniewicz et al., 2007). Cysteines within troponin I are modified by S-nitrosylation and 

glutathionylation, resulting in different effects on calcium sensitivity; S-nitrosylation decreases 

calcium sensitivity and glutathionylation increases calcium sensitivity (Mollica et al., 2012; 

Dutka et al., 2017). Oxidation of troponin C changes its interactions with troponins T and I, 

resulting in their changed affinity for the thin filament. (Pinto, de Sousa & Sorenson, 2011).  

The sensitivity of myofibrillar proteins to calcium is decreased when hydrogen peroxide is 

added to isolated muscle fibres (Moopanar & Allen, 2005). The mechanism by which this 

occurs is likely either oxidation of critical cysteines on the myofibrillar proteins themselves, or 

oxidation of kinases and phosphatases which in turn modify the myofibrillar proteins (as 

reviewed in Reid, 2008).  

 

Calcium sensitivity is also changed by oxidative modifications which affect proteins other than 

those of the contractile apparatus, notably channels which regulate calcium release and 

reuptake. Peroxynitrite inactivates SERCA channels, leading to dysregulation of sarcoplasmic 

calcium (Gutiérrez-Martín et al., 2004). The ryanodine receptor, which is responsible for the 

release of calcium from the sarcoplasmic reticulum, can be modified by nitrosylation, 

glutathionylation and nitrosoglutathione (Aracena-Parks et al., 2006; Aracena et al., 2003), 

changing the kinetics of calcium release and likely altering its sensitivity to calcium ions, 

magnesium ions, ATP and /or regulatory proteins (Zissimopoulos & Lai, 2006). This has been 

hypothesised to contribute to a chronic leak of calcium into the sarcoplasm in aged muscle 

(Umanskaya et al., 2014). Conversely, an oxidative modification of ryanodine receptor 1 occurs 

at the site of association with L-type Ca2+ channels, possibly disrupting their interaction and 

leading to decreased sarcoplasmic reticulum calcium release. The oxidative modification of the 

ryanodine receptor RyR1 results from its close association with a t-tubule NOX (Hidalgo, 

2006).  
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In addition to oxidation of the contractile proteins and channels, oxidation of cytoskeletal 

components of muscle has been observed. Notably, the focus of recent attention has been the 

giant protein titin. In vitro investigations have shown that oxidation of titin on particular 

cysteine residues modulates the flexibility of the protein, with implications for force generation, 

as titin works as a giant molecular “spring” (Alegre-Cebollada et al., 2014; Giganti et al., 2018; 

Hamdani et al., 2015) providing elasticity to the myofibre.  

  

Redox modulators clearly affect the function of muscle tissue, as evidenced in the preceding 

brief account of some modifications to proteins which are involved in muscle contraction. Not 

discussed in this introduction is the mechanisms by which RONS affect proliferation, 

differentiation, autophagy and apoptotic signalling pathways (as reviewed in Barbieri & Sestili, 

2012). In this thesis, the changes which RONS make to biomolecules in different disease and 

physiological states to link oxidative stress and its effect on the physiology of disease states are 

explored. 

 

1.8  MEASURING OXIDATIVE STRESS AND OXIDATIVE SIGNALLING 
 

Measurements indicating the presence of oxidative stress, or a dysregulation in redox 

homeostasis, have been made in almost all tissues in the human body as well as in a range of 

disease and varying physiological states. Experiments which measure “oxidative stress” are 

therefore of great interest to researchers and clinicians. In this section the considerable 

difficulties in measuring RONS and their effects are elucidated. A challenge in assessing 

oxidative stress is that RONS are by nature very unstable due to their reactivity, and therefore 

difficult to directly measure. This difficulty has been addressed by measuring the more stable 

products of RONS modifications to biomolecules; however many of these products are not 

biologically relevant. The modifications RONS make to protein thiols have the greatest 

relevance to protein function, as detailed in Sections 1.5  and 1.7.2 . Whilst there is considerable 

interest in measuring protein thiol oxidation, there are few cases where measurements of 

protein thiol oxidation have been made in disease models in vivo. 

 

There are many existing methods which purportedly detect oxidants directly. Fluorescent dyes, 

such as dichloro-dihydro-fluorescein diacetate (DCFH-DA), detect oxidants which do not 
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modify biomolecules, and so are not biologically relevant (Forman et al., 2015; Halliwell & 

Whiteman, 2004). Electron spin resonance is a technique which directly measures the presence 

of radicals (Davies & Slater, 1988; Bailey et al., 2009), but is costly and requires specialised 

equipment not accessible to most researchers. The sensitivity of the technique is also often 

insufficient to detect RONS in biological systems (as reviewed in Berliner, 2017). Technical 

challenges aside, the production of oxidants does not necessitate that changes to biomolecules 

have occurred. To conclude that oxidative stress has led to a physiologically relevant change, it 

is more relevant to directly measure modifications to biomolecules. 

 

Commonly used measures of oxidative modification to biomolecules are irreversible oxidative 

modification of lipids and proteins. The thiobarbituric acid reactive substances (TBARS) assay 

measures a breakdown product of lipid peroxidation: malondialdehyde (MDA). This assay 

works well in vitro to detect lipid peroxidation but is confounded by the presence of 

carbohydrates and protein oxidation products present in biologically relevant samples 

(Halliwell & Whiteman, 2004; Forman et al., 2015). A more reliable, but costly, measure of lipid 

peroxidation is isoprostane analysis by gas chromatography coupled with mass spectrometry 

analysis. Oxidative protein damage can be assessed by protein carbonylation. This can be 

reliably measured using antibody-based techniques including Western blots or mass 

spectrometry (Suzuki, Carini & Butterfield, 2010). Whilst these measures are more directly 

relevant than measuring production of oxidants alone, to understand the role that changes in 

redox homeostasis plays in physiology and disease pathogenesis, impacts on protein function 

must be considered.   

 

The focus of this thesis is to measure protein thiol oxidation in states of muscle dysfunction, 

and to identify oxidised proteins. Protein thiol oxidation is an attractive biochemical target as 

it is likely to have a direct influence on the function of the protein, as discussed in Section 1.6  . 

In earlier work in this field techniques such as site-directed mutagenesis were highly valuable 

in identifying the sites and effects of protein oxidation. In this section other biochemical tools 

which allow the elucidation of sites of protein oxidation are discussed.  

 

Generating models which incorporate the effects of RONS generation on the pathophysiology 

and physiological sequelae of disease requires an understanding the protein targets and extent 
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of their oxidation. Accurate measurement of protein thiol oxidation in vivo is technically 

challenging due to the high reactivity of the thiol group. As previously explained in Section 1.5 

cysteines are only susceptible to oxidation in the thiolate form. Artefactual oxidation can occur 

during tissue sampling and protein extraction (Armstrong et al., 2011). Providing a highly 

acidic environment during sample preparation ensures the protonation of all thiol groups, 

preventing oxidation during sample preparation (Hansen & Winther, 2009a). This “trapping” 

of the oxidation state of thiols is also possible through rapid alkylation of reduced thiols. 

Attention to preventing artefactual oxidation during sample preparation is essential to 

capturing the in vivo thiol oxidation state.  

 

Protein thiol oxidation is effectively measured by approaches that alkylate thiol residues. 

Reduced thiols can be alkylated by reagents such as maleimide or iodoacetamide derivatives. 

In a technique developed by our research group, reduced and oxidised thiols are alkylated by 

reagents with different properties allowing subsequent detection (Armstrong et al., 2011; Lui, 

Lipscombe & Arthur, 2010). Reduced and oxidised cysteines are identified by different 

fluorescent molecules conjugated to maleimide alkylating reagents (Figure 1.5). This approach 

has been used as a 96 well plate assay and in conjunction with sodium dodecylsulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) to provide insights into the role of protein 

thiol oxidation in vivo to muscular dystrophy (El-Shafey et al., 2011; Terrill, 2013; Terrill et al., 

2016; 2013b). Recently, this method has been adapted using alkylating reagents with different 

masses to analyse plasma albumin thiol oxidation as a measure of oxidative stress (Lim et 

al.2020). 
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Figure 1.5. Ratiometric measurement of protein thiol oxidation using the 2-tag method.  

Reduced thiols (indicated as “-SH”) are alkylated with the first maleimide tag 1, indicated in 

green. Oxidised thiols (indicated here as disulphides, “S-S”) are reduced and alkylated with a 

second maleimide tag 2, indicated in red. The differing properties of the maleimide tags 

(fluorophore, mass) allow differentiation between the reduced (tag 1) and oxidised (tag 2) states 

of protein thiols. Example protein depicted is triosephosphate isomerase, as modelled by 

SWISS-MODEL. 

 

There is considerable interest in measuring reversible oxidation and nitrosylation within the 

proteome, concomitant with the development of enhanced mass spectrometry tools. 

Measurements of reversible oxidation by mass spectrometry have involved the use and 

development of many thiol alkylating reagents (as reviewed in Alcock, Perkins & Chalker, 

2018) with the most popular chemistries being iodoacetamide, maleimide or dimedone based. 

In general, two major approaches for determining protein thiol oxidation using mass 

spectrometry have emerged. In one approach, reduced thiols are “blocked” by alkylation and 

oxidised thiols derivatised for detection. This approach is similar conceptually to Stable Isotope 

Labelling by Amino acids in Cell culture (SILAC) (Pan et al., 2014; Weerapana et al., 2010; 

Paulech et al., 2013; Gu & Robinson, 2016; Kumar et al., 2013; Leichert et al., 2008; Lindemann 

& Leichert, 2012; Knoefler et al., 2012). This approach is appealing, as it allows direct 

comparison of two or more samples. This methodology does not account for the fact that there 

may be changes in protein expression concurrent with changes in modifications to cysteine 

residues. Under this approach an increase in expression of a protein will decrease the apparent 

thiol oxidation, even if the amount by which that residue is oxidised does not change.  
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The purpose of investigating protein thiol oxidation is to determine which cysteine residues 

are operating as functionally important redox switches. This issue has been addressed by 

combining the above approach with methods which allow absolute quantification, such as 

iTRAQ (Parker et al., 2015). The second mass spectrometry approach entails a methodology 

where reduced thiols are derivatised with a different mass-coded tag from the oxidised thiols: 

a ratiometric approach to quantifying thiol oxidation. This allows the determination of changes 

to the oxidation state of any thiol, independent of changes in protein expression or degradation.  

 

These techniques have provided insight into the “redoxome” – the reversibly oxidised 

proteome (Kumar et al., 2012) - in prokaryotes and eukaryotes. The ability to combine the 

massive amounts of data generated from mass spectrometry experiments with bioinformatics 

provides information about the networks of proteins that are reversibly oxidised (Gould et al., 

2015). Understanding which proteins are oxidised also gives insight into where in the cell 

oxidants are being produced. Whilst these techniques currently provide valuable mechanistic 

information, the requisite sample preparation, inaccessibility and cost of mass spectrometry 

means that analysis involving ex vivo tissue and biological replicates is uncommon. 
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1.9  AIMS  
 

Overall Aim:  
To apply techniques which facilitate an understanding of the extent to which oxidative 
stress and oxidative signalling is relevant to disease, focussing on muscle disorders. 
 

Oxidative stress has been implicated in many muscle disorders, including in the 

pathophysiology of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) and 

Duchenne Muscular Dystrophy (DMD). A major mechanism by which cells sense oxidative 

stress is protein thiol oxidation, which can result in oxidative and nitrosative signalling. 

Oxidation and nitrosylation of proteins at cysteine residues results in changes to protein 

function, which impacts tissue function. Protein thiol oxidation has been shown to affect the 

contractile function of muscle tissue, with mechanistic links between the oxidation of specific 

protein thiols and the role they play in contraction. To understand the relevance of oxidative 

stress and oxidative signalling in disease there is a need to develop techniques which measure 

protein thiol oxidation in a biologically relevant condition. The objective of this thesis was to 

develop tools to measure protein thiol oxidation in such biologically relevant contexts, thereby 

exploring the utility of measuring protein thiol oxidation in disease.   

 

1. To assess the involvement of muscle protein thiol oxidation in the tissue and plasma in 
post-exertional malaise, a cardinal symptom of ME/CFS.   
 

Myalgic Encephalomyelitis and Chronic Fatigue Syndrome are terms used to describe a 

condition or a set of conditions characterised by persistent fatigue, and chronic, unabating 

intolerance of activity. It is highly debilitating and relatively prevelant, affecting around 0.7% 

of the population of the USA (Committee on the Diagnostic Criteria for Myalgic 

Encephalomyelitis/Chronic Fatigue Syndrome, Board on the Health of Select 

PopulationsInstitute of Medicine, 2015). Despite the severity of its impact, it is a disease with 

an unclear pathophysiology and with no validated diagnostic test. Oxidative stress has been 

suggested as a possible diagnostic target for ME/CFS (Fukuda et al., 2016; Yamano et al., 2016). 

A cardinal symptom of ME/CFS is persistent muscle fatigue after exertion, termed post-

exertional malaise (Fukuda et al., 1994). There is currently no laboratory measurement to assess 
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the presence of post-exertional malaise. Given the link between protein thiol oxidation and 

muscle function, it was hypothesised that protein thiol oxidation in the muscle of affected 

individuals after exercise differs from healthy individuals. It was further hypothesised that 

disruption to redox homeostasis in post-exertional malaise is observable in plasma albumin 

thiol oxidation. In this thesis, protein thiol oxidation in ex vivo human tissue was measured for 

the first time. This work examined the relevance of protein thiol oxidation to human muscle 

tissue pathophysiology.  

 

2. To apply existing methodology for measurement of protein thiol oxidation in developing 
new proteomic mass spectrometry tools for quantifying protein thiol oxidation; and to test 
these tools in a disease for Duchenne muscular dystrophy.  
 

In order to link measures of overall protein thiol oxidation with the specific functional effects 

of this modification, tools which can measure the oxidation of protein thiols in vivo accurately 

and sensitively are required. The measurement of total protein thiol oxidation in tissue in vivo 

is challenging, due to the reactivity of thiols and presence of ambient oxygen (Hansen & 

Winther, 2009b). As discussed in the introduction to this thesis, despite the great interest in 

protein thiol oxidation there has been a paucity of research in which protein thiol oxidation 

has been measured at the residue level in a biologically relevant experimental design. In this 

thesis, I aimed to develop mass spectrometry tools for measuring protein thiol oxidation and 

apply this technique to a model where the involvement of oxidative stress has been established. 

 

 3.  To assess protein thiol oxidation at a proteomic level in two models of DMD: the mdx 
mouse and Golden Retriever Muscular Dystrophy (GRMD) dog. 
 

DMD is a progressive, lethal, X-linked recessive myodegenerative disease affecting 

approximately 1 in 3,500 - 5,000 live male births (Bushby et al., 2010; Emery, 1991; Hoffman 

et al., 1999). DMD is caused by a genetic mutation in the DMD gene, encoding the critical 

cytoskeletal muscle protein dystrophin (Rahimov & Kunkel, 2013). Despite the disease 

causation having been long identified and well characterised, the mechanisms linking non-

functional or absent dystrophin with pathological sequelae have not been well established. 

There is considerable evidence that elevated levels of RONS may underlie many of the 
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pathologic changes in DMD and be one of the primary causes of disease progression (Allen, 

Whitehead & Froehner, 2016; Whitehead et al., 2008). To understand the role which RONS 

play in DMD it is essential to apply techniques which identify which protein thiols are oxidised, 

and the extent of this oxidation. This will be the first time that measurements of protein thiol 

oxidation at the residue level have been made in a model of DMD.   
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2.1  FINDINGS 
 

Myalgic Encephalomyelitis  and Chronic Fatigue Syndrome (ME/CFS) are terms used to 

describe condition(s) characterised by a persistent fatigue, and chronic, unabating intolerance 

of activity. ME/CFS is a highly disabling condition (Drachler et al., 2009), with the impact on 

the quality of life rated as more severe than dialysis, coronary heart disease (Anderson & 

Ferrans, 1997), type 2 diabetes, congestive heart failure and multiple sclerosis (Komaroff et al., 

1996; Kingdon, Bowman & Curran et al., 2018; Roma, Marden & Flaherty et al., 2019). 

Estimates of prevalence vary, with the USA-based National Academy of Medicine estimating 

that 0.7% of people living in the United States of America are affected by CFS (Committee on 

the Diagnostic Criteria for Myalgic Encephalomyelitis/Chronic Fatigue Syndrome, Board on 

the Health of Select PopulationsInstitute of Medicine, 2015). The aetiology of ME/CFS is 

uncertain, but linked with immune and neuroendocrine dysfunction (Carruthers & van de 

Sande, 2005). The genetic basis of the disease is contentious, with some studies identifying 

variants associated with the condition (Schlauch, Khaiboullina,& De Meirleir et al., 2016) , and 

others finding no associated genomic basis but a more epigenetic basis (Herrerra, de Vega, & 

Ashbrook et al., 2018).  

A cardinal symptom of ME/CFS is post-exertional malaise a term coined by Fukuda et al to 

describe the condition of physical or cognitive exertion aggravating the symptoms of ME/CFS 

(Fukuda et al. 1994; Carruthers et al. 2003; Carruthers et al. 2011). Post-exertional malaise is 

almost universally present in diagnosed cases (Klimas et al., 2015). The cause of post-exertional 

malaise has not been identified, but maximal exercise tests have shown physiological responses 

including membrane excitability (Jammes et al., 2005; Jammes, Steinberg & Delliaux, 2012; 

Jammes et al., 2013) and ability to recover from acidosis (Jones et al., 2012) are impaired in 

ME/CFS. Post-exertional malaise may be a systemic response to physical exertion, but there is 

evidence that the response to exertion in muscle tissue differs from that of healthy individuals 

(White, Light & Hughen et al., 2010; Fenouillet, Vigouroux, & Steinberg et al., 2016).  

Post-exertional malaise has also been linked to an abnormal oxidative stress response to 

exercise. Biomarkers of oxidative damage to lipids, isoprostanes and malondialdehyde, are 

elevated in the blood of individuals with idiopathic chronic fatigue at rest (Lee et al., 2018), and 

increased after maximal exercise (Robinson et al., 2010). This is of interest because reactive 
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oxygen species generated in muscle during or following exercise have the potential to affect 

muscle function (Reid, 2001). A key target of ROS is the thiol moiety of cysteine residues in 

protein (reviewed in (Marino & Gladyshev, 2012) and (Poole, 2015)). Thiol groups are highly 

reactive, and can be oxidised by a range of cellular oxidants (as reviewed in (Winterbourn & 

Hampton, 2008; Paulsen & Carroll, 2013). Because protein thiol groups are so sensitive to 

reactive oxygen species we assessed whether protein thiol oxidation was affected in muscle of 

individuals with ME/CFS. 

In this study we investigated the response to voluntary leg exercise in people who were 

diagnosed with ME/CFS (Fukuda et al., 1994). In plasma, the protein albumin contains a 

cysteine residue (Cys34) which is only partially oxidized (Peters, 1995) . This partial oxidation 

positions the redox state of the residue such that it will be responsive to stimuli which are either 

oxidizing or reducing. This responsiveness of plasma albumin makes it a useful indicator of 

oxidative stress (Imai et al., 2002; Lamprecht et al., 2008; Lamprecht et al., 2009; Colombo et 

al., 2012). To assess whether protein thiol oxidation was affected in blood of ME/CFS subjects, 

we measured the thiol oxidation of plasma albumin. There was no evidence of elevated 

reversible thiol oxidation in ME/CFS subjects prior to exercise (Figure 2.1). However, 

following the isometric exercise protocol, albumin oxidation was increased in healthy 

volunteers, but no response was evident for ME/CFS subjects (Figure 2.1). .  

 

We also examined reversible protein thiol oxidation in the vastus lateralis muscle. Prior to 

exercise, reversible protein thiol oxidation was significantly elevated in muscle of individuals 

with ME/CFS (Figure 2.1). This finding is significant, because it is evidence of potential altered 

function in non-exercised muscle., either as a result of increased oxidation, decreased 

antioxidant efficacy, or decreased oxidation to irreversible oxidation states. 

 

These observations are consistent with the lack of change in protein thiol oxidation evident in 

muscle, and indicates that there is an abnormal response of ME/CFS subjects to a short exercise 

protocol. The cause of these abnormal responses and their biological consequences will require 

further investigation, but may be related to reduced circulating blood volume (van Campen, 

Rowe & Visser, 2018), and problems with circulation(McCully, Smith & Rajaei et al., 2003; 

Sasha, Schmidt & Whilhelmy et al., 2018)  . 
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The oxidation of thiol groups has been shown to affect the function of proteins in multiple 

cellular processes, including contractile function (Lamb & Posterino, 2002) and muscle 

elasticity (Beckendorf & Linke, 2014). After three maximal, 30 second isometric contractions 

of the dominant leg there was an increase in the oxidation of proteins in the muscle of healthy 

participants (Figure 2.1). These changes are expected in healthy functioning skeletal muscle, 

where thiol oxidation is proposed to be a component of cellular signalling networks (Powers, 

Nelson & Hudson, 2011). In contrast, individuals with ME/CFS did not exhibit these changes, 

which implies that during exercise, the skeletal muscle of individuals with ME/CFS is not 

functioning normally. Dysregulation of thiol oxidation in muscle tissue has a broad range of 

functional implications for the tissue (Reid, 2001), including force deficit, which has the 

potential to contribute to the symptomology of post-exertional malaise.  

 

The metabolic dysfunction in ME/CFS patients, as revealed by the lack of change in thiol 

oxidation of plasma albumin following a short exercise test, has the potential to be useful in 

diagnosis of ME/CFS. Currently, clinical diagnosis by physicians relies upon self-reporting 

measures, but subjective diagnosis is not an effective mode of diagnosis as it depends on a 

patient’s subjective rating of symptoms rather than on objective test, thus explaining why 

sections of the non-specialist medical community still doubt the existence of CFS (Chu et al., 

2018). Patients often struggle with their illness for years before receiving a diagnosis. In surveys, 

67 to 77 percent of patients have reported that it took longer than 1 year to get a diagnosis, and 

about 29 percent have reported that it took longer than 5 years (Committee on the Diagnostic 

Criteria for Myalgic Encephalomyelitis/Chronic Fatigue Syndrome, 2015). In a review of the 

expressed needs of people with ME/CFS, the need for diagnosis was identified as critically 

important (Drachler et al., 2009). 

 

Inflammatory markers, notably cytokines, have been the focus of current efforts to develop a 

diagnostic test. This is due to the historical characterisation of ME/CFS as being precipitated 

by a period of increased inflammation, often associated with a viral infection. There are some 

inflammatory markers which have been shown to be increased with ME/CFS (Montoya et al., 

2017); however the variability in increase limits the usefulness of these markers in developing 

a diagnosis for ME/CFS. Furthermore, whilst particular studies may find significant differences 
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in cytokine levels, a review of the literature shows that differences in cytokine levels currently 

fall short in reliably discriminating between healthy people and people with ME/CFS (Raison, 

Lin & Reeves, 2009; Blundell et al., 2015).   

 

The ability of exercise to produce a measurable, abnormal physiological response (Nijs et al., 

2014; VanNess et al., 2003; Jones et al., 2010) makes the response to exercise a good candidate 

for developing a diagnostic test. Many of the exercise protocols which show this divergence 

between healthy individuals and those with ME/CFS involve exercise to exhaustion (Robinson 

et al. 2010; VanNess et al. 2010). Unfortunately, heavy fatiguing exercise can cause an increase 

in PEM in ME/CFS patients (Chu et al., 2018), an undesirable outcome for patients undergoing 

testing. The short isometric exercise protocol used in this study elicited biochemical 

dysfunction in muscle (Figure 2.2), but did not cause post-exertional malaise (Figure 2.3). 

Therefore, this study represents the basis for a potential diagnostic tool for ME/CFS. In the 

blood marker used to detect oxidative stress (oxidation of plasma albumin Cys34), there is clear 

discrimination between individuals with and without ME/CFS (Figure 2.1). Whist we 

acknowledge that this pilot study will need to be validated in a larger sample size and where the 

sensitivity and specificity of the approach could be determined, this work demonstrates that it 

may be possible to diagnose ME/CFS with a simple blood test for markers of oxidative stress in 

combination with an exercise protocol.  
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Figure 2.1. Reversible oxidation of serum albumin in individuals with ME/CFS (n=12) and 
healthy sedentary volunteers (HV, n=12) in response to non-fatiguing voluntary contractions. 
Participants were asked to perform a 30-second isometric exercise of their dominant leg at their 
maximal voluntary exertion. This exercise was repeated to a total of three extension exercises, 
with a 120 second rest interval between each leg extension. Blood was collected via fingerpick 
and serum albumin oxidation measurements were made pre-exercise (pre), post-exercise 
(post), and 15 minutes, 30 minutes, and 24 hours after exercise (as indicated). Shown here is 
the percentage of total blood albumin which is oxidised (reversible form). Data are shown as 
mean values, with error bars indicating standard errors of the mean. In healthy participants, 
the blood albumin oxidation (reversible) increased from resting levels immediately after 
exercise, and 15 minutes after exercise (indicated by #, ANOVA, p<0.05). There was no 
significant change in blood albumin oxidation (reversible) for participants with ME/CFS. 
There was, however, a difference in this measure between the healthy participants and those 
with ME/CFS immediately after exercise, and 15 minutes after exercise (indicated by *, 
ANOVA, p<0.05). 
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Figure 2.2. Reversible oxidation of protein from the vastus lateralis muscle in individuals with 
ME/CFS (n=12) and healthy sedentary volunteers (HV, n=12) in response to non-fatiguing 
voluntary contractions.  
Participants were asked to perform a 30-second isometric exercise of their dominant leg, at 
their maximal voluntary exertion. This exercise was repeated to a total of three extension 
exercises, with a 120 second rest interval between each leg extension. Muscle biopsy samples 
were collected via ultrasound guided core biopsy of the vastus lateralis muscle. Biopsy was 
conducted in the non-dominant leg before the exercise protocol, and in the dominant leg 24 
hours after exercise. Data is shown as mean values, with error bars indicating standard errors 
of the mean. There is a difference in muscle protein oxidation levels between the healthy 
participants and those with ME/CFS before exercise (indicated by *, ANOVA, p<0.05). In 
healthy participants, the muscle protein oxidation (reversible) increased from resting levels 
after exercise (indicated by #, ANOVA, p<0.05). This exercise-induced change in muscle 
protein oxidation was not observed in individuals with ME/CFS.  
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Figure 2.3. ME/CFS Symptom severity before and after non-fatiguing voluntary contractions 
in individuals with ME/CFS (n=12) and healthy sedentary volunteers (HV, n=12).  
Symptom severity was measured by survey with the fatigue impact questionnaire (Bennett et 
al., 2009). Annotations with the same letter indicate no difference, whilst annotations with a 
different letter indicate a significant difference between these groups (ANOVA, p<0.05). 
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2.2  METHODS  
 
This study was approved by the University of Western Australia Human Research Ethics 

Committee (Approval number: RA/4/1/7789).  

 

Participants in this study were either diagnosed with ME/CFS (using the Fukuda definition 

(Fukuda et al., 1994) (n=12) or were healthy sedentary controls (n=12). The body composition 

of participants was measured by X-ray densitometry (DEXA) (Lunar Prodigy Advance, GE 

healthcare). Healthy volunteers were selected to approximately match a participant with a 

ME/CFS diagnosis (age, body composition and sex). Participants with diagnoses of 

autoimmune disease were excluded. Participants with diagnoses of depression or anxiety were 

not excluded. Healthy volunteers self-identified as having a sedentary lifestyle, or to 

approximately match activity levels of an individual with a ME/CFS diagnosis through the 

Kaiser Physical Activity Survey. One participant was excluded due to diagnosis of confounding 

conditions within a month after the testing date (nephrotic syndrome). This study took place 

between September 2016 and January 2018.  

 

Participants were recruited through advertisements posted on social media. Participants were 

screened via email or telephone, and participated in a preliminary familiarisation session 

whereupon they completed the surveys to measure physical activity and symptom severity, 

underwent DEXA scans (body composition determination), and were familiarised with the 

dynamometer instrument. Participants with ME/CFS confirmed their diagnosis at this session. 

This familiarisation exercise session occurred at least one week before the testing session, but 

no more than four weeks before the testing session. This timing was chosen to allow recovery 

from the exertion of attending the familiarisation session before the testing session. 

 

Healthy control participants were recruited to match age, sex, physical activity and body 

composition of the participants with ME/CFS. There were 2 males and 10 females in each 

group. Testing of participants occurred over two days. On the first testing day, skeletal muscle 

biopsies was taken from the non-dominant leg. Blood samples were then taken before and after 

a leg exercise, using the dominant leg. The force output of the exercise was measured using a 
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dynamometer. On the second testing day, a final blood sample was taken, and muscle biopsies 

were taken from the dominant (exercised) leg. Surveys were administered on both testing days 

 

Participants abstained from non-steroidal anti-inflammatories, paracetamol, caffeine, alcohol 

and recreational drugs for 48 hours before testing. Participants had fasted from 10pm on the 

day prior to testing, but were advised to drink water for hydration. Testing occurred from 0800 

to 0900, dependent on physician availability. As such, all biopsies were taken between 0800 and 

1000 on testing days, and all bloods collected before 1300.  

 

 DYANOMETER 

 

Participants were familiarised to the dynamometer (Biodex system 3, Biodex Corp., Shirley 

NY) by performing exercises to measure peak rate of torque development, and peak torque. All 

exercises were performed with the participant’s dominant leg. Peak rate of torque development 

was measured by participants performing three repetitions of maximal voluntary concentric 

contraction of the knee extensors at an angular velocity of 60° s-1, with passive recovery time of 

30 seconds between contractions (hip joint fixed at 95°, range of motion for the knee set from 

0° to 90° with full extension of the knee set to 0°). The peak rate of torque development was 

taken to be the highest rate of torque development measured of these three repetitions. Peak 

torque was measured by participants performing three repetitions of an isometric leg exercise 

(hip joint fixed at 95°, knee joint fixed at 70°, with maximal voluntary contraction of 4 seconds 

with passive recovery time of 120 seconds between repetitions). Peak torque was taken to be 

the highest torque achieved during each of the repetitions. This familiarisation exercise 

occurred at least one week before the testing session, but no more than 4 weeks before the 

testing session. 

 

During the testing session, participants performed a voluntary leg exercise consisting of three 

repetitions of an isometric leg exercise (hip joint fixed at 95°, knee joint fixed at 70°, with 

maximal voluntary contraction of 30 seconds with passive recovery time of 120 seconds 

between repetitions). In a pilot study, this protocol was shown to have a maximal effect on 

muscle oxygenation, as determined by near-infrared spectroscopy (data not published). As 

with the familiarisation session, peak torque was taken to be the highest torque achieved during 
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each of these repititions This type of exercise was chosen specifically to induce a low level of 

fatigue to limit an unacceptable impact on the quality of life of research participants with 

ME/CFS.  

 

 BLOOD 

 

Samples of capillary blood were collected from participants immediately before and after the 

exercise protocol, and also at 15 minutes, 30 minutes, and 24 hours after exercise. Blood was 

collected from the fingertips of participants by use of a disposable lancet (Unistick Lancet 3, 

Owen Mumford Oxforshire UK), with collection of blood directly into a K3 

Ethylenediaminetetraacetic (EDTA) treated tube (Minicollect tubes K3EDTA; Greiner Bio-

One, Austria). Of this EDTA treated blood, a 22.5μL aliquot was mixed by pipetting with 2.5 

μL of trapping solution (62.5 mM polyethylene glycol maleimide (Malpeg, 5000 g/mol, JenKem 

Technology, USA), 40 mM imidazole and 154 mM NaCl diluted in DDI water, pH 7.4). Plasma 

was separated from whole blood by centrifugation at (3000 g, 10 min) and incubated at room 

temperature for 20 minutes. Treated plasma was snap frozen, and stored at -80°C.  

 

For analysis of plasma samples, the treated plasma was thawed at 37°C to prevent formation of 

aggregates. The thawed plasma was divided into two fractions: Fraction 1 (determination of 

total cysteine oxidation), and Fraction 2 (determination of irreversible cysteine oxidation). 

Fraction 1 was prepared by diluting 2.5 μL of plasma with 245 μL SDS/TRIS buffer (0.5% (w/v) 

SDS and 0.5mM TRIS (pH 7.4). The reversibly oxidised cysteines of fraction 2 were reduced by 

the addition of 2.5 μL of 20 mM L-cysteine (pH 3) and incubation at room temperature for 30 

min. Alkylation of the newly reduced cysteines was performed by addition of 5 μL of 25 mM 

Malpeg to the fraction and incubation for 15 min at room temperature. Fraction 2 was diluted 

by addition of 95uL SDS/TRIS buffer to 4 μL of the prepared sample. 

 

Plasma proteins were separated by SDS-PAGE. Samples were mixed 1:1 v/v with sample buffer 

(125 mM TRIS, pH 6.8, 4% sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, 0.02% 

bromophenol blue). Of this, 5 μL was was applied to a 4% stacking and 16 % resolving 

polyacrylamide gel, prepared using an adapted Laemmli method (Laemmli, 1970). Stain-free 

gels were constructed through the addition of 0.5% 2,2,2-trichloroethanol to the resolving gel 
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solution (Ladner et al., 2004). Proteins were electrophoresed for 1hr 45min at 250 V at 40 °C, 

in the dark. Proteins were visualized by UV transillumination with the ChemidocTM MP 

Imaging system (Bio-Rad, Australia) and Image LabTM software (Bio-Rad, Australia). The 

resulting image was analysed using National Institute of Health (NIH) ImageJ software 

(Version 1.48v, USA; (Schneider, Rasband & Eliceiri, 2012). The following tools were applied 

to the image, in this order: inversion, background subtraction, despeckle and noise. Band 

intensity was calculated by generating a signal profile plot for each sample lane, and the area 

under each peak was calculated using the trapezoid rule (Ladner et al., 2004). 

 

Fraction 1 was used to calculate the percentage of reduced (RA) and oxidised albumin (OA in 

Figure 2.4); Fraction 2 was treated to reduce reversibly oxidised cysteine residues, and so was 

used to calculate the percentage of albumin in the reversibly oxidised form (OAR) and 

irreversibly oxidised form (OAI; in Figure 2.4). For fraction 1, the top band (A in Figure 2.4) 

represents reduced albumin (RA) and the bottom band (B in Figure 2.4)represents reversibly 

and irreversibly oxidised albumin (OAR & OAI). In fraction 2, the top band (C in Figure 2.4) 

represents reduced RA and reversibly oxidised albumin (RA+OAR) and the bottom band (D in 

Figure 2.4) represents irreversibly oxidised albumin (OAI). Based on the fact that protein thiols 

can either be oxidised or reduced (OA + RA = total albumin), and that oxidised thiols are either 

reduced reversibly or irreversibly (OA = OAI + OAR), the percentage of albumin in the different 

forms was calculated as follows: 

1. The percentage of oxidised albumin:   

%OA = OA/(RA+OA) x100 

Experimentally:     %OA = band B/(band A + band B) x 100 

2. The percentage of irreversibly oxidised albumin:  

%OAI = OAI/(OAI + OAR + RA) x 100) 

Experimentally:     %OAI = band D/(band C + band D)) x 100 

3. The percentage of reversibly oxidised albumin: 

%OAR= (%OA - %OAI) 
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The development and validation of this method has been published by our research group 

(Lim, Duong & Boyatzis et al., 2020). 

 

 

 

 

 

 
Figure 2.4. Sample SDS PAGE gel for quantification of oxidised protein thiols of serum 
albumin.  
Plasma serum albumin protein thiol oxidation was treated with Malpeg and cysteine to allow 
measurement of reduced, reversibly oxidised, and irreversibly oxidised protein thiols. Treated 
samples were separated via SDS PAGE alongside a human serum albumin standard to confirm 
band identity (HSA). Two fractions were prepared for this determination, and electrophoresed 
on the same gels. In fraction 1, reduced albumin protein thiols were alkylated with Malpeg, 
producing an electrophoretic shift (band A) from the position of the oxidised albumin protein 
thiols (band B). In fraction 2, reversibly oxidised albumin protein thiols were reduced, and 
along with reduced albumin protein thiols, were alkylated with Malpeg producing an 
electrophoretic shift (band C) from the position of irreversibly oxidised albumin protein thiols 
(band D).    
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 MUSCLE BIOPSIES 

 

Muscle biopsies of the vastus lateralus were taken under local anaesthetic (injection of 2% 

lidocaine) with a BARD MAX-CORE 14g x 16cm (Bard, Arizona USA) disposable core biopsy 

instrument. The biopsy was guided by ultrasound, and performed by a radiologist. Up to three 

muscle biopsies were taken. Muscle biopsy mass was between 5 and 15mg per biopsy.  Fewer 

biopsies were taken where tissue could not be obtained due to patient discomfort, bleeding, or 

excessive fat composition of the sample. The biopsy was taken from the non-dominant leg 

before the exertion, and the dominant leg approximately 24h after the exertion. Samples were 

stored at -80°C. 

 

Quantification of protein thiol oxidation of muscle biopsies was determined using the 2-tag 

technique, as described previously (Armstrong et al., 2011). In brief, frozen tissue was extracted 

by homogenization (Ultra-Turrax T25, Rose Scientific, Alberta Canada) with 20% 

trichloroacetic acid (TCA) in acetone. Protein was solubilized in 0.5% SDS with 0.5 M TRIS at 

pH 7.3 (SDS/TRIS Buffer). Protein thiols were labelled immediately with the fluorescent dye 

BODIPY FL-N-(2-aminoethyl) maleimide (FLM, Thermo Fisher Scientific, Watham USA). 

Unbound dye was quenched by addition of 50 mM cysteine, to a final concentration of 0.62 

mM. Oxidised thiols were reduced with tris(2-carboxyethyl)phosphine (TCEP) before the 

subsequent unlabelled reduced thiols were labelled with a second fluorescent dye: Texas Red 

C2-maleimide (Texas red, Thermo Fisher Scientific, Watham USA). Protein was recovered by 

TCA precipitation, and washed in acetone, prior to resuspension in SDS buffer. Samples were 

read using a fluorescent plate reader (Fluostar Optima, BMG Labtech, Cary USA) with 

wavelengths filtered for excitation  485 nm, emission 520 nm for FLM; and excitation 595 nm, 

emission 610 nm for Texas red. A standard curve for each dye was generated using ovalbumin. 

Complete labelling was confirmed by quantitation of protein using the DC protein assay, with 

thiols comprising around 50nmol/mg of tissue.  

 

 BIOMETRIC MEASURES 

 

Participants completed four surveys in this study. The studies were provided on paper and 

completed by the participant, with an investigator present to assist with comprehension. To 
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measure physical activity levels, the Kaiser Physical Activity Scale (KPAS) (Ainsworth et al., 

2000) was completed during the familiarisation session. Three surveys were administered to 

measure the severity of the ME/CFS symptoms experienced by the participants. The Pain Self-

Efficacy Questionnaire (PSEQ) (Nicholas, 2012), Fibromyalgia Impact Questionnaire (FIQ) 

(Bennett et al., 2009), and Checklist of individual strength (CIS) (Vercoulen et al., 1994) were 

all administered at the familiarization session to determine the severity of symptoms, and to 

familiarize the participants with the surveys. The CIS and FIQ surveys were also administered 

on each testing day; they were administered before exercise during the first testing session.  

 

 STATISTICS 

 

Total reduced albumin, reversibly oxidized and irreversibly oxidized percentages were 

analyzed with linear mixed effects regression models, with fixed effects of group, time, and their 

interaction, and a random effect of individual participant. Model assumptions of equality of 

variance and normality of residuals were checked by visual assessment of plots of residuals 

versus fitted values and qq plots of residuals, respectively. Pairwise comparisons were 

performed for change from baseline within groups, and between groups at each time point, 

with significance set at p<0.05. These analyses were performed in the R statistical software 

language (nlme and lsmeans packages) (R Core Team (2019). R: A language and environment 

for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 

URL https://www.R-project.org/.). 

 

All other statistical analyses were undertaken using the data analysis and statistics software 

package, GraphPad Prism 8. Two-way ANOVA tests with post-hoc (Tukey or Sidak) for 

multiple comparisons were used to identify differences between measures made of healthy 

volunteers (HV) and participants with ME/CFS (CFS). Significance level was set at p < 0.05. 

Data are shown as mean ± SEM. 
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2.3   RESULTS AND DISCUSSION 
 

Assessment of the effectiveness of matching participants with ME/CFS to healthy volunteers 

was carried out by biometric measurements and survey (Figure 2.5). Healthy volunteers did 

not differ in average body composition (Figure 2.5 A and B, p=0.2788, p=0.1276), or age 

(Figure 2.5C, p=0.8743).   

 

The physical activity of participants was measured by the Kaiser Physical Activity Survey. This 

scale was chosen as it has been adapted specifically to be a suitable measure for women 

(Sternfeld, 1999). To address potential variation in physical capacity due to differences in 

activity, we recruited only volunteers who self-described as sedentary. Although the individuals 

with ME/CFS were significantly less active than the healthy volunteers (Figure 2.5D, 
p=0.0238), this difference may be a consequence of employment as none of the participants 

with ME/CFS in our study were currently employed full time (Sternfeld, 1999). The difference 

in means between the two groups was approximately 2.20 pts, which is approximately 

equivalent to increasing walking as transportation from 30 min to 45 min a day; or increasing 

frequency of housework from every 1.5 – 2 weeks to every week. The participants in our study 

had average activities of 8.35 points (CFS) and 10.63 points (HV). The interquartile range for 

healthy individuals (Q25-Q75 is 9.7-13.1 pts, (Ainsworth et al., 2000) indicates that our healthy 

volunteers were not on average highly active. On this basis, we argue that there was not a 

sizeable difference in activity between individuals with and without ME/CFS in this study.  
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Figure 2.5. Biometric assessment of participants shows no difference between participants with 
ME/CFS (n=12) and healthy volunteers (HV, n=12), in age and body composition, and an 
expected difference in activity levels. 
Body composition as assessed by (A) BMI (B) Dual X-ray densitometry (DEXA) showed no 
significant difference between healthy volunteers (HV, open bars) and participants with 
ME/CFS (CFS, closed bars). Participants with and without CFS did not differ in age (C). 
Physical activity as measured by survey (Kaiser Physical Activity Survey) (D) showed a 
significant difference between groups (t-test, p<0.05 indicated by *). Mean values are 
represented, with error bars representing standard error of the mean.  
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Measurements of force output by participants were recorded in both familiarisation and testing 

sessions (Figure 2.6). The rate of torque development (Figure 2.6B) produced during non-

fatiguing, voluntary knee extensions did not vary between individuals with ME/CFS and 

healthy volunteers (p=0.6155). This indicates that the baseline strength of both groups were 

comparable, and that individuals with ME/CFS were exercising at a comparable level of 

exertion as healthy, sedentary volunteers. Similarly, the overall maximal torque produced 

during the fatiguing exercise (Figure 2.6B, p=0.9343) did not differ between individuals with 

ME/CFS and healthy volunteers. Both healthy volunteers and individuals with ME/CFS 

produced a maximal torque during the fatiguing exercise which did not decrease between 

repetitions Figure 2.6C, p=0.9801). The consistency of force produced between participants 

with ME/CFS and healthy volunteers indicates that differences in the biochemical measures 

between the groups is not likely attributable to a lack of effort in the ME/CFS group. This is an 

important consideration, as it has been previously shown that a subset of individuals diagnosed 

with ME/CFS generated lower forces in maximum voluntary contractions and had a different 

metabolic response to exercise compared to healthy volunteers and individuals with ME/CFS 

who exhibited biochemical markers of fatigue (phosphocreatine depletion) (Jones et al., 2012). 

 

We conducted measurements of the thiol oxidation of blood albumin before and after exercise. 

Total oxidised albumin, reversibly oxidized and irreversibly oxidized (Figure 2.7A, B and C) 

was quantified. Overall, there was no difference in the amount of oxidised albumin between 

groups, and no differences in reduced albumin after exercise in either group (Figure 2.7A). 

The corollary of this finding is that the amount of overall oxidation of the thiols in blood 

albumin did not differ between groups or with exercise.  
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Figure 2.6. Force output of voluntary knee extension exercises in healthy volunteers (HV, 
n=12) and participants with ME/CFS (n=12) as measured by dynamometer.  
Maximum torque was measured during the familiarisation session by a three repetitions of a 3 
second, maximum voluntary isometric contraction of knee extensors, with the knee angle set 
to 70°  (A); rate of torque development was measured during the familiarisation session by a 
maximum voluntary concentric contraction of the knee extensors at an angular velocity of 
60°(B). Maximum torque developed during the testing session was measured during the 
fatiguing exercise of three repetitions of a maximum voluntary isometric contraction of 30 
seconds, with 120 seconds passive rest between contractions. The overall maximum torque over 
these three repetitions (C) and maximum torque for each repetition (numbered sequentially 1, 
2, and 3) (D) was recorded.  Mean values are represented, with error bars representing standard 
error of the mean. T-tests (A-C) and ANOVA analysis (D) p<0.05) did not indicate any 
significant differences between groups.  
 
There were significant changes in the levels of reversible and irreversible oxidation of thiols in 

blood albumin. Immediately after and 15 minutes after exercise the levels of reversibly oxidised 

albumin of healthy volunteers were increased from pre-exercise levels, and were significantly 

higher than the reversible albumin oxidation levels of individuals with ME/CFS at those time 
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points (Figure 2.7B). At the same time points, the levels of irreversibly oxidized albumin of 

healthy individuals was significantly decreased, and the irreversible albumin oxidation of 

individuals with ME/CFS was increased. This response to the test exercise results in healthy 

individuals having an increase in reversible oxidation and a decrease in irreversible oxidation 

(Figure 2.7C), and individuals with ME/CFS exercise having an increase in irreversible 

albumin oxidation.  

 

There are parallels in the trends of measurements of reversible plasma albumin oxidation (pre-

exercise vs 15 minutes post- exercise measurements; Figure 2.7B) with reversible protein thiol 

oxidation in the muscle (pre- exercise versus 24 hours after exercise; Figure 2.22.2). In healthy 

participants, reversible plasma albumin oxidation was significantly higher than baseline values 

15 minutes post-exercise. Similarly, in participants with ME/CFS there was no significant 

difference in reversible oxidation between baseline and 15 minutes post-exercise; a response 

also seen in the reversible oxidation of muscle tissue 24 hours after exertion. These findings 

demonstrate that the response to exertion in individuals with ME/CFS, as measured by 

reversible protein thiol oxidation in plasma and muscle, differs in a consistent way from 

participants without the condition.   

 

Irreversible oxidation of plasma albumin was also measured over time (Figure 2.7C). These 

data showed an opposite trend to the reversible plasma albumin oxidation in response to 

exertion (Figure 7A). The corollary of this finding is that the amount of overall oxidation of 

the thiols in blood albumin does not differ between groups or with exercise (Figure 2.7A). 
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Figure 2.7. Total oxidation, reversible oxidation and irreversible oxidation of serum albumin 
in individuals with ME/CFS (n=12) and healthy sedentary volunteers (HV, n=12) in response 
to non-fatiguing voluntary contractions.  
Participants were asked to perform a 30-second isometric exercise of their dominant leg, at 
their maximal voluntary exertion. This exercise was repeated to a total of three extension 
exercises, with a 120-second rest interval between each leg extension. Blood was collected via 
fingerpick and serum albumin oxidation measurements were made pre-exercise (pre), post-
exercise (post), and 15 minutes, 30 minutes, and 24 hours after exercise (as indicated). Shown 
here is the percentage of blood albumin protein thiols which are reduced (A), reversibly 
oxidised (B) and irreversibly oxidised (C). Data was shown as mean values, with error bars 
indicating standard errors of the mean. Differences from pre-exercise values within groups are 
indicated by #, and differences between groups at each time point are indicated by * (linear 
regression, pairwise, p<0.05).  
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Figure 2.8. Surveys measuring impact of exercise on symptoms of ME/CFS on individuals with 
ME/CFS (n=12) and healthy volunteers (HV, n=12). 
Surveys were administered on the day of exertion, and 24 hours post-exertion A low score on 
Pain Self Efficacy Questionnaires indicates high symptom severity (A), whereas a high score on 
the Fibromyalgia Impact Questionnaire (B) and Checklist Individual Strength (C) indicates 
high symptom severity. Mean values are represented, with error bars representing standard 
error of the mean. Annotations with the same letters indicate no significant difference between 
the two groups (ANOVA, p<0.05). 
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Biochemically, there are two possible explanations for the decrease in reversible oxidation 

observed in the muscle of participants with ME/CFS in response to exercise: that overall protein 

oxidation is decreased, or that protein thiols are being oxidised to higher, irreversible oxidation 

states. There are four biologically observable oxidation states for protein thiols: reduced, 

disulfide/sulfenic (reversible), sulfinic (irreversible) and sulfonic (irreversible). Oxidation to 

irreversible states marks proteins for degradation. Measurement of these oxidation forms in 

albumin demonstrated an increase in irreversible forms of oxidation resulting from exercise in 

individuals with ME/CFS. This demonstrates that a change in redox homeostasis resulting in 

oxidation of protein thiols to higher oxidation states is occurring in ME/CFS, and may occur 

in more than one system. However, the plasma albumin cannot be used as an indication as to 

what occurs in the muscle tissue. The finding of a lower amount of reversible oxidation is also 

consistent with changes in redox homeostasis resulting in decreases in oxidation. The literature 

indicates a lower blood supply to the muscle tissue is present in ME/CFS (McCully, Smith & 

Rajaei et al., 2003). From this work, it is not possible to identify which change to redox 

homeostasis resulted in these observations. Further research experimentally addressing this 

question is the only way in which the correct mechanism can be identified.  

 

In this study we aimed to determine the appropriateness of this potential diagnostic test for 

application to individuals who suffer from post-exertional malaise. There is currently no 

objective test for post-exertional malaise. Whilst ME/CFS is a multi-factorial condition, a 

minimally invasive test which could be used for screening patients would be of great utility to 

medical practioners. The basis of this test was to cause a fatigue such that the biochemical 

response to that fatigue could be measured, but not such that it would severely impact upon 

the quality of life of individuals who suffer from post-exertional malaise. To gauge the 

subjective impact this test had on the symptoms of individuals with ME/CFS, we administered 

surveys on the day of testing and the day after testing to measure the impact of the putative test 

on pain (Pain-self efficacy questionnaire (PSEQ) Figure 2.8A) and symptom severity 

(Fibromyalgia Impact Questionnaire (FIQ) (Figure 2.8B), Checklist of Individual Strength 

(CIS) (Figure 2.8C ). In all surveys, the scores of participants with ME/CFS were significantly 

different from the healthy volunteers, indicating a greater symptom severity. There was no 

significant difference between the survey scores recorded before and after exercise for either 

individuals with ME/CFS or healthy volunteers. These results demonstrate that the exercise 



 63 

used in the putative test is not severe enough to cause PEM. The test therefore causes a fatigue 

which results in a different biochemical response in individuals with ME/CFS (Figure 2.1 and 

Figure 2.2) but does not exacerbate the symptoms of affected individuals.  
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3.1  ABSTRACT 
 
Oxidative stress, caused by reactive oxygen and nitrogen species (RONS), is important in the 

pathophysiology of many diseases. A key target of RONS is the thiol group of protein cysteine 

residues. As thiol oxidation can affect protein function, mechanistic information about how 

oxidative stress affects tissue function can be ascertained by identifying oxidized proteins. The 

probes used must be specific and sensitive, such as maleimides for the alkylation of reduced 

cysteine thiols. However, we find that maleimide-alkylated peptides (MAPs) are oxidised and 

hydrolysed under sample preparation conditions common for proteomic studies. This can 

result in up to 90% of the MAP signal being converted to oxidised and/or hydrolysed MAPs, 

decreasing the sensitivity of the analysis. A substantial portion of these modifications were 

accounted for by Coomassie “blue silver” staining (~ 14%) of gels and proteolytic digestion 

buffers (~ 20%). More than 40% of the MAP signal can be retained with the use of thioglycolic 

acid during gel electrophoresis, trichloroethanol – UV protein visualization in gels, and 

proteolytic digestion buffer of pH 7.0 TRIS. This work demonstrates that it is possible to 

decrease modifications to MAPs through changes to the sample preparation workflow, 

enhancing the potential usefulness of maleimide in identifying oxidised peptides. 
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3.2  INTRODUCTION 
 
Reactive oxygen and nitrogen species (RONS) can cause oxidation of the thiol group of protein 

cysteine residues. Oxidation of cysteines can be biologically irreversible, through the formation 

of sulfonic acid derivatives for example, or biologically reversible such as the formation of 

sulfenic acid derivatives, intra and intermolecular disulfides, and S-nitrosylation. A functional 

consequence of reversible protein thiol oxidation is to transduce the chemical signal of the 

redox imbalance to a biologically relevant conformational change in the protein, affecting the 

function of biochemical signaling cascades. Protein thiol oxidation can result in changes to 

signalling networks both in normal cellular function and pathology (Halliwell & Gutteridge, 

2007, pp.199-236; Dalle-Donne et al., 2007). It has been proposed to affect signalling relevant 

to cancer (Hafsi & Hainaut, 2011), inflammatory disease (Chiurchiù & Maccarrone, 2011) and 

diabetes (Watson, 2014). The reversible nature of the modification is especially pertinent when 

considering its involvement in transient, non-pathological stimuli, such as muscle fatigue 

(Fisher-Wellman & Bloomer, 2009).  

 

Protein thiol oxidation is a post-translational modification which has the potential to affect 

many aspects of cell function because of its diverse protein targets. An understanding of the 

complexities of protein thiol oxidation-mediated processes, at the proteome level, is therefore 

relevant to understanding changes in tissue function under oxidative stress. This need for 

profiling of the redox proteome has necessitated a change toward high-throughput approaches. 

Established shotgun proteomics techniques centre on thiol alkylation chemistry, either using 

iodoacetamides (including the oxICAT technique based on Sciex’s Isotope Coded Affinity Tag 

(ICAT) technology) (Leichert et al., 2008; Aracena-Parks et al., 2006; Fu et al., 2008; Hägglund 

et al., 2008; Huang & Chen, 2010), or maleimide-based molecular probes (including 

isotopomeric variants) (García-Santamarina, Boronat & Domènech, 2014; Wang et al., 2014; 

Lind et al., 2002; Schilling et al., 2004; Held et al., 2010; McDonagh et al., 2014) (Scheme 1). 

Both sets of reagents do not alkylate oxidised thiols, allowing the estimation of the proportion 

of oxidation of cysteine residues.  

 

 
 



 

 

72 

 
 
Scheme 1. A generic outline of the two main classes of molecular probes used to label thiols. 
 
 
There are challenges in detecting the oxidative modifications of protein thiols and techniques 

have been constrained by the lack of sufficient specificity, sensitivity and robustness (Paulsen 

& Carroll, 2013). For example, the high reactivity of the deprotonated thiol group (the thiolate) 

(Jocelyn, P. C., 1972, pp.94-116) can result in artefactual oxidation during sample preparation. 

Methods to accurately assess protein thiol oxidation state must therefore be rapid, irreversible 

and complete.  

 

When probing for thiols, iodoacetamide chemistry is most commonly used. Maleimides, 

although less-used (Borges & Sherma, 2014), offer advantages. The rate of reaction of small 

thiols with N-ethylmaleimide (NEM) is 20 times faster than with iodoacetamide (IAM) 

(Hansen & Winther, 2009). In selected proteins from murine skeletal muscle tissue samples, 

NEM completely alkylated all free thiol groups in 4 minutes, markedly faster than IAM, which 

did not reach completion after 4 hours of incubation (Rogers, Leinweber & Smith, 2006). It has 

been observed that 6 hours is insufficient for complete alkylation of protein cysteine residues 

with IAM in some settings (Galvani et al., 2001). From this perspective, maleimides are 

therefore superior for rapid and complete thiol alkylation.  

 

The difference in reaction rates between thiols and the two classes of probes is reflected in the 

stoichiometric excess required to effect global thiol tagging. In biological samples, complete 

alkylation was achieved with a 125 fold excess of NEM, in contrast with a 1000 fold excess 

required for IAM and iodoacetic acid (Rogers, Leinweber & Smith, 2006). The larger excess 

required with iodoacetamides increases the chance of non-specific alkylation, that is, of other 

nucleophilic functional groups.  
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Alkylation with iodoacetamides is also inherently less selective than with maleimides. When 

alkylating the cysteine residues of haemoglobin, the rate of the reaction of iodoacetamide with 

cysteine thiols was comparable to its reaction with histidine residues (Guidotti & Konisberg, 

1964). Furthermore, iodoacetamide has been shown to alkylate lysine residues (Galvani et al., 

2001) in sufficient proportions to be misidentified as the characteristic diglycine formed by the 

digestion of ubiquitinated lysine (Nielsen et al., 2008). Non-specific alkylation with 

iodoacetamide could lead to false reporting of cysteine oxidation if used, for example, to 

produce a mass shift in protein gel electrophoresis. Maleimides have also been shown to 

alkylate lysine and histidine residues in addition to cysteines, however these non-specific 

reactions have been shown to be minimal under acidic conditions for reaction times of up to 

90 minutes (Pretzer & Wiktorowicz, 2008). Where this non-specific alkylation has occurred, it 

has been observed to comprise only 2% of the total product (Paulech, Solis & Cordwell, 2013). 

 

The oxidation state of thiols can be preserved through acidification, commonly through 

preparation in 20% trichloroacetic acid (TCA) solution; or irreversibly, through alkylation 

(Hansen & Winther, 2009). At low pH, the thiol group is protonated and less electron-rich, so 

is less susceptible to artefactual oxidation. Low pH is therefore desirable when alkylating 

protein thiols (Steghens et al., 2003). However, the thiol is also less nucleophilic than the 

thiolate. In this context, IAM has been shown to react incompletely with thiols at low pH, 

whereas maleimide is reactive at pH 4.3 (Rogers, Leinweber & Smith, 2006). The pH favouring 

complete alkylation with iodoacetamide, that is pH ³8 (Rogers, Leinweber & Smith, 2006)), has 

been shown to increase artefactual oxidation (Armstrong et al., 2011). Higher pH values also 

increase the prevalence of the free base forms of lysine and histidine residues, resulting in 

higher rates of alkylation of these residues (Brewer & Riehm, 1966). 

 

As explained, alkylation of cysteines using maleimide chemistry is superior to iodoacetamide-

based approaches. Maleimides react with thiols more quickly, completely, and more selectively 

at neutral pH and below. However, most current techniques for interrogating protein cysteine 

residue oxidation state, such as OxICAT, employ iodoacetamide chemistry (Leichert et al., 

2008; Lindemann & Leichert, 2012; Pace & Weerapana, 2013; Pan et al., 2014; Schilling et al., 

2004). We therefore examined whether maleimide-based approaches can be employed in 

identifying oxidised protein thiols. We find that there is a substantial chemical modification of 
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the maleimide-alkylated peptide (MAP) following the initial alkylation event (Baldwin & Kiick, 

2011; Kalia & Raines, 2008). This causes a corresponding loss in sensitivity of the detection of 

the tagged peptides by mass spectrometry. Through empirically derived data, we provide a 

practical set of guidelines for limiting the modification of maleimide-tagged protein thiols 

during a proteomics sample preparation workflow, which will increase the value of this 

technique. 

 

3.3  EXPERIMENTAL PROCEDURES 
 

 PREPARATION OF STANDARD PROTEIN AND PEPTIDE 

 

Solutions of purified lysozyme (Sigma-Aldrich) and L-glutathione (reduced, Sigma-Aldrich) 

were prepared in 0.25 M tris[hydroxymethyl]aminomethane (TRIS, Bio-rad), pH 6.0. The 

addition of tris(2-carboxyethyl)phosphine (TCEP, Sigma-Aldrich) to a final concentration of 

1.18 nmole/μg protein, and incubation for 1 h at room temperature ensured the lysozyme and 

glutathione were fully reduced. Alkylation was carried out with biotin-maleimide (Sigma-

Aldrich) (Figure 3.2) at 1 nmole/μg of protein or peptide (2 μg/μL) for 1 h at room temperature.  

 

 SDS PAGE 

 

TRIS-glycine electrophoresis: Samples were mixed 1:1 v:v with sample buffer (125 mM TRIS, 

pH 6.8, 4% (w/v) sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, 0.02% bromophenol blue).  

Standards and samples were applied to a 15% (w/v) polyacrylamide, 0.1% (w/v) SDS gel 

containing either pH 6.8, 250 mM TRIS stacking buffer, or pH 8.8, 375 mM TRIS resolving 

buffer. All gels were polymerized with ammonium persulfate and tetramethylethylenediamine 

(TEMED). TRIS gel electrophoresis was performed with 25 mM TRIS, 192 mM glycine, 0.5% 

w/w SDS buffer (Bio-rad) using the Bio-Rad Mini Protean III system. Some gels were 

electrophoresed at 60 V for 2 h in running buffer containing 0.5% thioglycolic acid. Buffer 

containing thioglycolic acid was discarded, and replaced with running buffer prior to protein 

electrophoresis. 
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BIS-TRIS electrophoresis: Samples were added to diluted NuPAGE LDS sample buffer 

(Thermo Fisher Scientific). Gels were cast with 0.3 M bis(2-hydroxyethyl)amino-

tris(hydroxymethyl)methane (BIS-TRIS, Sigma-Aldrich) pH 6.5 and 6% and 12% 

acrylamide/bis-acrylamide (Bio-Rad) in the stacking and resolving gels, respectively. Gel 

electrophoresis was carried out in diluted NuPAGE 3-(N-morpholino)propanesulfonic acid 

(MOPS) SDS running buffer (Thermo Fisher Scientific). Stain-free gels were constructed 

through the addition of 0.5% trichloroethanol (TCE) to the resolving gel solution (Ladner et 

al., 2006). Proteins were visualized using a Chemidoc MP Imaging system (Bio-Rad). Non-

fluorescent gels were labeled with Coomassie “blue silver” stain (Candiano et al., 2004). 

Glutathione cannot be visualized with Coomassie staining or with trichloroethanol, and so was 

located in gels by comparison with the migration of fluorescent maleimide-alkylated 

glutathione.  

 

Gel bands were cut into 1 mm cubes and then de-stained three times with 100 μL of either 25 

mM ammonium bicarbonate (Sigma-Aldrich) in 50% acetonitrile or 25 mM TRIS in 50% 

acetonitrile (Sigma-Aldrich) at 37◦C for 45 min. Unstained gel bands were washed three times 

with acetonitrile (ACN). Gel pieces were then dried by vacuum centrifugation. Protein was 

digested overnight at 37°C by addition of 125 ng sequencing grade Trypsin (Roche) in 10 μL of 

25 mM ammonium bicarbonate or 25 mM TRIS. Digested protein was extracted by two 

additions of 20 μL 1% trifluoroacetic acid (TFA) in ACN and incubation at room temperature 

for 20 minutes. Extracts were pooled and desiccated by vacuum centrifugation.   

 

 STREPTAVIDIN PURIFICATION 

 

Biotin-conjugated peptides were enriched through interaction with a streptavidin-coated 96-

well plate (Sigma-Aldrich, St Louis, USA). Peptides were dissolved in 200 μL of either 150 mM 

ammonium chloride (Sigma-Aldrich, St Louis USA),10 mM ammonium phosphate (Sigma-

Aldrich, St Louis, USA) or 250 mM TRIS pH 7.0, then incubated for 1.5 h. Wells were washed 

three times with 250 μL of either 50 mM ammonium phosphate or 250 mM TRIS pH 7.0, 

followed by three washes with 250 μL of double deionized water. Peptides were extracted by 1 
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h incubation with 2.5% formic acid (Sigma Aldrich) in 70% ACN, and dried by vacuum 

centrifugation. 

 

 CATION EXCHANGE PURIFICATION AND AVIDIN PURIFICATION 

 

Biotin-conjugated peptides were alternatively cleaned up via cation exchange, and enriched via 

an avidin column. Purification using these ICAT cation exchange and ICAT avidin affinity 

columns (Sciex, Massachesetts USA) was carried out as per protocols provided by the 

manufacturer (available at http://sciex.com/Documents/Downloads/Literature/mass-

spectrometry-4337577C.pdf)  

 

 MASS SPECTROMETRY 

 

Extracts were dissolved in 10 μL 80% ACN/0.1% TFA, and 0.6 μL of this solution was combined 

with 0.6 μL matrix solution (5 mg/mL α-cyano-4- hydroxysuccinamic acid, 10 mM ammonium 

citrate, 80% ACN/0.1% TFA) on a MALDI- TOF plate, and allowed to air dry. Analysis was 

performed with a 5800 MALDI-TOF/TOF mass spectrometer (Sciex, Massachesetts USA). 

 

MS/MS analysis to identify the modified protein residue was carried out with a 5600 TripleTOF 

system (Sciex, Massachesetts USA). 

 

 ANALYSIS PROGRAMS 

 

Peaklists were generated with TOF/TOF Series Explorer 4.1.0 (Sciex, MA) with the following 

parameters: MS peak filters mass range of 800-4000 Da, Peak density maximum 10 peaks for 

200 Da, minimum signal/noise 5, minimum area 30, max peaks/spot 40; MS/MS peak filters 60 

Da precursor 20 Da, peak density maximum 10 peaks per 200 Da, minimum signal/noise 5, 

minimum area 30, maximum peak/precursor 100. MS/MS data was imported into the database 

search engine Mascot (Version 2.4.1, www.matrixscience.com) and searched against the Swiss-

Prot database with the following search conditions: trypsin digest with allowance for up to one 

missed cleavage per peptide, no fixed modifications, variable modifications of oxidation on 
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methionine residues and alkylation of cysteines with biotin maleimide, MS tolerance of 0.2 Da, 

MS/MS tolerance of 0.6 Da. A significance threshold of p<0.05 was used for identification of 

peptides. T2d converter was used to convert mass spectra to mzml files (www.pepchem.org). 

mMass3 (Strohalm et al., 2010) was used to label peaks and find the area under the curve, and 

carry out baseline correction where necessary.   

 

 EXPERIMENTAL DESIGN AND STATISTICAL RATIONALE 

 

A sample size of three technical replicates (n = 3) was chosen to detect a difference in means of 

5% with α=0.05 and β=0.2. Statistical analyses were carried out using GraphPad Prism version 

6.0g for Mac OSX, GraphPad Software, San Diego California USA, www.graphpad.com. Unless 

otherwise stated t-tests or one-way ANOVA with post t-tests and Holm-Sidak correction for 

multiple analyses were used. Groups were considered significantly different where p<0.05. Raw 

peak areas and statistical analyses for all data is provided as supplementary material.  

 
The extent of modification observed in mass spectra is expressed as a proportion of all signals 

attributed to the peptide, both modified and unmodified. All peak areas of the relevant signals 

were summed to give a total amount of signal. Each individual signal at the relevant m/z was 

expressed as a percentage of its area relative to this total signal area for the peptide. Alkylated 

cysteines are represented as C*. 

 

The dataset has been deposited in the MassIVE repository, and can be accessed at 

ftp://massive.ucsd.edu/MSV000080667. 
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3.4  RESULTS 
 

 OBSERVED MODIFICATIONS OF MALEIMIDE-ALKYLATED PEPTIDES (THIOSUCCINIMIDES) 

 

Purified lysozyme was used to test the efficacy of cysteine alkylation as it forms cysteine-

containing tryptic peptides suitable for MALDI-TOF mass spectrometry. Biotin maleimide was 

used to alkylate the surface cysteine residues of reduced lysozyme, resulting in MAPs. Upon 

identification of peaks in the mass spectrum corresponding to the expected tryptic peptides, a 

signal at +16 Da to the MAP was observed (Figure 3.1A). Other modifications to the expected 

mass were observed at +32 Da, +34 Da and +50 Da. We propose that these modifications 

correspond to oxidation of the thioether sulfur atom to sulfoxide and sulfone functional groups 

(mass increases of 16 and 32 Da, respectively), hydrolytic ring-opening of the succinimide 

(mass increase of 18 Da), and combinations thereof, giving increases of +32 Da, +34 Da, and 

+50 Da (Figure 3.2). MSMS spectra were examined, and the modification was seen to be 

present on the cysteine residue of the peptide (data not shown).  
 

For some peptides the signal at the expected m/z was nearing the limit of detection, whilst the 

modified ions were dominant (Figure 3.1B). The extent of modification for three tryptic 

peptides was further quantified in three separate experiments. These results show that the 

degree to which a particular MAP was modified was consistent between experiments, but there 

was substantial variation in the extent of modification of different peptides (Figure 3.3).  
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Figure 3.1. MALDI-TOF mass spectrum of the modified forms of tryptic peptides of lysozyme 
alkylated with biotin maleimide.  
Lysozyme was reduced and alkylated with biotin maleimide, purified by SDS-PAGE and 
digested in gel. (A) The occurrence of unmodified (denoted by peptide sequence), singly 
oxidised (+16 Da), hydrolysed (+18 Da), doubly oxidised (+32 Da), and oxidised + hydrolysed 
(+34 Da) forms of the maleimide-alkylated peptides are indicated on the spectrum. (B) 
Enlarged view of spectrum shown in (A) between 887 m/z and 938 m/z. Four permutations of 
oxidation and hydrolysis (Figure 3.2) of the MAP biotin-maleimide-GC*RL are observed. 
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Figure 3.2. Putative structures for the modification of biotin-maleimide resulting in mass 
increases of 16, 18, 32, 34, and 50 mass units.  
Regio- and stereoisomerism are ignored in this figure. Single oxidation of the MAP at its sulfur 
atom gives a mass increase of 16 Da and double oxidation a 32 Da increase. Hydrolysis of the 
succinimide yields a mass 18 units greater than the unmodified MAP. Hydrolysis with single 
oxidation of the succinimide gives a mass increase of 34 Da and double oxidation combined 
with hydrolysis of succinimide gives a mass increase of 50 Da. 
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oxidised
+16 Da

oxidised and hydrolysed
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Figure 3.3. Tryptic peptides of lysozyme alkylated with biotin maleimide have different levels 
of modification. 
Signals corresponding to the predicted m/z and modifications at +16, +18, +32, +34 and +50 
Da were identified. The areas under each of these peaks were summed, and each peak area was 
assessed as percentage of this total. Shown here is the percentage of the signal which is retained 
at the predicted m/z. Annotations with different letters indicate that a significant difference was 
observed between these two groups (n = 3). 

 

 MODIFICATION OCCURS ON THE SUCCINIMIDE MOIETY 

 

To establish whether the modification was occurring on the succinimide or the biotin moieties, 

tryptic lysozyme peptides were alkylated with N-ethylmaleimide (NEM), which does not 

contain biotin. As with biotin maleimide, peaks at +16 and +18 Da to the expected mass for the 

MAPs were observed. These mass-shifts were not present for the corresponding non-alkylated 

peptide. This demonstrates the modification is not due to oxidation of methionine. These data 

indicate that the modification was occurring on the succinimide group of the MAP. 

Modifications at both +16 Da and +18 Da suggest both oxidation (incorporation of an oxygen 

atom) and hydrolysis of the maleimide ring. Possible structures for these modifications to the 

MAP of glutathione are shown in Figure 3.2.  
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 EXPERIMENTAL CONDITIONS CAUSING MODIFICATIONS OF MAPS 

 

To investigate the experimental conditions causing the modification of the MAPs, glutathione 

was used as a model cysteine-containing peptide. Enrichment of labelled peptides is routinely 

performed prior to analysis, commonly by taking advantage of the biotin-streptavidin 

interaction. Therefore, biotin maleimide was used as an alkylating agent. The extent of 

hydrolysis of the MAP was tracked through a proteomics sample preparation workflow (Figure 
3.4). Signals corresponding to the predicted m/z and the +16, +18, +32, +34 and +50 Da 

modifications were identified. The steps involved in this workflow were reduction and 

alkylation, SDS PAGE, tryptic digest and streptavidin purification. Samples were processed 

through stages of the workflow as shown in Figure 3.4. The dominant modification was +32 

Da to the expected mass. Modifications of +16 and +18 Da were also contributors to the 

significant loss of signal at the expected mass. When processed through the whole workflow, 

90 % of the original signal was lost to modification. Major sources of modification were SDS 

PAGE, purification by biotin-streptavidin affinity, and tryptic digest (Table 1.1).  

 

A range of buffers and alternative buffers to those used in this workflow were tested for their 

effects on the modification of a MAP (biotin maleimide-alkylated glutathione) (Figure 3.5). 

Incubation in 250 mM ammonium bicarbonate resulted in substantial hydrolysis of the MAP. 

TRIS is a potential alternative to ammonium bicarbonate, and was shown to result in 

substantially fewer modifications to the MAP, notably, less hydrolysis. The gel destain buffer 

(10% v/v acetic acid, 20% v/v methanol) did not cause substantial modification. The use of 

either ammonium-containing or TRIS buffers in streptavidin purification (10 mM ammonium 

phosphate or 250mM TRIS pH 7.0) resulted in substantial increases in oxidation.  

 

The different steps also changed the prevalence of the types of modification. Streptavidin 

purification buffers resulted in substantial conversion of peptides to the putative oxidised forms 

(+16 and + 32 Da), whereas ammonium bicarbonate predominantly resulted in conversion to 

the putative hydrolysed forms (+18 Da). 



 

 

83 

 
Table 3.1. Breakdown of the effect of steps involved in proteomics sample preparation on the 

modification of glutathione alkylated with biotin maleimide. 

The data shown in Figure 3.3 have been reworked to show the extent of modification at each 

experimental step. This shows that steps relating to gel electrophoresis and streptavidin 

purification are large contributors to the hydrolysis and oxidation of MAPs. 

 

 

 

Experimental step Average % modification SEM 

Reduction and alkylation <1 <1 

Loading buffer <1 1 

Gel electrophoresis 4 2 

Coomassie “blue silver” stain 14 4 

Destain gel bands 6 4 

Tryptic digest 20 8 

Peptide extraction from gel 10 8 

Biotin-streptavidin purification 25 1 

Biotin-streptavidin elution 11 <1 

Total 90 4  
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Figure 3.4. The effect of steps involved in proteomics sample preparation on the modification 
of glutathione alkylated with biotin maleimide.  
Biotin maleimide-alkylated glutathione was subjected to subsets of sample preparation 
workflows to identify steps where modification occurred. Significant differences between 
successive steps are indicated with asterisks (n = 3). Sample preparation subsets reflect the 
cumulative modifications through the sample preparation workflow, as indicated in the figure. 
Extent of modifications of the MAP, with each permutation identified by the mass added, are 
shown in separate graphs.  
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Figure 3.5. Modification of biotin maleimide-alkylated glutathione in buffers used for 
proteomic mass spectrometry analysis.  
TRIS and ammonium bicarbonate (0.25 M, pH 6.8 and 8.0, respectively) were incubated with 
glutathione alkylated with biotin maleimide for 48 h.  MOPS (250 mM, pH 6), TRIS (250 mM, 
pH 7), and gel destain solution (20% v/v methanol, 10% w/w acetic acid) were incubated with 
this MAP for 3 h. Buffers containing ammonium (150 mM ammonium chloride,10 mM 
ammonium phosphate, pH 7.0) or TRIS (250 mM, pH 7.0) were used when incubating peptides 
with a streptavidin-coated 96-well plate. Peptides were eluted using 70% acetonitrile 2.5% 
formic acid after 1 h incubation. For each graph, annotations with different letters indicate a 
difference was observed between those two groups. Annotations with the same letters indicate 
no significant difference between the two groups (n = 3). 
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 MODIFYING TRYPTIC DIGESTION TO LIMIT HYDROLYSIS AND OXIDATION OF MAPS 

 

MAP modification occurred in tryptic digest buffer (15 mM ammonium bicarbonate) 

overnight at 37°C. Decreasing the time of the tryptic digest did not result in a substantial 

decrease in modification of the MAP (Figure 3.6). However, overnight incubation at 37°C with 

25 mM TRIS buffer decreased the relative abundance of the +18 Da modification (Figure 3.6). 

Overnight digest of bovine serum albumin in TRIS buffer did not result in any significant 

change in the functional digestion of the protein when compared to standard ammonium 

bicarbonate conditions, as judged by the outcome of a Mascot score for the identification of the 

protein (Figure 3.7).  

 

 MODIFYING GEL ELECTROPHORESIS TO LIMIT HYDROLYSIS AND OXIDATION OF MAPS 

 

Gel electrophoresis and related procedures were identified as a major source of the 

modification of MAPs. Coomassie “blue silver” staining resulted in significant increases in 

hydrolysis (+18 Da) (Figure 3.8). There was no significant increase in the relative abundance 

of the oxidised forms of the MAP (+16 and +32 Da) through all forms of electrophoresis.  

 

As there was a high rate of Coomassie “blue silver” stain induced hydrolysis, a “stain free” gel 

system was tested where proteins are visualised through the photochemical reaction of 

trichloroethanol with tryptophan residues. Stain free gel electrophoresis resulted in 

significantly less modification than when stains were used, but all gel visualisation approaches 

resulted in significantly higher amounts of modifications of MAPs (Figure 3.8).  

 

As incubation in a basic buffer was shown to increase hydrolysis (Figure 3.5), it was 

hypothesised that basic conditions may result in hydrolysis of MAPs. Gel electrophoresis can 

be buffered at neutral pH by BIS-TRIS and MOPS buffers as an alternative to the basic TRIS 

buffers. Coomassie “blue silver” stained BIS-TRIS/MOPS buffered gels overall exhibited no 

significant difference in the amount of unmodified MAP present when compared with TRIS 

buffered gels. However, they did show significantly more conversion to hydrolysed and 

oxidised (+34 Da) forms than TRIS buffered SDS PAGE (Figure 3.8).  
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It has been established that oxidation of methionine residues can be limited by pre-

electrophoresis of TRIS gels with a buffer containing 0.5% thioglycolic acid (Moos, Nguyen & 

Liu, 1988; Walsh, McDougall & Wittmann-Liebold, 1988). Application of this pre-treatment 

in the current work significantly decreased the amount of doubly oxidised MAP (Figure 3.9). 

It also significantly decreased the oxidised + hydrolysed forms, and the doubly oxidised + 

hydrolysed forms (+32 and +50 Da). As a result, there was an overall significant increase in the 

amount of unmodified MAP observed (42 % ± 5.37% to 57.6 % ± 1.51%).  

 

 ALTERATIONS TO STREPTAVIDIN PURIFICATION TO LIMIT HYDROLYSIS AND OXIDATION OF 

SUCCINIMIDES 

 

Modification adding +16 and +32 Da to the expected mass of MAPs was the major 

contributor to loss of signal during streptavidin purification. Conducting the streptavidin-

biotin binding in the presence of the reducing agent dithiothreitol (DTT) significantly limited 

the extent of the +32 Da modifications (Figure 3.10).  

 

 DIRECT COMPARISON OF STANDARD WORKFLOWS AND A WORKFLOW DESIGNED TO LIMIT 

HYDROLYSIS AND OXIDATION OF SUCCINIMIDES  

 

The combination of several of the above approaches does result in significant preservation of 

the signal associated with the unhydrolysed and unoxidised peptide-maleimide adducts. In a 

proposed low modification workflow, samples were processed via SDS PAGE carried out with 

gels pre-electrophoresed with TGA, gels were visualised with the stain free TCE/ UV system, 

and tryptic digestion was carried out in TRIS-buffered solution (Figure 3.11). The GC*RL 

peptide derived from tryptic digestion of biotin maleimide-alkylated lysozyme showed a 

significantly greater unmodified signal compared to a standard workflow when processed with 

the low modification workflow (p = 0.027). Oxidation (+16 Da) was significantly higher in the 

low modification workflow (p = 0.0126), whereas hydrolysis (+18 Da) was significantly higher 

in the control workflow (p = 0.003).  The extent of the preservation of the unmodified signal 

was significant, from 25% ± 2.32% of the total signal in the control group (n = 3), to 54% ± 8% 

of the total signal in the low modification workflow (n = 3). 
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Figure 3.6. The effect of buffers appropriate for proteolytic digest on the hydrolysis and 
oxidation of biotin maleimide conjugated with glutathione.  
The maleimide-conjugated peptide was incubated in either TRIS buffer overnight (16 h), or 
ammonium bicarbonate (25 mM) for 2 h or overnight (16 h) (n = 3). There was a significant 
increase in relative levels of the all forms of modification except double oxidation and 
hydrolysis (+50 Da) with 2 or 16 h of incubation in ammonium bicarbonate when compared 
with incubation in TRIS buffer for 16 h (n = 3, p < 0.05). Hydrolysis (+18 Da) was significantly 
higher after 16 h incubation in ammonium bicarbonate compared with 2 h incubation (n = 3, 
p < 0.02). 
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Figure 3.7. Effect of varying buffers on digestion efficiency of trypsin on bovine serum 
albumin. 
BSA (10 µg) was processed via SDS PAGE and tryptic digest carried out in gel bands.  
Digestion was carried out overnight, with a trypsin:protein ratio of 1:50; the 2 h digest was 
carried out at a ratio of 1:10. Significance is indicated by asterisks (n = 3, p < 0.05). Ammonium 
bicarbonate buffered overnight digest yielded a significantly higher score than with a 2 h digest. 
There was no significant difference in the resulting score between the TRIS buffered and 
ammonium bicarbonate buffered digest of the protein at the overnight time point.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

90 

 

Figure 3.8. Glutathione alkylated with biotin maleimide was processed through TRIS or MOPS 
buffered SDS PAGE and visualised using trichloroethanol in conjunction with UV light (“stain 
free”) or Coomassie “blue silver” stain. 
The proportions of unmodified peptide adduct and modified derivatives were determined by 
MALDI-TOF mass spectrometry. Annotations with different letters indicate difference was 
observed between those two groups. Annotations with the same letters indicate no significant 
difference between the two groups. Where there is no annotation in a graph, no significant 
differences were observed between groups (n = 3). 
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Figure 3.9. Glutathione alkylated with biotin maleimide processed via TRIS-buffered SDS 
PAGE with or without the addition of thioglycolic acid (TGA, 0.5%) in running buffer. 
The proportion of MAP in unmodified and modified forms was determined by MALDI-TOF 
mass spectrometry. Significance between groups is indicated with asterisks (n = 3, p < 0.05). 
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Figure 3.10. Streptavidin purification with added DTT was tested for the effect on biotin 
maleimide conjugated glutathione. 
The test MAP was incubated in a streptavidin-coated plate with 250 mM TRIS buffer or 150 
mM ammonium chloride with 10 mM ammonium phosphate (pH 7.0). DTT was added to 250 
mM TRIS buffer in all other cases. Plates were incubated with the conjugate for 90 min. Elution 
in 70% ACN/2.5% formic acid occurred over 30 min. The proportion of MAP signal in 
modified and unmodified forms was determined by MALDI-TOF mass spectrometry. 
Annotations with different letters indicate a difference was observed between those two groups. 
Annotations with the same letters indicate no significant difference between the two groups (n 
= 3). 
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Figure 3.11. Sample processing with TGA infused, “stain free” SDS-PAGE and TRIS buffered 
tryptic digestion decreased the overall loss of signal to maleimide hydrolysis and oxidation. 
10 µg samples of biotin maleimide-alkylated lysozyme were subjected to a “low modification” 
or “control” workflow. The control group was processed via standard SDS PAGE, and stained 
with Coomassie “blue silver”. Tryptic digestion was carried out in 25 mM ammonium 
bicarbonate solution. The low modification group was processed as follows: TCE-containing 
SDS PAGE gels were pre-electrophoresed with TGA, and proteins were visualised using TCE 
in conjunction with UV light. Tryptic digestion was carried out in 25 mM TRIS buffer. Peptide 
enrichment was achieved by cation exchange and column avidin purification. The proportion 
of signal from the GC*RL MAP in modified and unmodified forms was determined by MALDI-
TOF mass spectrometry. Significance between groups is indicated with asterisks (n = 3, p < 
0.05).  
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3.5  DISCUSSION 
 

Our data indicate that the sample preparation workflow can seriously compromise the 

detection of MAPs. There is loss of unmodified MAPs throughout the sample preparation 

workflow, such that after cumulative losses, as little as 10% the original MAP signal may 

remain. However, by modifying the workflow, the loss of maleimide-alkylated peptides can be 

minimised. 

 

The hydrolysis and oxidation of MAPs could result in changes to ionisation efficiency of these 

peptides. The data relating to the relative proportions of each species in each mass spectra are 

therefore not indicative of the absolute quantities of each species present, but rather how much 

signal is observed for each in resulting mass spectra. Whilst changes in the proportion of the 

unmodified and modified signals of MAP are plausibly due to a combination of changes in 

both the proportion of species present and their differing ability to be ionised, we have not 

differentiated between this in our investigations, as the focus of this work was to maximise the 

signal of the unmodified MAP in the mass spectra. As such, this combined effect is what is 

shown by the charts representing proportion of signal.  

 

A review of the literature identified hydrolysis as a cause of the loss of MAPs. Maleimides and 

the succinimides that form upon reaction of maleimides with thiols, such as cysteine, are 

known to hydrolyse to the corresponding  ring-opened maleamic and succinamic acids 

(Gregory, 1955; Heitz, Anderson & Anderson, 1968; Barradas, Fletcher & Porter, 1976; Khan 

& Khan, 1975; Yu et al., 2011). Concerns about enzymatic hydrolysis have been described in 

the literature (Lin, Saleh & Liebler, 2008) but this is not relevant to protein extracts where 

enzymes have been denatured. The stability of maleimide-alkylated peptide conjugates has also 

been identified as a potential issue, whereby the maleimide group is hydrolysed from the 

peptide with high pH and temperature (Khan & Khan, 1975). However, this is not likely an 

issue for proteomic workflows given that the related species of the N-alkylmaleamic acid 

(resulting from hydrolysis of N-ethylmaleimide) is stable below 50°C and a pH of 9.26 (Matsui 

& Aida, 1978). Hydrolysis of the succinimide, particularly in alkaline conditions (Barradas, 

Fletcher & Porter, 1976; Khan & Khan, 1975), is a potential cause of +18 Da increase seen in 
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the mass of MAPs. This is consistent with the observation that the extent of this modification 

increases with incubation in more basic conditions, such as with ammonium bicarbonate 

buffers.  

 

Putative hydrolysis (+18 Da) was notably induced where ammonium bicarbonate was used as 

a buffer during proteolytic digest (Figure 3.5). Ammonium bicarbonate was initially used as it 

is widely employed as a mass spectrometry-compatible salt. It is established that basic 

conditions increase the rate of succinimide hydrolysis (Tumey et al., 2014).  We observed that 

the 25 mM ammonium bicarbonate solution used in tryptic digestion protocols reached pH 9.0 

after 16 h at 37°C. Proteolytic digests have been shown to hydrolyse similar chemical structures: 

the amide functional group in asparaginyl residues undergoes hydrolysis during basic 

conditions of proteolytic digest (Yu et al., 2011). Replacing ammonium bicarbonate with TRIS 

buffer at pH 7.0 substantially decreased the extent of hydrolysis after a typical overnight 

proteolytic digest (Figure 3.6), but did not reduce the efficiency of the trypsin enzyme (Figure 
3.7). Hydrolysis can therefore be ameliorated by the elimination of ammonium-containing 

buffers in proteomic workflows. Whilst TRIS is not as compatible with mass spectrometry as 

ammonium bicarbonate, clean up and enrichment of peptides by chromatography prior to 

analysis (for example, with sample preparation tips) is increasingly common as a strategy to 

improve the quality of analysis. The use of TRIS buffers in sample preparation for mass 

spectrometry is therefore not as problematic as it may have historically been.  

 

In addition to the putative hydrolysis of MAPs, we observed modifications at +16 and +32 Da 

to the expected ion masses for cysteine containing peptide-maleimide adducts. This 

modification of maleimide-thiol adducts has not been previously noted in the literature. 

However, methionine residues have been shown to be susceptible to oxidation, giving rise to 

sulfoxide +16 and sulfone +32 Da products (Shechter, Burstein & Patchornik, 1975), so it is 

likely that oxidation of the sulfur atom of the thioether moiety is causing the formation of 

these oxidation products (Figure 3.3). Due to the similarity in proposed mechanism to 

methionine oxidation, methods which prevent oxidation of methionine were tested (Sun & 

Anderson, 2004). Accordingly, thioglycolic acid pre-conditioning of gels resulted in a 

significant decrease in the extent of the +32 Da oxidation form (Figure 3.9). Oxidation of 

MAPs was also evident during streptavidin purification. This was limited by the addition of 
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50 mM DTT during incubation (Figure 3.10). Taken together these observations show that 

the putative oxidation of MAPs can be minimised by the use of an appropriate antioxidant. 

 

The nature and extent of the observed modifications of MAPs differs based on the structure of 

the peptide (Figure 3.2). This effect has been observed previously with respect to succinimide 

hydrolysis: the nature of the substituent affects hydrolysis rate due to changes in charge 

distribution in the molecule (Shen et al., 2012), and perhaps anchimeric assistance 

(intramolecular catalysis). If the hydrolysis or oxidation of MAPs is not taken into account and 

full conversion of the MAP to the modified forms occurs, as was observed for one MAP, some 

cysteine residues may not be identified. Whilst it is theoretically possible to account for these 

modifications in analysis using appropriate software, this would be challenging given the five 

permutations of hydrolysis and/or oxidation combined for each MAP (hydrolysed, oxidised, 

doubly oxidised, hydrolysed and oxidised, hydrolysed and doubly oxidised). For parsimonious 

detection of MAPs, it is therefore desirable to reduce the extent of the modifications where 

possible. 

 

We examined the extent to which gel electrophoresis caused modified MAPs because of its 

utility in mass spectrometry workflows. Gel electrophoresis is established in many laboratories 

and can effectively remove reagents which interfere with mass spectrometry (Piersma et al., 

2013; Dzieciatkowska, Hill & Hansen, 2014).   Gel electrophoresis can also be of analytical 

advantage when used as a first dimension of protein separation preceding LCMS: a technique 

referred to as GeLC MS. Pre-fractionation of samples reduces sample complexity, giving 

greater analytical depth and can yield superior results to other first dimension separation 

techniques such as cation exchange (Fang, Robinson & Foster, 2010; Piersma et al., 2010).  

 

Staining SDS PAGE gels with Coomassie “blue silver” stain (Candiano et al., 2004) resulted in 

notable increases in hydrolysis (Figure 3.8). The use of alternatives to Coomassie “blue silver” 

staining, such as gels embedded with trichloroethanol, was identified as a means to minimise 

the extent of hydrolysis. However, the use of haloalkane photochemistry in visualising proteins 

causes covalent modifications to tryptophan, thereby increasing the complexity of the sample. 

Nevetheless, we have shown that overall this method results in a strong signal corresponding 

to the unmodified peptide (Figure 3.11). A second potential limitation of trichloroethanol 
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visualisation is that there is an increase in MAP oxidation with its use (shown significantly in 

Figure 3.11). Exposure to UV light has been shown to oxidise the similarly structured 

methionine (Lee et al., 2016),  and catalyse the reaction of tryptophan to N-formylkynurenine 

(+16 Da) (Ladner et al., 2006). An alternative which would prevent further oxidation and 

hydrolysis of MAPs is to exclude gel staining altogether in GeLC MS workflows. 

 

As we have shown, MAPs are oxidized and hydrolysed under sample preparation conditions 

common for proteomic studies. In the context of proteomic studies where isotopically labelled 

maleimides would be used, oxidation and hydrolysis would cause a proportional loss of 

isotopically labelled and non-labelled maleimide. Consequently, the accuracy of the ratio of 

isotopically labelled to non-labeled maleimide is preserved, even where the MAP is modified. 

Nevertheless, the loss MAPs by modifications has the potential to substantially affect the 

sensitivity of peptide identification.  

 

As sample preparation workflow complexity increases, so does the proportion of MAPs 

converted to the hydrolysed or oxidised forms (Figure 3.4). The extent of the hydrolysis and 

oxidation of MAPs is variable across peptides. For the small peptide glutathione, which was 

shown to be highly susceptible to these modifications, 90% of the MAP was converted to the 

oxidised or hydrolysed forms. For tryptic peptides from lysozyme, modifications ranged from 

66 to 95%. By combining the individual approaches to limiting hydrolysis and oxidation, it was 

possible to limit the extent of these modifications as shown for a lysozyme derived MAP in a 

workflow involving gel electrophoresis, staining, extraction from the gel, and purification with 

strepavidin (Figure 3.11). With less complex workflows, where, for example, gel 

electrophoresis staining is excluded, the oxidation and hydrolysis of MAPs can be limited 

further. Alternatively, a sample preparation workflow which does not include gel 

electrophoresis would further decrease modifications to MAPs. 

 

We have not considered the effect of applying endogenous or exogenous oxidants to model 

systems. Our analytical approaches involve fixing the thiol redox state via quenching by 

acidification prior to alkylation. This is favoured over alkylating non-denatured systems, as it 

has been shown that up to 20% of thiols in cell culture are inaccessible to alkylation by NEM 

(Lind et al., 2002). Quenching by acidification prior to alkylation with maleimide will remove 
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or denature oxidants which are present in the biological context, and so the effects on MAPs 

do not need to be considered.  

 

An alternative to limiting the extent of these modifications to MAPs is to account for their 

presence in analysis by accounting for these modifications in database search algorithms. This 

would be beneficial for highly abundant, easily ionised peptides. Where peptides are not 

abundant, not easily ionised, and the MAP is modified substantially in the sample preparation 

workflow into all five forms, this could result in the peptide signal falling below the limit of 

detection for the instrument. It is more advantageous for detection of low abundance peptides 

to limit the splitting of the signal by these modifications.  

 

In summary, we find that the usefulness of maleimide probes is compromised by modifications 

to MAPs. Nevertheless, it is possible to decrease modifications to MAPs through changes to the 

methods employed and by simplifying the sample preparation workflow. An improved ability 

to detect unmodified MAPs enhances the potential usefulness of maleimide-based approaches 

in identifying oxidised peptides.  
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4.1  INTRODUCTION 
 

Duchenne muscular dystrophy (DMD) is a progressive, lethal, X-linked recessive 

myodegenerative disease affecting approximately 1 in 3,500 - 5,000 live male births and very 

rarely manifests in female carriers (Bushby et al., 2010; Emery, 1991; Hoffman et al., 1992; Mah 

et al., 2014). DMD is caused by a mutation in the DMD gene at locus Xp21, which encodes for 

a critical cytoskeletal muscle protein, dystrophin (Koenig et al., 1987; Kunkel et al., 1987). 

Dystrophin is primarily found in skeletal and cardiac muscle and is a functional component of 

the dystrophin-glycoprotein complex (DGC) situated at the sarcolemma (myofibre cell 

membrane). The DGC provides a structural link between the inner cytoskeleton and the basal 

lamina of the extracellular matrix. One function of the DGC is to ensure the stability of the 

sarcolemma during cycles of contraction and relaxation. In DMD, the absence of functional 

dystrophin leads to delocalisation of the sarcolemmal DGC which initiates a set of downstream 

pathological processes, amplified by the effects of muscle contraction (Ahn and Kunkel, 1993). 

The loss of dystrophin increases membrane fragility and instability, causes disruption in Ca2+ 

homeostasis with increased intracellular Ca2+ levels and an increase in production of reactive 

oxygen species (ROS), ultimately leading to muscle damage, necrosis and functional 

impairments [reviewed by (Allen et al., 2016)]. In DMD, the muscle regenerative system is 

overwhelmed and ineffective, ultimately leading to severe and progressive muscle weakness 

and wasting. Patients are often wheelchair-bound by the age of 12 years and usually die of 

respiratory and/or cardiac complications around 20 to 30 years of age [reviewed by (Bushby et 

al., 2010)]. Despite the disease having been identified and characterised over three decades ago, 

the mechanisms linking non-functional or absent dystrophin with pathological sequelae have 

not been well established. A better understanding of these processes has the potential to lead to 

the development of new therapies for DMD.  

 

Animal models are an indispensable tool for investigating the pathology of DMD, and in the 

development of treatments for the disease. At present, there are around 60 animal models for 

DMD, each of which is the result of a single mutation (McGreevy et al., 2015). The applicability 

of an animal model is influenced by differences in the specific genetic mutation of the model, 
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and by the species differences which impact on how the pathology manifests. A factor to be 

considered is the suitability of the model to the aspect of the pathology being investigated.  

 

The most widely and commonly used animal model of DMD is the mdx mouse. The mdx 

mouse strain exhibits a functional loss mutation in the dystrophin gene analogous to the 

mutation present in a third of DMD patients (Bulfield et al., 1984; Willmann et al., 2009). 

Characteristic features of DMD shared with the mdx model include elevated blood creatine 

kinase levels, dysregulation of Ca2+ homeostasis, increased oxidative stress, inflammatory cell 

infiltration and a reduction in skeletal muscle force output (Bulfield et al., 1984; Coulton et al., 

1988a; El-Shafey et al., 2011). Investigations into the role of dystrophin using mdx mice have 

yielded indispensable molecular information regarding this dystropathology. However, the 

severity in phenotype of the disease in the mdx mouse differs substantially from its human 

analogue, aside from during the period of peak period of damage in 21-18 day old animals 

(Murphy et al., 2017). This manifests in a relatively longer lifespan, greater retention of muscle 

functionality and reduced fibrosis (Coulton et al., 1988a; Coulton et al., 1988b). The relatively 

mild phenotype has raised questions as to the applicability of the mdx mouse as an animal 

model for DMD (Manning and O’Malley, 2015; Partridge, 2013). To address this limitation, 

pathological severity has been intensified with double knockout genotypes [as reviewed in 

(Yucel et al., 2018)]. Whilst this rectifies the issue of the mild phenotype, it does so by 

introducing mutations in genes other than dystrophin. Given that DMD is caused by mutations 

in the DMD gene alone, it cannot be assumed that the mechanisms by which the double 

knockout mouse models cause the pathological phenotype, will faithfully reproduce the 

mechanism of pathology in DMD.  

 

Canine models of muscular dystrophy provide an alternative set of animal models to the mdx 

and mdx crossbreed mice. The Golden Retriever Model of Muscular Dystrophy (GRMD) is the 

most widely used canine model for the disease. The GRMD model shows a dystropathology of 

comparable severity to DMD, and thereby presents a clear advantage over murine models in 

that respect. The GRMD model is considered to be the gold standard animal model of 

dystrophy for these reasons (Kornegay, 2017). The appeal of the model is mitigated by issues 

inherent with the use of canine models of disease; the animals are large and expensive, the time 

to maturity is longer, and facilities for canine research animals may not be available or widely 
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accessible. Furthermore, the GRMD model exhibits a large range of phenotypic variation, 

which can be largely explained by the influence of genetic modifiers (Barthelemy et al., 2014; 

Brinkmeyer-Langford et al., 2016; Kornegay et al., 2011). This variation approximates the 

clinical variability of DMD, where the absence of dystrophin has been demonstrated to result 

in a mild phenotype in some cases (Dubowitz, 2006; van den Bergen et al., 2015). This 

variability in the GRMD model is a disadvantage when investigating the mechanisms of 

pathology and treatment of pathology in DMD, as more consistent phenotypes are of 

significant advantage to statistical analysis. For these reasons, despite the comparable severity 

of the GRMD phenotype to DMD, there are clear advantages to working with the mdx model 

of disease, particularly in establishing proof of concept and early pre-clinical assessments.  

 

There is considerable evidence that elevated levels of reactive oxygen and nitrogen species 

(RONS), may underlie many of the pathologic changes in DMD and be one of the primary 

causes of disease progression (Allen et al., 2016; Shkryl et al., 2009; Whitehead et al., 2006). 

Oxidative stress is elevated prior to the onset of skeletal muscle degradation and has been 

shown to induce both chronic and acute muscle damage in dystrophic mdx muscle (Bellinger 

et al., 2009; Disatnik et al., 1998; Haycock et al., 1996; Khairallah et al., 2012; Messina et al., 

2006; Shkryl et al., 2009; Silva et al., 2011; Terrill et al., 2016b; Whitehead et al., 2010). The high 

level of RONS generation and insufficient endogenous antioxidant counter mechanisms in 

dystrophic muscle, leads to irreversible oxidative damage to proteins and lipids (Disatnik et al., 

2000; Kaczor et al., 2007; Messina et al., 2006). In addition, RONS can cause reversible protein 

thiol oxidation which can alter cellular signalling, protein function, upregulation of the 

inflammatory response and increased intracellular Ca2+ levels (El-Shafey et al., 2011; Prosser et 

al., 2013; Terrill et al., 2016a; Terrill et al., 2012). Reversible protein thiol oxidation is the 

oxidative modification of protein thiol side chains on cysteine residues which can result in the 

formation of disulfides, nitrosylation, and glutathionylation. These reversible thiol 

modifications are of particular interest, as they can function as oxidative “switches” modulating 

the activity, binding specificity, and localisation of many protein targets (Go et al., 2011; Jones, 

2010).  

 

The majority of the work conducted on protein thiol oxidation and the DMD pathology has 

been carried out in murine models, primarily the mdx mouse (Disatnik et al., 2000; El-Shafey 
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et al., 2011; Kaczor et al., 2007; Renjini et al., 2012; Terrill et al., 2012). Given the mild pathology 

of the mdx mouse the relevance of these observations to a more severe pathology, such as that 

seen in the GRMD model, has not yet been explored. In this study, we aimed to assess how 

comparable the mdx mouse pathology is to the pathology found in the GRMD dog model in 

terms of protein thiol oxidation. As the GRMD dog has a more severe phenotype than the mdx 

mouse, we could expect a higher level of protein thiol oxidation than what we have previously 

seen in the mdx model. In this study, we compared measures of skeletal muscle contractility 

between the models, and acute inflammation and protein thiol oxidation in two muscles from 

each model which show naturally different degrees of the dystrophic pathology. In the dog 

model, we assessed two hind-limb muscles, the cranial sartorius (CS) and the vastus lateralis 

(VL) muscle. The CS muscle in GRMD dogs undergoes hypertrophy however, has minimal 

inflammation and is relatively functionally spared (Nghiem et al., 2013). Whereas, the VL, 

which is a major weight-bearing muscle, shows classic dystrophic changes with increased 

inflammation, myofibre degeneration and regeneration and fibrosis (Nghiem et al., 2013). In 

the mdx mouse, we assessed the diaphragm and quadriceps muscles. These two muscles are 

often used in assessing the mdx pathology, with the diaphragm having a more progressive and 

severe pathology of necrosis and fibrosis compared to the hind-limb muscles such as the 

quadriceps from the mdx mouse (Dupont‐Versteegden and McCarter, 1992; Stedman et al., 

1991). This chapter presents evidence showing that differences in protein thiol oxidation levels 

in mdx and GRMD models correlate with differences in the pathophysiology of the disease in 

these models. In addition, this work supports the use of the mdx mouse model to investigate 

molecular mechanisms by which oxidative stress is contributing to the pathophysiology of 

muscular dystrophy. 
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4.2  MATERIALS AND METHODS 
 

All reagents were purchased from Sigma-Aldrich unless otherwise stated. 

 

 ETHICS APPROVAL AND ANIMALS 

 

All experiments were in accordance and approved by relevant governing bodies.  

 

Mice were approved for use by the Animals Ethics Committee of the University of Western 

Australia (Perth, WA, Australia), and in accordance with the National Health and Medical 

Research Council Australian code for the care and use of animals for scientific purposes (2013) 

and the Animal Welfare Act of Western Australia (2002). Thirteen-week-old male dystrophic 

C57BL/10ScSn-Dmdmdx mice (mdx; n = 6) and their parental control strain, C57BL/10ScSn 

mice (C57; n = 5) were obtained from the Animal Resource Centre (Murdoch, WA, Australia). 

Mice were maintained at the University of Western Australia preclinical facility in a stable 

environment (12 hr light/dark cycle, 20 – 24 °C, 50 ± 10 % humidity) with standard chow and 

water ad libitum until investigation.  

 

Canine animal care was governed by Texas A&M University (Texas, USA) animal use protocol 

2015-0110 (Standard Operating Procedures - Canine X-Linked Muscular Dystrophy) in 

accordance with the National Research Council Guide for the Care and Use of Laboratory 

Animals (2011). Nine-months to 6-years of age GRMD dogs (n = 6; heterozygous males, n = 4 

and homozygous females, n = 2) and normal dogs (males, n = 4 and females, n = 2) from the 

colony at Texas A&M University were used, with the cohort previously described (Schneider 

et al., 2018). Dogs were fed LabDiet Advanced Protocol High Density Canine dry or wet food 

(PMI Nutrition, St. Louis, MO). 
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 TISSUE COLLECTION 

 

 MICE 

 

Mice were anaesthetised by intraperitoneal injection of pentobarbitone sodium (40 mg/kg body 

weight, Lethabarb, Virbac, Australia) and placed on a heat-pad at 37 °C to maintain core body 

temperature. The hind-limb extensor digitorum longus (EDL) muscle was surgically dissected 

for physiological measurements of contractile function and the quadriceps and diaphragm 

muscles were dissected for biochemical analysis. Blood was taken via cardiac puncture, 

centrifuged immediately and the plasma isolated. Cardiac puncture resulted in euthanasia of 

the animals. Tissues were snap frozen in liquid nitrogen and stored at -80 °C until analysis.  

 

 CANINES 

 

Dogs were premedicated by intramuscular injection of acepromazine (0.02 mg/kg body 

weight), butorphanol (0.4 mg/kg body weight) and atropine (0.04 mg/kg body weight), and 

catheters placed in both cephalic veins. Affected dogs were induced with sevoflurane inhalation 

and normal dogs induced with intravenous propofol (5.5 mg/kg body weight). All dogs were 

intubated and maintained on sevoflurane with mechanical ventilation. Intraoperative vital 

signs were monitored continuously with an Advisor vital signs monitor (SurgiVet, MA, USA) 

and a recording cuff on the rear limb, with values recorded every 10 minutes. Dogs had muscle 

biopsies taken under aseptic surgical technique from the VL and/or CS muscle of the pelvic 

limb. Blood was withdrawn from the cephalic vein before the muscle biopsy or 1 to 2 weeks 

after the animal recovered from surgery, centrifuged immediately and the plasma isolated. 

Tissues were snap frozen in liquid nitrogen and stored at -80 °C until analysis. 

 

 PLASMA CREATINE KINASE (CK) 

 

Blood plasma CK activity was determined using the CK-NAC kit (Randox Laboratories, UK). 

Samples were analysed in duplicate and kinetically measured using a BioTek Powerwave XS 
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Spectrophotometer and the KC4 (v3.4) program. All samples were measured in the same 

assay. The lower limit of detection is 9.16 U/l, as given by the manufacturer.  

 

 

 PHYSIOLOGICAL ASSESSMENT  

 

 MOUSE IN VITRO ISOLATED WHOLE SKELETAL MUSCLE CONTRACTILITY 

 

Dystrophic mdx and C57 EDL muscles were assessed for their force-output across a range of 

stimulation frequencies (force-frequency relationship) and susceptibility to eccentric damage. 

The EDL muscle in mdx mice is commonly used for in vitro contractility measures (Anderson 

et al., 1988; Capogrosso et al., 2017; Moens et al., 1993; Terrill et al., 2016b) as it is easily 

extracted with both tendons accessible on each side of the muscle and shows a dystrophic 

pathophysiology. The EDL tendons were tied with non-absorbable braided surgical silk 

(Dysilk, Dynek, Australia) and mounted in an in vitro muscle bath test system (1205A isolated 

muscle system, Aurora Scientific, Canada) filled with Krebs mammalian ringer solution (pH 

7.3, mM; 121 NaCl, 5.4 KCl, 1.2 MgSO4.7H2O, 25 NaHCO3, 5 HEPES, 11.5 glucose and 2.5 

CaCl2), bubbled with carbogen (5 % CO2 in O2) and maintained at 25 °C (Bakker et al., 2017; 

Pinniger et al., 2017). The muscle was electrically stimulated by two parallel platinum electrodes 

on both sides of the isolated muscle.  

 

Isolated muscles were manually adjusted to optimal muscle length (Lo), which is the muscle 

length at which twitch force is maximal. The force-frequency relationship was established by 

exposing the muscles to isometric tetanic contractions at stimulation frequencies of 10, 20, 30, 

40, 60, 70, 80, 100, 120, 150 and 200 Hz for 500 msec each. Stimulations were separated by a 2-

minute delay to prevent fatigue affecting force output. Contraction-induced injury was assessed 

through eccentric contractions which occur when a muscle is stretched as it is contracting. 

Eccentric contractions are particularly damaging muscle contractions in DMD patients and 

occur naturally for example when walking downhill in humans. The susceptibility of muscles 

to eccentric contraction-damage was determined by exposing muscles to five sequential 

eccentric contractions. Muscles were stimulated maximally at 120 Hz for 500 msec under an 
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isometric tetanic contraction (muscle kept at the Lo) and followed by a 500 msec eccentric 

contraction at 105, 110, 120, 130 and 140 % of optimum fibre length at a constant velocity of 1 

Los-1. Optimal fibre length was calculated by multiplying Lo by a pre-determined EDL fibre to 

muscle length ratio of 0.44 (Burkholder et al., 1994). The maximal isometric contraction prior 

and after each eccentric contraction determined the force deficit resulting from each eccentric 

contraction.  

 

At the end of experimentation, muscles were removed from the bath, tendons stripped, blotted 

and weighed. Muscle cross-sectional area (CSA) was determined by dividing wet muscle mass 

by the product of the optimal fibre length the density of mammalian skeletal muscle (1.056 

mg/mm3) (Mendez and Keys, 1960). Specific force (force normalised to muscle cross-sectional 

area, N/cm2) was calculated by dividing the isometric force output by the CSA. 

 

 CANINE IN VIVO HIND-LIMB CONTRACTILITY 

 

GRMD and normal dogs were assessed for their in vivo hindlimb muscle force through 

isometric flexion and extension, and their susceptibility to eccentric damage through the 

tibiotarsal joint as previously described (Kornegay et al., 2012; Tegeler et al., 2010). In brief, 

one pelvic limb was fixed in position using a specialised frame with the foot on a pedal parallel 

to the tibia with the tibiotarsal joint at 90 °, ensuring the cranial tibial muscles were at Lo 

(Kornegay et al., 1999). The foot pedal was mounted on a lever arm connected to a servomotor 

to measure force-output (model 310LR, Aurora Scientific, Canada). Nerve stimulation 

activated the hindlimb muscles of the foot to push (extension) or pull (flexion) against the pedal 

to generate force. Percutaneous stimulation of the peroneal nerve resulted in tibiotarsal flexion 

and stimulation of tibial nerves resulted in tibiotarsal extension. Isometric tetanic contractions 

were induced by a stimulation frequency of 50 Hz for 1 sec. Tetanic force was corrected for the 

length of the lever arm to give Newton-meters (N×m) or torque. Isometric torque was expressed 

relative to each dog’s body mass (kg) to give N×m/kg. 

 

Susceptibility to eccentric contraction-damage was determined by stimulating the peroneal 

nerve (stimulates flexor muscles) every 5 sec for 1 sec at 50 Hz with 800 msec under an isometric 

tetanic contraction (flexor muscles kept at the Lo), followed by a 200 msec eccentric contraction. 
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The eccentric contraction was produced by a forced stretch by the lever arm rotating 29 ° 

opposite the contracting flexor muscles at a constant velocity of 0.7 Los-1, followed by a 1 sec 

return to baseline position. To avoid fatigue, a 4-minute delay followed every 10 eccentric 

contractions with a total of 30 eccentric contractions performed. Torque decline was calculated 

after the first 10 eccentric contractions and after the total 30 eccentric contractions as a 

percentage of the first isometric contraction.  

 

 ACUTE INFLAMMATION VIA NEUTROPHIL PRESENCE  

 

Acute inflammation was measured through neutrophil derived myeloperoxidase (MPO) 

activity. As described previously by Terrill et al. (2017), frozen muscles from the mdx mice 

diaphragm and quadriceps, and GRMD dogs VL and CS were ground using a mortar and pestle 

cooled in liquid nitrogen and homogenised in 0.5 % hexadecyltrimethylammonium bromide 

(CTAB)/50 mM phosphate-buffered saline (PBS) buffer. Samples were centrifuged, 

supernatant isolated and diluted 1 in 80 with PBS. Standards were prepared using human MPO 

(Cayman Chemical, USA) diluted in CTAB-PBS buffer. Duplicates of experimental samples 

and MPO standards were pipetted into a black 384-well microplate before the addition of a 

working solution containing 10 µM 2-[6-(4-aminophenoxy)-3-oxo-3H-xanthen-9-yl]benzoic 

acid (APF; Cayman Chemical) and 10 µM hydrogen peroxide in PBS. The microplate was 

incubated in the dark at room temperature for 30 minutes with the fluorescence measured 

every minute using excitation wavelength (λex) 485 nm and emission wavelength (λem) 515-

530 nm on a fluorescent plate reader (Flurostar Optima, BMG Labtech). Samples were 

quantified with a detergent compatible (DC) protein assay (Bio-Rad, USA) and read at 750 nm 

using a BioTek PowerWave XS spectrophotometer with KC4 software (v3.4). The rate of 

change in fluorescence for each sample was compared to that of the relevant standards and the 

results expressed as nmole mg-1 protein. 

 

 QUANTIFICATION OF PROTEIN THIOL OXIDATION  

 

Reversible protein thiol oxidation was quantified using a Dual fluorescent labelling technique 

as previously described (Armstrong et al., 2011; Terrill et al., 2016a). The technique involves 
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the sequential labelling of reduced and oxidised protein thiol groups using two separate 

fluorescent tags on the same protein sample. In brief, frozen muscle was crushed under liquid 

nitrogen and protein extracted with ice-cold 20 % (w/v) trichloroacetic acid (TCA)/acetone. 

Protein was rinsed with acetone, centrifuged at 10, 000 x g for 5 inutes at 4  and the protein 

pellet solubilised in 0.5 % sodium dodecyl sulfate (SDS) with 0.5 M 

Tris(hydroxymethyl)aminomethane (TRIS) at pH 7.3 (SDS/Tris buffer). Reduced protein 

thiols were labelled with the first fluorescent tag, BODIPY FL N-(2-aminoethyl) maleimide 

(FLm, ThermoFisher Scientific) (final concentration, 0.5 mM). Excess FLm was removed by 

the addition of 0.6 mM cysteine. Oxidised thiols were reduced with 4.5 mM tris (2-carboxethyl) 

phosphine hydrochlorise (TCEP) and subsequently labelled with the second fluorescent tag, 

Texas-red-C2 maleimide (TRm, ThermoFisher Scientific) (final concentration, 0.2 mM). 

Excess TRm was removed via TCA precipitation and samples washed in acetone and 

resuspended in SDS/Tris buffer. Bovine serum albumin (BSA) was bound to a known quantity 

of each fluorescent tag and diluted in SDS/Tris buffer to form standards. 

 

To quantify the level of total protein thiol oxidation, samples and standards were loaded onto 

a black 96-well plate under 0.1 mM NaOH and read using a fluorescent plate reader (Flurostar 

Optima, BMG Labtech) at λex 485 nm and λem 520 nm for FLm and λex 595 nm and λem 610 

nm for TRm. The standards used were chicken ovalbumin alkylated with FLm or TRm. The 

final protein concentration of samples was determined by a modified DC protein assay (Bio-

Rad) and results expressed as per mg of protein. The percentage of global protein thiol 

oxidation was expressed as the concentration of oxidised thiols (TRm labelled) to total protein 

thiols (FLm and TRm labelled). An example gel is included in Figure A3. 

 

To quantify the oxidation level of specific protein bands, samples and standards were resolved 

with sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Samples were 

standardised to the same protein concentration, as determined by a detergent compatible (DC) 

protein assay (Bio-Rad) and diluted in SDS/Tris buffer. Samples and standards were diluted in 

sample buffer (125 mM Tris, pH 6.8, 4 % SDS, 30 % (v/v) glycerol, 0.02 % bromophenol blue, 

0.2 M dithiothreitol) and denatured for 5 minutes at 95 °C. Samples and standards were loaded 

on a 12 % resolving gel and electrophoresis was carried out at 10 mA, 120 V for 18 hrs at 4 °C. 

The gel was scanned using a ChemiDoc MP System (Bio-Rad) and Image Lab software (v5.2, 
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Bio-Rad) with the excitation source/emission filter, epi-blue/530 nm for FLm and epi-red/695 

nm for TRm. Standards and specific protein bands (Actin, myosin, tropomyosin, troponin C, 

phosphoglucomutase and myosin binding protein C) previously identified through mass 

spectrometry (Terrill et al., 2016a) were quantified by densitometry using ImageJ software 

(mean grey value; v1.41, National Institutes of Health, USA, available 

at http://rsb.info.nih.gov/nih-image/) and an in-gel standard curve created using polynomial 

regression.  

 

 MASS SPECTROMETRY  

 

This technique was adapted from the Dual fluorescent labelling method described above. It 

involved the sequential labelling of reduced and oxidised protein thiol groups using custom 

synthesised isotopomeric variants of biotin-maleimide conjugates (publication in preparation, 

2019). These biotin-maleimide probes are classed either as “light”, or “heavy”; the heavy probe 

differing by six mass units from the light by virtue of substitution of 6 carbons with C13. Frozen 

muscle was crushed under liquid nitrogen and protein extracted with ice-cold 20 % (w/v) 

TCA/acetone. Protein was rinsed with acetone, centrifuged at 10, 000 x g for 5 minutes at 4 °C, 

and the protein pellet solubilised in SDS/Tris buffer. Reduced protein thiols were labelled with 

the light biotin maleimide tag (final concentration, 0.46 mM) by incubation in the dark for 30 

minutes. Excess light tag was removed by the addition of 1 mM cysteine. Oxidised thiols were 

reduced with 3.7 mM TCEP and subsequently labelled with the heavy biotin maleimide tag 

(final concentration, 0.046 mM). Protein was recovered by acetone precipitation (6:1 v/v). 

Protein was digested by addition of 20 μg trypsin in 520 μL of 100 mM TRIS, pH 7.0. The 

digestion reaction proceeded at 37 °C for 16 hrs.  

 

Digested protein purified using the cation exchange and affinity purification columns provided 

with the SCIEX Cleavable ICAT kit, as per manufacturers specifications (Sciex). Purified 

peptide extracts were collected under vacuum centrifugation.  

 

Extracts were reconstituted in 50 μL of solvent A (2 % acetonitrile ACN/0.1 % formic acid) for 

loading into a Prominence (Shimadzu) nano HPLC for chromatographic separation, which 

was directly sprayed into a 5600 TripleTOF (Sciex) mass spectrometer. Sample volume of 40 
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μL was trapped on an L-column octadecylsilyl (ODS), 5 μm (size 0.3 x 5mm), eluted onto an 

analytical column Agilent Zorbax 300SB-C18, 3.5 μm (Agilent Technologies) equilibrated in 

solvent A, at a temperature of 40°C. The HPLC mobile phase consisted of 0.1 % (FA and 2 % 

ACN in water (A) and 0.1 % FA and 2 % water in ACN (B). Gradient elution was performed 

with 2 % B for 10 minutes, increased to 40 % B at 100 minutes, then further increased to 98 % 

B by 101 minutes and held for 7 minutes before it was reduced back to 2 % B within 1 minute, 

at a flow rate of 300 nL/min. Column temperature was 40 °C. Positive electrospray ionization 

mode was operated to acquire mass spectrometry data by information-dependent acquisition 

(IDA), Full-scan mass spectrometry was performed for 350 – 1250 m/z, with up to 20 

precursors selected for MS/MS (m/z 400-1250). The selection criteria for parent ions included 

an intensity greater than 150 counts/s, a charge state from +2 to +5, a mass tolerance of 50 mDa 

and dynamic exclusion for 10 s. Ions were fragmented with rolling collision energy in the 

collision cell. BSA calibration was conducted before a batch of samples was run. Analysis was 

conducted with Protein Pilot version 5.0 (Sciex). The standard ICAT method was modified for 

use with the custom isoptomeric tag and matched against the Swissprot database filtered by the 

species Canis lupus familiaris. For analysis of some peptides, data were matched to the database 

filtered by species Mus musculus, and identity inferred by homology to the canine proteome. 

Peptides present in at least three biological replicates of each group were analysed for 

significance. 

 

 STATISTICS 

 

Statistical analysis was undertaken using the data analysis and statistics software package, 

GraphPad Prism 7. Unpaired t-tests were used to compare two groups or two-way ANOVA 

tests with post-hoc (Tukey or Sidak) for multiple comparisons were used to identify differences 

between wild-type (WT; C57 mice and normal dogs) and dystrophic (mdx mice and GRMD 

dogs) models and their muscles. Pearson’s correlation was used to assess the relationship 

between force output and other measured variables. Significance level was set at p < 0.05. Data 

are shown as mean ± SD. 
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4.3  RESULTS 
 

 PLASMA CREATINE KINASE 

 

Plasma CK activity was 9.7-fold higher in mdx mice compared to C57 mice (p < 0.0001) and 

220-fold higher in GRMD dogs compared to normal dogs (p < 0.0001; Figure 4.1). There were 

no significant differences in plasma CK between the two wild-type groups (p = 0.853) or the 

two dystrophic groups (p = 0.154; Figure 4.1). Whilst CK activities in WT animals were low, 

they were all measured above the lower limit of detection. Mdx mice had the largest variance 

(SD) in individual mouse CK levels compared to all other groups tested. 

 

 
Figure 4.1. Plasma creatine kinase (CK) activity was significantly higher in DMD models, mdx 
mice and GRMD dogs compared to wild-type controls. 
Data are presented as individual values with horizontal lines indicating mean ± SD. Two-way 
ANOVA, significance levels are shown as ****p < 0.0001. 
 

 ACUTE INFLAMMATION VIA MYELOPEROXIDASE 

 

MPO is a pro-oxidant enzyme expressed by neutrophils and is recognised as a marker of 

neutrophil presence (Davies et al., 2008; Klebanoff, 2005; Terrill et al., 2017). MPO activity was 

increased in both mdx muscles with the quadriceps muscle having a 26-fold greater MPO 

activity level compared to C57 quadriceps muscle (p < 0.0001; Figure 4.2A); and the diaphragm 

muscle from mdx mice exhibiting a 3.5-fold higher level of MPO activity compared to C57 

diaphragm muscle (p = 0.014; Figure 4.2A). In addition, the mdx diaphragm had significantly 

lower MPO activity than the mdx quadriceps muscle (p < 0.0001; Figure 4.2A). MPO activity 
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of VL muscle from GRMD dogs was 7-fold higher than normal VL muscle (p = 0.038) whereas, 

there was no significant difference in MPO activity of the CS muscle from GRMD and normal 

dogs (p = 0.726) (Figure 4.2B).  

 

 
Figure 4.2. Myeloperoxidase (MPO) in muscles from wild-type and dystrophic mice (A) and 
dogs (B). 
MPO activity in mice diaphragm and quadriceps muscles and in dogs cranial sartorius and 
vastus lateralis muscles. Please note the intentional discrepancy between y-axis scales in these 
two figures. Data are presented as individual values with horizontal lines indicating mean ± 
SD. Two-way ANOVA with significances shown as: *p < 0.05, ****p < 0.0001.  
 

 PHYSIOLOGICAL ANALYSIS OF MODELS 

 

 MICE 

 

There was no difference in body mass between 13-week-old mdx (31.4 ± 0.9 g, n=6) and C57 

(29.6 ± 1.8 g, n=5; unpaired t-test p = 0.062) mice. Dystrophic mdx mice EDL muscles produced 

lower specific force at all stimulation frequencies tested compared to C57 EDL muscles (p < 

0.05; Figure 4.3A). At maximal stimulation frequencies of 120 Hz, 150 Hz and 200 Hz, mdx 

EDL muscles produced on average 1.8-fold lower specific force than C57 EDL muscles (p < 

0.0001; Figure 4.3A). EDL muscles from mdx mice had a greater susceptibility to eccentric-

contraction induced damage than EDL muscles from C57 mice (Figure 4.3B). Eccentric 

contractions at stretches of 120, 130 and 140 % of optimal muscle fibre length, significantly 

reduced maximal isometric force output of mdx EDL muscles by 21 %, 50 % and 76 % 

respectively, compared to C57 EDL muscles which had a reduction in maximal isometric force 

output by 2 %, 6 % and 15 % respectively (p < 0.001; Figure 4.3B). 
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Figure 4.3. The force-frequency relationship (A) and susceptibility to eccentric contractions 
(B) in mdx (n = 6) and C57 (n = 4 - 5) mice EDL muscles.  
Isolated whole EDL muscles were tested in vitro for force responses to increasing stimulation 
frequencies (A) and for susceptibility to eccentric damage through stretches at increasing 
percentages of the muscles optimal fibre length (B). Data are presented as individual values 
with horizontal lines indicating mean ± SD. Two-way ANOVA with significances shown as: *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 

 CANINES 

 

In this study, the GRMD and normal dog cohort were between the ages of 9 months and 6.7 

years old. There was no significant difference in mean body mass between GRMD and normal 

dogs in the mixed age cohort (GRMD 18.6 ± 1.3 kg, n=6 and normal 20.0 ± 0.9 kg, n=6; 

unpaired t-test p = 0.379). 

 

GRMD dogs generated on average 3.4-fold lower tibiotarsal flexion tetanic torque compared to 

normal dogs (p < 0.0001; Figure 4.4A). However, there was no significant difference in 

tibiotarsal extension tetanic torque between the strains (p = 0.187; Figure 4.4B). GRMD dogs 

were more susceptible to damage by eccentric contractions compared to normal dogs with 

significant reductions in maximal torque by 32 % after 10 eccentric contractions compared to 

a reduction of 9 % in normal dogs (p = 0.027, Figure 4.4C). After 30 eccentric contractions, 

GRMD dogs had a significant reduction in maximal torque by 52 % compared to a reduction 

of 18 % in normal dogs (p = 0.001, Figure 4.4C). 
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Figure 4.4. Dynamic force analysis of GRMD (n = 6) and normal (n = 6) dogs for tibiotarsal 
flexion (A) and extension (B) tetanic torque and susceptibility to eccentric contractions (EC; 
C). 
Note the y-axis scale in A and B. Data are presented as individual values with horizontal lines 
indicating mean ± SD. Unpaired t-tests (A and B) and two-way ANOVA (C) with significances 
shown as: *p < 0.05, **p < 0.01, ****p < 0.0001. 
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 SKELETAL MUSCLE PROTEIN THIOL OXIDATION 

 

 TOTAL REVERSIBLE PROTEIN THIOL OXIDATION IN MUSCLES 

 

Measurements of reversible oxidation of thiol side chains in proteins showed that the total thiol 

content was 27 % greater in the mdx quadriceps muscle compared to the C57 quadriceps 

muscle (p < 0.0001), and 24 % greater than in the mdx diaphragm muscle compared to C57 

control (p < 0.0001; Table 4.1). Whereas, there was no significant difference in total thiol 

content between normal and GRMD CS and VL muscles (p > 0.1; Table 4.1). 

 
Table 4.1. Protein thiol content in skeletal muscles from wild-type and dystrophic mice and 
dogs.  
Reduced and oxidised protein thiol content was measured in C57 and mdx mice quadriceps 
and diaphragm muscles and in normal and GRMD cranial sartorius (CS) and vastus lateralis 
(VL) muscles. Data are shown as mean ± SD. Number of animals tested in each group are 
shown as (n). 
 

 Muscle Reduced thiols 
(nmol/mg) 

Oxidised thiols 
(nmol/mg) 

Total thiols  
(nmol/mg) 

Mice     

C57 Diaphragm (4) 25.5 ± 1.2 7.3 ± 0.3 ^ & 32.8 ± 1.1 
 Quadriceps (6) 28.0 ± 1.7 * 4.6 ± 0.6 * 33.6 ± 1.4 * 

mdx Diaphragm (4) 25.3 ± 1.6 * 9.0 ± 0.7 34.3 ± 2.0 * 
 Quadriceps (4) 34.3 ± 2.7 8.3 ± 1.1 42.6 ± 2.9 

Dogs     

Normal CS (6) 26.2 ± 2.2 5.8 ± 0.7 32.0 ± 1.7 
 VL (6) 26.0 ± 2.5 5.1 ± 0.8 # 31.1 ± 2.9 

GRMD CS (3) 22.8 ± 2.0 6.5 ± 1.0 29.3 ± 2.9 
 VL (5) 24.4 ± 2.5 7.8 ± 0.3 32.2 ± 2.4 

Two-way ANOVA within species. 
^ p < 0.01 versus C57 quadriceps 
* p < 0.01 versus mdx quadriceps 
& p < 0.05 versus mdx diaphragm 
# p < 0.001 versus GRMD VL 
 
Total protein thiol oxidation was 17 % higher in the mdx diaphragm (p = 0.036) and 42 % 

higher in the mdx quadriceps (p = 0.001) compared to C57 muscles (Figure 4.5A). In addition, 

the diaphragm muscle had significantly higher levels of protein thiol oxidation compared to 

the quadriceps muscle in both the C57 (p <0.0001) and mdx (p < 0.0001) mice strains, 

illustrating a muscle type difference in the level of protein thiol oxidation (Figure 4.5A). 
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The GRMD VL muscle had a 55 % higher level of total protein thiol oxidation compared to 

normal dog VL muscle (p = 0.0002; Figure 4.5B). The functionally spared CS muscle was not 

shown to be significantly different in total muscle protein thiol oxidation between the normal 

and GRMD dogs (p = 0.219; Figure 4.5B), however, the sample size in GRMD animals is small 

(n=3). This observation should be confirmed with a larger sample size.  

 

 
Figure 4.5. Total protein thiol oxidation in muscles from wild-type and dystrophic mice (A) 
and dogs (B). 
Percentage of total protein thiol oxidation in control C57 and mdx mice diaphragm and 
quadriceps muscles and in normal and GRMD dogs cranial sartorius and vastus lateralis 
muscles. Data are shown as mean ± SD, Two-way ANOVA with significances shown as: *p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 

 INDIVIDUAL SKELETAL MUSCLE PROTEIN THIOL OXIDATION 

 

In order to investigate how increased reversible protein thiol oxidation might affect contractile 

function we looked at key myofilament proteins making up the skeletal muscle contractile 

apparatus. Actin, myosin, tropomyosin and troponin C were examined for changes in protein 

thiol oxidation between wild-type and dystrophic muscle in mice and dogs (Figure 4.6). Actin 

thiol oxidation was no different in the wild-type and dystrophic muscles tested in mice (p > 0.9; 

Figure 4.6A) or in dogs (p > 0.3; Figure 4.6B). However, the diaphragm muscle in both the 

C57 and mdx mice had higher levels of thiol oxidation compared to the quadriceps muscle (C57 

mice, p = 0.026; mdx mice, p = 0.048). Myosin had higher levels of thiol oxidation in all 

dystrophic muscles tested compared to controls with a 28 % increase in the mdx diaphragm (p 

= 0.024; Figure 4.6C), a 64 % increase in the mdx quadriceps (p = 0.0006; Figure 4.6C), a 38 % 
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increase in the GRMD CS (p = 0.016; Figure 4.6D) and a 32 % increase in the GRMD VL (p = 

0.037; Figure 4.6D) muscle compared to respective controls. Tropomyosin thiol oxidation was 

significantly increased in the GRMD CS muscle by 53 % (p = 0.006; Figure 4.6F) and in the 

GRMD VL muscle by 122 % (p < 0.0001; Figure 4.6F) compared to normal dog muscles. 

However, tropomyosin thiol oxidation was not different in the mdx diaphragm (p = 0.905; 

Figure 4.6E) or quadriceps (p = 0.333; Figure 4.6E) muscle compared to C57 control muscles. 

Troponin C had significantly higher levels of protein thiol oxidation in the mdx quadriceps (p 

= 0.0002; Figure 4.6G) and GRMD VL (p = 0.0005; Figure 4.6H) muscle compared to controls. 

However, troponin C thiol oxidation was not different in the mdx diaphragm (p = 0.303; Figure 
4.6G) or the GRMD CS (p = 0.531; Figure 4.6H) muscle compared to respective controls. 

Overall, the diaphragm muscle from C57 mice had significantly higher levels of thiol oxidation 

in the majority of the myofilament proteins assessed being, myosin (p = 0.025), tropomyosin 

(p = 0.0009) and troponin C (p = 0.0004) compared to the control C57 quadriceps. This is 

consistent with the expected difference in the basal levels of oxidation between the highly active 

diaphragm muscle and the quadriceps muscle from normal mice. 
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Figure 4.6. Individual myofilament protein thiol oxidation levels in muscles from wild-type 
and dystrophic mice (A, C, E, G) and dogs (B, D, F, H). 
Myofilament proteins actin (A, B), myosin (C, D), tropomyosin (E, F) and troponin C (G, H) 
were evaluated for protein thiol oxidation in mice diaphragm and quadriceps muscles and in 
dogs cranial sartorius and vastus lateralis muscles via a dual fluorescent labelling technique 
coupled with SDS-PAGE. Data are shown as mean ± SD, Two-way ANOVA with significances 
shown as: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.  
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In addition to contractile proteins, the accessory protein myosin-binding protein-C (MyBP-C) 

was analysed via dual fluorescent labelling technique coupled with SDS-PAGE, and was found 

to have a 47 % higher level of thiol oxidation in the quadriceps muscle of mdx mice compared 

to in C57 quadriceps muscle (quadriceps mdx 38.6 ± 3.0 %; C57 26.3 ± 6.6 %; p = 0.0009). In 

the diaphragm muscle, no difference in MyBP-C thiol oxidation was found between mdx and 

C57 mice (diaphragm mdx 44.3 ± 2.3 %; C57 39.5 ± 3.2 %; p = 0.236). The VL muscle from 

GRMD dogs had a 75 % higher level of MyBP-C thiol oxidation compared to normal dogs (VL 

GRMD 37.6 ± 9.3 %; normal 21.6 ± 3.2 %; p = 0.0009) whereas, in the CS muscle, no difference 

in MyBP-C thiol oxidation was found between GRMD and normal dogs (CS GRMD 28.3 ± 3.9 

%; normal 22.6 ± 3.1 %; p = 0.461). 

 

The level of reversible thiol oxidation in the glycolytic enzyme phosphoglucomutase (PGM) 

was also examined via dual fluorescent labelling technique coupled with SDS-PAGE. 

Quadriceps muscle from mdx mice had a 65 % higher level of PGM thiol oxidation compared 

to C57 quadriceps muscle (p = 0.003), while no difference was found in the diaphragm muscle 

in mdx and C57 mice (p = 0.266) (Figure 4.7A). The VL muscle from GRMD dogs had a 

significant 149 % higher level of PGM thiol oxidation compared to normal dogs (p < 0.0001; 

Figure 4.7B). No differences in PGM thiol oxidation was found in the CS muscle of GRMD 

and normal dogs (p = 0.44; Figure 4.7B). 

 

 
Figure 4.7. Phosphoglucomutase (PGM) thiol oxidation levels in muscles from wild-type and 
dystrophic mice (A) and dogs (B). 
Protein thiol oxidation in mice diaphragm and quadriceps muscles and in dogs cranial 
sartorius and vastus lateralis muscles. Data are shown as mean ± SD, Two-way ANOVA with 
significances shown as: *p < 0.05, ***p < 0.001, ****p < 0.0001.  
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 CORRELATION ANALYSIS: FORCE PRODUCTION VS PROTEIN THIOL OXIDATION 

 

The maximum specific force of the EDL muscle from mice and the hind-limb flexion force of 

the dogs was assessed for their relationship with variables assessed including plasma CK levels, 

intramuscular MPO activity, total protein thiol oxidation and individual protein thiol 

oxidation (Table 4.2). Strong negative linear relationships were found between the reduction 

in force output and high levels of CK and MPO activity (Table 4.2). A strong negative linear 

relationship was also found between force generation and total protein thiol oxidation with 

reductions in force correlating with high levels of thiol oxidation in both dystrophic models 

(mice r = -0.76, n = 10, p = 0.01; dogs r = -0.82, n = 11, p = 0.0021; Table 4.2). One of the 

strongest correlations seen in both species was between a reduction in force generation and 

increased levels of troponin C thiol oxidation (mice r = -0.82, n = 11, p = 0.002; dogs r = -0.82, 

n = 12, p = 0.001; Table 4.2). In addition, strong negative linear relationships between force 

generation and MyBP-C thiol oxidation (mice r = -0.75, n = 10, p = 0.01; dogs r = -0.70, n = 11, 

p = 0.017; Table 4.2) and PGM thiol oxidation (mice r = -0.78, n = 11, p = 0.005; dogs r = -0.83, 

n = 12, p = 0.0008; Table 4.2), was evident in both mice and dogs. These data suggest a possible 

relationship between functional deficits and increased protein thiol oxidation of specific 

proteins in dystrophic muscle models. 
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Table 4.2. Correlation of force production and other variables including plasma creatine kinase (CK), muscle myeloperoxidase activity (MPO) and 
muscle protein thiol oxidation in total muscle and individual muscle proteins.  
Strong negative linear relationships were found in both mice and dogs between force generation and plasma creatine kinase (CK) levels, 
myeloperoxidase (MPO) activity, total protein thiol oxidation and individual myofilament protein thiol oxidation, myosin, troponin C and myosin-
binding protein-C (MyBP-C), in addition to the enzyme phosphoglucomutase (PGM). 
 

  Plasma Intramuscular Protein thiol oxidation 

    CK levels MPO activity Total Actin Myosin Tropomyosin Troponin C MyBP-C PGM 

Mouse 
Maximum 

Specific EDL 
muscle Force 

r -0.89 -0.91 -0.76 0.01 -0.73 -0.51 -0.82 -0.75 -0.78 

p 0.0003* < 0.0001* 0.01* 0.987 0.01* 0.135 0.002* 0.01* 0.005* 

n 11 11 10 10 11 10 11 10 11 

Dog  
Maximal 

Hind-limb 
Flexion Force 

r -0.93 -0.61 -0.82 -0.32 -0.60 -0.89 -0.82 -0.70 -0.83 

p < 0.0001* 0.037* 0.0021* 0.315 0.086 0.0001* 0.001* 0.017* 0.0008* 

n 11 12 11 12 9 12 12 11 12 

 * Significance in correlation p > 0.05 (Pearson Correlation, 2-tailed) 
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 DETERMINATION OF THIOL OXIDATION OF ABUNDANT PROTEINS IN NORMAL AND GRMD 

VL MUSCLE THROUGH MASS SPECTROMETRY  

 

In this study, we also wanted to assess a wider range of proteins implicated in dystrophy 

through mass spectrometry. The VL muscle from the GRMD dog exhibited the highest overall 

levels of protein thiol oxidation, as determined by fluorescent plate assay (Figure 4.5). This led 

to its selection as the tissue and species for further analysis by mass spectrometry. Mass 

spectrometry analysis revealed 11 abundant protein thiols to be significantly differentially 

oxidised in comparison between GRMD and normal dogs: filamin C Cys2556; titin Cys 7209, 

Cys16418, Cys16678, Cys21140; tubulin beta-2B Cys 12; myosin light chain 3 Cys191; 

glyceraldehyde 3-phosphate dehydrogenase Cys150, triosephosphate isomerase Cys87; ATP 

dependant 6-phosphofructokinase Cys711; fructose-bisphosphate aldolase-A Cys73 (p < 0.05, 

p < 0.001; Figure 4.8). These identified proteins are predominantly cytoskeletal or involved 

with the modulation of cytoskeletal architecture, or metabolic. The largest observed difference 

between oxidation levels in protein thiols was that of fructose-bisphosphate aldolase A Cys178 

(9.7 % in normal dogs vs 30.6 % in GRMD, absolute difference: 20.8 %, p=0.0288). The smallest 

observed significant difference was in titin Cys16418 which was still significant (3.3 % in 

normal dogs vs 0 % in GRMD, absolute difference: 3.3 %, p=0.0245).  
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Figure 4.8. Thiol oxidation measured in mass spectrometry of specific cysteine residues in 
proteins of the vastus lateralis muscles from normal and GRMD dogs.  
Data are shown as mean ± SD, unpaired t-tests with significances shown as: *p < 0.05 and ***p 
< 0.001. 
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4.4  DISCUSSION 
 

The key observations of this study were that mdx mice and GRMD dogs showed similar 

phenotypic traits with increased activity of plasma CK, reductions in skeletal muscle force 

output and increased susceptibility to eccentric contractions, and high levels of reversible 

protein thiol oxidation, despite the lower severity of disease pathology accepted to be present 

in the mdx mouse. In addition, we found strong relationships between protein thiol oxidation 

and force deficits in both dystrophic models (Table 4.2). Through the comparison of two 

different muscle types in each model, we found an equivalent muscle in each model which 

replicates the other in the level of protein thiol oxidation.  

 

As expected, mdx and GRMD models had significant elevations in plasma CK compared to 

controls however, mdx mice had a greater variance between individual animals (Figure 4.1). 

Elevated blood activity of CK is a classical sign of muscle membrane disruption and is often 

used as a first point of pre-diagnostic screening for potential myopathies, including DMD 

(Birnkrant et al., 2018). The mdx mice had a 9.7-fold increase while the GRMD dogs had a 220-

fold increase in plasma CK activity compared to their controls (Figure 4.1) therefore, verifying 

our dystrophic models. Elevated CK activity had a strong relationship with skeletal muscle 

force deficits in mice and dogs (Table 4.2). This demonstrates that measurement of CK 

provides a useful preliminary measure of muscle damage in dystrophic models. However, 

elevated blood CK activity should not be overinterpreted and should be used as a pre-liminary 

measure as non-pathological conditions can increase blood CK, such as exercise-induced 

skeletal muscle damage, age and gender (Neal et al., 2009). 

 

MPO activity was significantly elevated in the mdx diaphragm by 3.5-fold, and quadriceps 

muscle by 26-fold compared to respective C57 control muscles (Figure 4.2A), indicating a high 

presence of active neutrophils in the dystrophic muscles. In addition, the quadriceps muscle 

from mdx mice had a 2.9-fold higher MPO activity compared to mdx diaphragm muscle, 

indicating there was a higher presence of neutrophil activity in the quadriceps muscle 

compared to the diaphragm muscle in mdx mice. This was a surprising finding as the 

diaphragm muscle has previously been shown to exhibit a more severe pathology compared to 

the hind-limb muscles in the mdx mice, suggesting a greater inflammatory cell presence 
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(Stedman et al., 1991). Possibly, at the age of mice assessed, 13-weeks of age, there is a marked 

increase in inflammatory cell presence in the quadricep muscle which exceeds that found in 

the diaphragm. In GRMD dogs, the relatively symptomatically spared CS muscle showed no 

changes in MPO activity whereas, the more greatly affected VL muscle showed a significant 7-

fold increase in MPO activity compared to normal dogs (Figure 4.2B). These results support 

previous findings of a minimal inflammatory response in the GRMD CS muscle compared to 

the VL muscle, where that later muscle shows a significant inflammatory response and 

increased pathological features due to its significant role in weight-bearing (Nghiem et al., 

2013). One marked difference found between the mouse and dog species was the level of MPO 

activity expressed. We found 10 times higher levels of MPO activity in the muscles of mdx mice 

compared to GRMD dog muscles (Figure 4.2). This was unexpected as dog blood normally 

contains a much higher proportion of neutrophils (approximately 70 %) in the leukocyte 

population (Papasouliotis et al., 2006) compared to mice, which contain a relatively small 

proportion of neutrophils (10 – 25 %) (Doeing et al., 2003). Therefore, it would be expected 

that a higher proportion of the inflammatory cells in the affected GRMD muscles would be 

producing MPO compared to mdx mice muscles. The significantly lower level of MPO activity 

in the dogs was therefore not believed to be from an interspecies difference. 

 

It has previously been reported that MPO content in the VL muscle from GRMD dogs is 33-

fold higher than found in normal dogs (Terrill et al., 2016a), which is significantly higher than 

the current finding of a 7-fold increase in MPO activity in GRMD dogs. A primary difference 

between the two studies was the anaesthesia used. In the previous study samples were collected 

after a lethal dose of sodium pentobarbitone (Terrill et al., 2016a), whereas in the current study, 

samples were collected under non-lethal anaesthesia using sevoflurane. Sevoflurane has 

previously been shown to inhibit degranulation of MPO and reduce total MPO activity 

(Minguet et al., 2013; Minguet et al., 2015). In addition, sevoflurane has been shown to alter 

the distribution of neutrophils with a reduction in the levels of circulating neutrophils however, 

the underlying mechanisms are unclear (Morisaki et al., 1998). In the present study, data for 

MPO activity in the muscles from dogs should be treated with caution due to the possible 

interference introduced by sevoflurane anaesthesia. Therefore, no substantiated interspecies 

MPO activity conclusions can be made. MPO activity and protein thiol oxidation had a strong 

negative linear relationship with force output in the mdx and GRMD models (Table 4.2).  
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The mdx mice and GRMD dogs exhibited expected specific force deficits in their skeletal 

muscle. We found, EDL muscles from mdx mice had a significant reduction in isometric in 

vitro force output across all stimulation frequencies tested with a 1.8-fold reduction in force 

output at maximal stimulations frequencies compared to C57 muscles (Figure 4.3A). The 

GRMD dogs in vivo tibiotarsal flexion torque was 3.4-fold lower compared to normal dogs 

(Figure 4.4A), consistent with previous cohorts analysed (Tegeler et al., 2010). Whilst 

tibiotarsal extension torque has low variability between GRMD dogs, there is large variability 

in the measurement in normal dogs. This is consistent with previous observations (Kornegay 

et al., 1999). Standard eccentric protocols undertaken within each species showed dystrophic 

muscles were significantly more susceptible to contraction induced injury compared to control 

muscles. EDL muscles from mdx mice had a 5-fold reduction in maximal isometric force after 

five eccentric contractions at increasing stretches compared to C57 EDL muscles (Figure 4.3). 

Similarly, GRMD dogs had a 3-fold reduction in maximal flexion force after 30 repetitive 

eccentric contractions compared to normal dogs (Figure 4.4). Both the in vitro eccentric 

contraction protocol used in mice and the in vivo method used in the dogs demonstrated a 

functional deficit in these animal models of muscular dystrophy.  

 

Reductions in force generation could be partially attributed to an alteration in the oxidative 

state of contractility protein/s. We found high levels of reversible protein thiol oxidation in 

myofilament proteins myosin, troponin C, and MyBP-C in both mdx and GRMD models, and 

elevated levels of tropomyosin thiol oxidation in the GRMD model (Figure 4.6). For the first 

time, our data showed a strong relationship between increased levels of troponin C and MyBP-

C thiol oxidation, and force decrements in both the mdx and GRMD model. Troponin C is one 

of three polypeptides contained within the troponin complex located on the thin actin filament 

in the contractile apparatus. Troponin C has a direct role in regulating skeletal muscle 

contraction through containing binding sites for Ca2+, which regulates cross-bridge cycling and 

induces muscle contraction. It has previously been reported that in the oxidised state, troponin 

C has a reduction in its interaction with troponin I and a reduction in affinity for the thin actin 

filament (Pinto et al., 2011). The consequence of troponin C thiol oxidation is thought to be a 

reduction in force generation and cross-bridge kinetics (Pinto et al., 2011). MyBP-C 

contributes to the assembly and stability of thick filaments and regulates muscle contraction 
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through the formation of actin-myosin cross-bridges (Ackermann et al., 2009; Ackermann et 

al., 2013; McNamara and Sadayappan, 2018). The effects of increased MyBP-C thiol oxidation 

in skeletal muscle has yet to be established however, in cardiac muscle, glutathionylation has 

been shown to reduce Ca2+-activated force development (Stathopoulou et al., 2016). In addition, 

high levels of protein thiol oxidation of myosin as shown in both dystrophic models would 

contribute to contractile dysfunction in the dystrophic muscles through a reduction in cross-

bridge kinetics and myosin ATPase activity (Greenberg et al., 2010; Hertelendi et al., 2008; 

Nogueira et al., 2009; Perkins et al., 1997; Prochniewicz et al., 2008; Tiago et al., 2006). An 

increase in thiol oxidation of contractile proteins could be a detrimental consequence of 

increased ROS/RNS in the dystrophic muscle, reducing the functional output of the muscles.  

 

Thiol oxidation of glycolytic proteins is relatively common in models of oxidative stress such 

as in aging (McDonagh et al., 2014). We detected the oxidation of the glycolytic enzyme PGM 

in both the mdx and GRMD models using 1D gel electrophoresis (Figure 4.7), and the 

oxidation of fructose-bisphosphate aldolase, phosphofructokinase, glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), and triosphosphate isomerase in the GRMD model by 

mass spectrometry (Figure 4.8B, 8I, 8J, 8K). The observation of PGM thiol oxidation in both 

animal models indicates that changes in glycolytic protein thiol oxidation are present in the 

mdx model to a comparable extent to that in the GRMD model.  

 

PGM-1 is a key enzyme involved in glucose metabolism through glycolysis and 

gluconeogenesis (the breakdown and synthesis of glucose). PGM deficiency has been linked to 

a primary muscle phenotype of muscle weakness and exercise intolerance (Morava, 2014; 

Tegtmeyer et al., 2014). A reduction in the level of PGM expression has been found in all 

dystrophic muscle fibres, even in muscles which are morphologically spared in the disease 

including the GRMD CS muscle (Chi et al., 1987; Nghiem et al., 2017). In the present study, 

PGM had significant increases in reversible protein thiol oxidation in the more severely affected 

dystrophic muscles, the VL in GRMD dogs with a 149 % increase and in the quadriceps of mdx 

mice with a 65 % increase in thiol oxidation compared to control muscles (Figure 4.7). We 

found a strong negative linear relationship between the level of PGM thiol oxidation and force 

output in mice and dogs (Table 4.2). This is the first time in which PGM has been measured in 

vivo. The reduction in levels of PGM in dystrophic fibres and the high levels of thiol oxidation 
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could be important in contributing to muscle dysfunction in the DMD pathology and could be 

targeted as a therapeutic avenue. 

 

Protein thiol oxidation shown by mass spectrometry analysis revealed oxidation of additional 

sarcomeric, cytoskeletal and associated proteins in the GRMD model which could be 

contributing to the dystrophic pathology. Mass spectrometry allowed for the accurate 

determination of very small differences in the extent of oxidation of a particular cysteine 

residue (Figure A4.2, Figure A4.3). In this study, we have not sought to perform any 

mechanistic work, or research into the significance of the changes to protein thiol oxidation in 

the GRMD model. We have noted that for some proteins, the analysis by mass spectrometry is 

consistent with our previous work in the mdx (Terrill et al., 2013b) and GRMD models (Terrill 

et al., 2016a). Through our findings, we propose that the oxidation of cysteine residues in titin 

and tubulin could have direct effects on cytoskeletal stability in muscular dystrophy. Oxidation 

of the cytoskeletal protein filamin C are also observed, and the site of oxidation could be 

involved with changes to insulin sensitivity. The glycolytic protein GAPDH moonlights in roles 

associated with cytoskeletal remodelling and are observed to be oxidised at a tubulin-binding 

site. These findings are further discussed below. 

 

The giant protein titin forms an integral part of the muscle sarcomere. It functions as a 

molecular spring, providing stability to the forces generated during contraction (Herzog, 2018). 

Recent research has established that the elasticity of titin is potentiated by oxidation of cysteines 

within the Ig-like and fibronectin-like regions of the protein (Giganti et al., 2018). The effect of 

this oxidation is dependent on the form of oxidation which occurs. Intramolecular disulfide 

formation lowers its mechanical stability (Giganti et al., 2018), increasing stiffness. Conversely, 

glutathionylation of particular cryptic cysteines promotes elasticity of the molecule (Alegre-

Cebollada et al., 2014). We have shown four cysteines within titin are differentially oxidised in 

the GRMD model; two in the Ig-regions (Cys7209 and Cys21140), and two in the fibronectin-

like domain (Cys16418 and Cys16678) (Figure 4.8D-8G). Each of these cysteine residues 

showed significant elevations in titin thiol oxidation in the GRMD muscle compared to control 

except for Cys16418, which showed a significant reduction in thiol oxidation. This is the first 

time titin oxidation has been shown in the skeletal muscle of a muscular dystrophy model. We 

do note that oxidation of titin has been observed in cardiac titin of the in dmdmdx/utr+/- model 
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(Chung et al., 2017). In showing that titin thiols in the GRMD muscle have significantly 

different oxidation levels to those in normal dogs, investigating the relationship between titin 

oxidation may further elucidate the mechanism of increased muscle fibre stiffness in muscular 

dystrophy. Our current methods do not distinguish between the type of reversible oxidative 

modification of the cysteine. As discussed, disulphide formation and glutathionylation of 

cysteines have divergent effects. Due to this limitation, we cannot claim whether these 

modifications are likely to cause increased or decreased stiffness of titin in the GRMD model.  

 

We have found that tubulin is oxidised at Cys12 in GRMD dogs (Figure 4.8H). Oxidation of 

tubulin cysteines in vitro has been shown to inhibit the polymerisation of microtubules (Clark 

et al., 2014; Wilson and Gonzalez-Billault, 2015). In the mdx model, studies using NOX2 

knockouts demonstrate that NOX2 generated ROS increases stiffness and microtubule 

disorganisation, leading to further NOX2 production (Loehr et al., 2018). In showing that 

tubulin is oxidised in in the GRMD model of muscular dystrophy, we support the claim that 

oxidation of tubulin may be one of the mechanisms by which the cytoskeletal integrity is 

disrupted in dystrophic muscle, causing elevations in oxidative stress. 

 

Filamins play a key role in actin cross-linking in the cytoskeleton (Hartwig and Stossel, 1975). 

Filamin C is a muscle-specific isoform of filamin (Fujita et al., 2012; van der Ven et al., 2000). 

In addition to its role in maintaining the structural integrity of myofibres, there is evidence that 

it is involved in actin remodelling in response to signalling events from myofibrillar 

microdamage (Kirfel et al., 2016). We have shown that Filamin C is oxidised at Cys2556 (Figure 
4.8A), which is in the filamin 23 domain, in the GRMD model. This domain has been shown 

to interact with phosphatase SHIP-2 (also known as INPPL1), a signalling phosphatase which 

plays a role in regulating insulin sensitivity and GLUT4 transport (Dyson et al., 2001). It is 

interesting to note that the region of filamin which binds SHIP-2 is oxidised in the GRMD 

dogs, which have been shown to have decreased insulin sensitivity (Schneider et al., 2018), a 

change also seen in DMD patients (Rodríguez-Cruz et al., 2015). The most credible mechanism 

for decreased insulin sensitivity in DMD patients is that the disease causes individuals to be 

sedentary, it is interesting that the oxidation of Cys2556 in filamin can contribute to the kind 

of dysregulation of metabolism seen in DMD. Further investigation may contribute to a greater 

understanding of the mechanism of decreased insulin sensitivity in DMD.  
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We have previously reported GAPDH to have elevated levels of thiol oxidation in the GRMD 

muscle compared to normal dogs (Terrill et al., 2016a). We confirm previous findings and show 

GAPDH is oxidised through residue Cys150 (Figure 4.8J). The glycolytic protein, GAPDH, is 

a multifunctional protein involved in pathways of homeostatic regulation. Apart from its major 

role in glycolysis, GAPDH also “moonlights” as a modulator of key cellular processes including 

cytoskeletal organisation, membrane fusion and transport, DNA repair and cell death 

[reviewed in (Tristan et al., 2011)]. The protein thiols of GAPDH have previously been 

observed to be susceptible to modification through irreversible and reversible oxidation 

through nitrosylation (Giustarini et al., 2005) and glutathionylation (Barinova et al., 2017). 

Protein thiol oxidation of GAPDH can be attributed to its high abundance in tissues and the 

high reactivity of two cysteines (Cys 152 and Cys 153 ) in its active site (Seidler, 2012). GAPDH 

has previously been shown to be inactivated by oxidation at Cys150 (corresponding to Cys152 

in the human proteome) (Little and O’Brien, 1969; Kornberg et al., 2010). Disruption of 

GAPDH through oxidation can lead to a multitude of effects, disrupting cellular homeostasis 

and has been shown to participate in the manifestation of certain disease pathology (Chuang 

et al., 2005). GAPDH binds tubulin in its active site (Muronetz et al., 1994) and potentially 

influences myosin heavy chain isoform transition during muscle activity through its interaction 

with myosin heavy chain mRNA (Kiri and Goldspink, 2002). The significance of the thiol 

oxidation of GAPDH in models of muscular dystrophy is not clear. However, the observed 

elevation in thiol oxidation of GAPDH in GRMD muscle is within the active site of the enzyme 

which could result in a diverse array of complications including cytoskeleton disorganisation 

in dystrophic muscle.  

 

Triosephosphate isomerase is shown here to be significantly oxidised at Cys87 in GRMD 

muscle (Figure 4.8K). Triosephosphate isomerase is an enzyme which we have previously 

reported to be oxidised in the mdx model of muscular dystrophy (Terrill et al., 2013a). It has 

also been observed to be oxidised in aged mice at the corresponding residue (McDonagh et al., 

2014). It is interesting to note that its expression is decreased in mdx mice (Gamberi et al., 

2018), which may be a contributing factor to its oxidation. The effect of the oxidation of Cys87 

is not clear as Cys87 is neither in the active site nor the substrate binding site. Triosephosphate 
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isomerase is involved in oxidative stress sensing and response (Gruning et al., 2014), however, 

the implications of Cys87 oxidation on that pathway are not currently known.  

 

We found increased levels of thiol oxidation in fructose bisphosphate aldolase and myosin light 

chain 1/3 (Figure 4.8B, 8C). Both of these proteins have previously been found to have elevated 

levels in the plasma of in mdx and GRMD models, and DMD patients (Ayoglu et al., 2014; 

Hathout et al., 2014; Tzvetanova, 1971). The interpretation of the physiological significance of 

increased oxidation of these proteins in muscle is difficult and needs further investigation. As 

our preparation of whole ground muscle will contain some blood, differences in the oxidation 

of these two proteins could be impacted by the fact they occupy differing physiological 

compartments in GRMD and normal dogs.  

 

 

4.5  CONCLUSION 
 

Typically, the mdx mouse is the first choice of model for proof of concept and preclinical 

therapies, with the GRMD model being used as a larger therapeutic transition model. In this 

work, we conducted direct comparisons of the quantitative measurements of oxidative stress, 

inflammation, and contractility in both models. Despite the mdx mouse having a mild 

phenotype compared to GRMD dogs and DMD patients, mdx mice were found to be a reliable 

model of oxidative stress and inflammatory patterns as observed in the GRMD dogs. The 

results of this study link percentages of protein thiol oxidation in the muscle pathology in mdx 

and GRMD models. Protein thiol oxidation could be a protective mechanism to limit muscle 

contractile activity. However, it is likely as a result from an amplified oxidative response as to 

consequence of elevated dystrophy-related oxidative stress. Protein thiol oxidation is likely to 

contribute to the severity of the dystropathology and therefore, it would be of interest to reverse 

the high levels of protein thiol oxidation as a future therapeutic avenue. 
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5.1 OVERVIEW OF KEY FINDINGS 
 

This thesis focussed on whether protein thiol oxidation was perturbed in vivo, in diseases 

featuring muscle dysfunction. Protein thiol oxidation was measured, using a novel mass 

spectrometry technique, in the muscle tissue of people with ME/CFS, and the animal models 

of DMD: the mdx mouse and the GRMD dog. The finding of increased protein thiol oxidation 

in the muscle tissue of individuals with ME/CFS prompted the development of mass 

spectrometry tools for identifying proteins susceptible to thiol oxidation at a residue specific 

level. A proteomic workflow optimising sensitivity was devised using maleimide isoptomeric 

tags, and this tool was used to assess protein thiol oxidation in the muscle of the GRMD dog. 

This thesis has contributed to the understanding of oxidative stress as measured by protein 

thiol oxidation in the two pathological conditions examined, and to the general development 

and use of mass spectrometry tools to measure protein thiol oxidation in vivo.  
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5.2 FINDINGS FROM CHAPTER 2 
 

A cardinal symptom of ME/CFS is post-exertional malaise (PEM); (Fukuda et al., 1994; 

Carruthers et al., 2003; Carruthers et al., 2011). It is a symptom almost universally present in 

diagnosed cases (Klimas et al., 2015) of the disease. The existence of post-exertional malaise 

indicates a dysfunction in the response to exercise. This has been demonstrated in previous 

work, with the physiological and biochemical response to exercise in individuals with ME/CFS 

differing from those individuals without the disease. An abnormal response to exercise seen in 

individuals with ME/CFS has been observed in many measures, including markers of muscle 

metabolism (Jones et al., 2012) and cardiopulmonary exercise testing (Snell et al. 2013; Keller 

et al. 2014).  

 

An area of particular interest is the relationship between post-exertional malaise in ME/CFS 

and oxidative stress. Markers of oxidative damage to lipids have been found in the blood of 

individuals with ME/CFS, and increase further in these individuals after exercise (Jammes et 

al. 2005; 2012; 2013). Dysregulation of oxidative stress in muscle tissue has a broad range of 

functional implications for the tissue (discussed extensively in Section 1.7), which may 

contribute to the symptomology of post-exertional malaise. Given the established link between 

muscle fatigue and function with protein thiol oxidation, I was interested in exploring the 

relevance of thiol oxidation to ME/CFS, with a focus on investigating the impact of exercise on 

protein thiol oxidation.  

 

In this study, I investigated the response to a simple, voluntary leg exercise in people who were 

diagnosed with ME/CFS (Fukuda et al., 1994). I examined markers of protein oxidation in the 

vastus lateralis muscle and the thiol oxidation state albumin in the plasma. Whilst both groups 

of participants produced the same force output, exercise resulted in an increase in the thiol 

oxidation state of proteins in the muscle of healthy participants but not in those with ME/CFS. 

The protein thiol oxidation of participants with ME/CFS is significantly elevated at rest, 

potentially limiting their ability to respond to oxidative stimuli, such as muscle contraction.  

This abnormal response to exercise with ME/CFS was also present as changes in the levels of 

reversibly oxidised plasma albumin. The response of irreversibly oxidised plasma albumin also 

diverged from the response of reasonably well-matched healthy volunteers. Altogether, these 



 
 

152 

novel results thus showed that there was an abnormal response to repeated isometric 

contraction in the protein thiol oxidation of skeletal muscles and blood albumin of individuals 

with ME/CFS. The downstream effect of this abnormal response is not clear; however protein 

thiol oxidation is important to processes of muscle adaptation to exercise, as reviewed in 

(Powers, Nelson & Hudson, 2011) and (Steinbacher & Eckl, 2015). It is possible that the 

dysregulation of oxidative signalling, causing abnormal patterns of protein thiol oxidation post 

exercise, may contribute to PEM. Identification of the affected proteins in muscle would aid in 

assessing this proposal; the development of such a technique was tested in Chapter 4.  

 

It is plausible that the observed differences in biochemical and physiological responses to 

exercise could be a feature particular to ME/CFS. It is therefore possible that the changes in 

these biochemical markers in response to exercise may discriminate between ME/CFS and 

other diseases. Development of diagnostic tests for ME/CFS has been identified by individuals 

with the disease and the medical community as a critical need (Drachler et al., 2009; Committee 

on the Diagnostic Criteria for Myalgic Encephalomyelitis/Chronic Fatigue Syndrome, Board 

on the Health of Select Populations Institute of Medicine, 2015). There are several diagnostic 

criteria used to diagnose the condition, but many of these rely upon self-reporting measures. 

Self-reporting is not an effective mode of diagnosis as it is inherently subjective. It is also 

problematised by the fact that much of the medical community still doubt the existence or 

seriousness of this disease (Committee on the Diagnostic Criteria for Myalgic 

Encephalomyelitis/Chronic Fatigue Syndrome, Institute of Medicine, 2015). The belief of some 

practitioners that ME/CFS is a psychosomatic condition would be refuted by an accurate and 

objective test performed in a pathology laboratory. The development of such a test would also 

have immediate impact on the people who suffer from the condition. Diagnosis assists in 

providing access to support services which may lessen the impact of the pathology on quality 

of life. A diagnostic test will also allow more accurate estimation of how widespread the disease 

is: the rate of diagnoses of ME/CFS was estimated to be as low as 16% (Jason et al., 2005). 

Finally, a diagnostic test will facilitate better quality research into the causes of, and potential 

treatments for ME/CFS. 

 

The finding that exercise produces a measurable difference in protein thiol oxidation of the 

plasma in individuals with ME/CFS compared with healthy individuals may form the basis for 
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further development for a diagnostic test. The exercise protocol used in this study revealed this 

dysfunctional response to exercise, but did not result in any post-exertional malaise in our 

participants with CFS. These findings thus differ from those associated with heavy fatiguing 

exercise, as such type of exercise typically result in an increase in post-exertional malaise in 

individuals with CFS (Nijs et al., 2008). A diagnostic test which does not result in an increase 

in symptoms is significantly more palatable for people who suffer from pervasive fatiguing 

conditions. A major limitation of this study is the relatively small sample size, and simple 

experimental design. It was challenging to arrange for people with a fatiguing condition to 

participate in a study requiring muscle biopsies, and participants were apprehensive that the 

exercise protocol would cause them to suffer from post-exertional malaise; this highlights the 

significance of the finding that the exercise used in this study does not cause an increase in this 

symptom. Despite the small sample size, this work provides the insight that measuring protein 

thiol oxidation in plasma after exercise is a worthwhile target as a diagnostic test for ME/CFS. 

A diagnostic test for ME/CFS based on this result would involve collection of fingerpick blood 

before and after physical exercise to determine the ratio of reversibly oxidised albumin protein 

thiols. Further investigation to determine the specificity of this assay and appropriate cut-off 

levels are required.  Whilst other modes of investigation, such as metabolomics and 

proteomics-based techniques, may result in a finer-grained diagnosis of this multi-factorial 

disease, this simple test would provide a useful screening tool for post-exertional malaise in 

patients.  

 

5.3 FINDINGS FROM CHAPTER 3 
 

The use of maleimide probes to determine protein thiol oxidation is relatively common 

(Alcock, Perkins & Chalker, 2018). Using established fluorescent and SDS-PAGE based 

techniques, I adapted maleimide probes to a mass spectrometry workflow. This work was 

carried out to provide techniques which identify thiol oxidation at a protein and residue specific 

level in vivo.  The use of maleimide probes is popular due to their high sensitivity and 

specificity, allowing investigation of biologically relevant changes to protein thiol oxidation. 

 

In the course of this work, I discovered that maleimide probes become oxidised and hydrolysed 

at the succinimide moiety. It is important to note that the formation of some of these adducts 



 
 

154 

will not compromise the fidelity of assessing protein thiol oxidation by mass spectrometry 

where isoptomeric tags are used, as both forms of the molecule will form adducts at the same 

rate. However, the loss in sensitivity of the technique is an issue and can result in difficulty 

detecting peptides. 

 

I devised a practical set of guidelines for minimising the formation of these adducts during 

proteomic sample preparation workflows in Chapter 3. These guidelines can result in up to 

four times the amount of unmodified peptide being detected, greatly improving the sensitivity 

of thiol oxidation as assessed by mass spectrometry.  

 

5.4 FINDINGS FROM CHAPTER 4 
 

The refined mass spectrometry technique for measuring protein thiol oxidation in vivo was 

applied to the GRMD model for Duchenne Muscular Dystrophy. This work is the first time 

that protein thiol oxidation has been quantified at the residue level in the muscle tissue of a 

model for DMD. Indeed, as discussed in Section 1.8, this kind of measurement of protein thiol 

oxidation in the tissue of disease models is very rare, owing to the technical difficulties in 

avoiding artefactual oxidation during sample preparation. Additional to the difficulties 

pertaining to preserving oxidative modifications, measuring modifications to cysteine residues 

via mass spectrometry is inherently challenging, due to the fact that only 26.6% of tryptic 

peptides contain cysteines (Zhang, Yan & Aebersold, 2004). This difficulty is further 

complicated when attempting to analyse biological replicates; due to the complexity of the 

proteome there is a likely probability that detected peptides across samples will not show 

overlap (Malmström, Lee & Aebersold, 2007). This was indeed experienced during analysis of 

the 12 samples across groups.  

 

Despite these challenges, several peptides with significantly different thiol oxidation between 

the two groups were identified in Chapter Four. The measurement of protein thiol oxidation 

at the residue level in a disease model speaks to the advantages of the approach developed in 

this thesis..  
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For the first time in the skeletal muscle of a model of muscular dystrophy, oxidative 

modifications to titin, tubulin, and filamin were observed. The functional significance of 

changes to the oxidative modification to these proteins is that the presence of RONS in DMD 

may affect not only the contractile apparatus, but the formation, stability and flexibility of the 

cytoskeleton (Alegre-Cebollada et al., 2014; Giganti et al., 2018; Clark, Hagedorn & Landino, 

2014; Wilson & González-Billault, 2015; Hartwig & Stossel, 1975). This work also confirmed 

previous identifications of protein thiol targets for modification by RONS, with oxidation of 

GAPDH, triosephosphate isomerase, fructose bisphosphate aldolase and myosin light chain 

1/3 having previously been identified via SDS-PAGE and subsequent protein ID via mass 

spectrometry (Terrill et al., 2013; 2016a) or affinity capture (Ayoglu et al., 2014). In this thesis, 

I present the novel identification of the residues at which these oxidative modifications take 

place. In the case of GAPDH, the oxidatively modified residue is in the active site, which 

supportive of RONS having an effect on one of the many functions of GAPDH. Conversely, 

modification of triosephosphate isomerase occurs neither at the active site nor in the substrate 

binding site, indicating that the functional significance of the modification to this protein 

cannot currently be stated.  

 

5.5 FINAL REMARKS AND FUTURE DIRECTIONS 
 

This thesis demonstrates that the accurate and sensitive measurement of oxidation of protein 

thiols has utility in investigating the pathophysiology of disease (Duchenne Muscular 

Dystrophy, in Chapter Four), and also in a clinical diagnostic role (Myalgic Encephalomyelitis/ 

Chronic Fatigue Syndrome, in Chapter Two). By overcoming the technical challenges in using 

maleimide compounds in protein mass spectrometry (Chapter Three), an accurate mass 

spectrometry technique for quantifying protein thiol oxidation was developed and successfully 

applied to an experimental design using biological replicates (Chapter Four). The use of this 

method resulted in the identification of novel oxidatively modified proteins, confirming the 

identity of previously reported targets and identifying the residues at which these proteins were 

oxidised.  

 

The identification of these protein targets indicates which biochemical pathways and cellular 

systems are affected by RONS generation in DMD. This provides the basis of elucidating the 
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mechanisms by which treatments which decrease oxidative modification to thiols, such as 

treatment with taurine and its precursors (Terrill et al., 2013; 2016a; 2016b), results in 

improvements to dystrophic pathology. Through applying this novel technique in investigating 

the role of protein thiol oxidation and nitrosylation to other diseases where oxidative stress has 

been observed, we will gain information regarding the pathophysiology of these diseases. This 

would be of particular interest in the case of ME/CFS: unfortunately, muscle biopsies of human 

subjects can be difficult and as such there was insufficient tissue collected for such an analysis 

in this work.  

 

The observation of differences in protein albumin oxidation in response to exercise is a 

promising avenue of investigation for the development of a diagnostic test for ME/CFS. This 

work should be followed by validation in a larger cohort, and determination if these differences 

are preserved in the response between ME/CFS and other illnesses resulting in persistent 

fatigue (sleep apnoea and depression, for example). If measuring plasma albumin protein thiol 

oxidation in response to exercise does indeed discriminate between individuals with ME/CFS 

and those without, this work would provide the basis for a much-needed clinical diagnostic 

tool for the disease.    
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Figure A 1: Research poster communication presented at 18th Annual Lorne Proteomics 
Symposium, Lorne, Victoria, Australia. February 2013. (Student Poster Award) 
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Figure A2: Research Poster Communication presented at 20th Annual Lorne Proteomics 
Symposium, Lorne, Victoria, Australia. February 2015.  
  

A key target of RONS is the thiol group of 
cysteine residues of proteins. 

As thiol oxidation can affect 
protein function, 

mechanistic information about 
how oxidative stress affects tissue function 

can be ascertained by 
identifying oxidized proteins.

Hydrolysis of maleimide–peptide adducts reduces sensitivity when 
interrogating proteomes for thiol oxidation
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To correctly assess the 
role of protein thiol oxidation 

the methods used to 
interrogate the redoxome 

must be sensitive and accurate. 

Available technology for probing protein thiol oxidation  
relies on iodoacetamide alkylating chemistry.

Maleimide chemistry is preferred alkylating agent as it 
is
  more specific
  more complete
  more rapid

      than iodoacetamide alkylation chemistry.

Maleimide-peptide artefacts are caused 
by maleimide hydrolysis

Maleimide-peptide artefacts at +16m/z 

Maleimide-peptide artefacts at 
+18m/z, +32 m/z 

Reactive oxygen and nitrogen species (RONS) 

Oxidative stress
 

Pathogenesis / pathophysiology of many diseases

Lysozyme tryptic peptides alkylated with a biotin-maleimide compound were analysed 
by MALDI-TOF mass spectrometry. The signals corresponding to expected masses are 
annotated above as “non-hydrolysed maleimide”. Artefactual signals +16m/z to expected 
masses were observed.

Under certain conditions, maleimide alkylated peptides also exhibited artefacts +18 m/z  
(shown above) and +32 m/z to the expected m/z.

Variable degrees of hydrolysis on 
different peptides complicates analysis

Major causes of hydrolysis include 
proteolytic digests, SDS-PAGE, and 
streptavidin purification.

Sample preparation causes hydrolysis

Biotin-maleimide alkylated glutathione was processed as for proteomic analysis. Methods 
employed were reduction and alkylation of cysteines, SDS-PAGE, tryptic digestion 
and streptavidin purification. Steps in the workflow were cumulative: for example, the 
tryptically digested samples were also streptavidin purified. An increase in the degree of 
hydrolysis of maleimide-peptides is observed at each step.  (n=3)

Modifying the workflow 
decreases the hydrolysis artefacts

of maleimide-peptides

Maleimide-peptides 
produce artefacts which 

compromise sensitivity of analysis

Note: All graphs represent the mean of the data. Error bars 
represent standard error of the mean. The value of “% peptide 
signal” was obtained by dividing the area of each peak by the areas 
of all peaks observed to be resulting from maleimide alkylated 
peptides. Different annotated letters denotes significant 
difference between groups as determined by unpaired t-tests.

Glutathione-biotin maleimide was seen to be extensively hydrolysed in 
0.25M solutions of ammonium bicarbonate pH 7.0, but not in equimolar 
TRIS solution at the same pH.  (p<0.001, n=3) Ammonium containing 
buffers should be used in sample preparation to limit the hydrolysis of 
maleimide peptides. 
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The degree of maleimide-peptide hydrolysis was assessed in use of TRIS, 
low pH MOPS gels (bis-tris gels, pH 6.8) and “stain free” (trichloroethanol) 
gels. The degree of maleimide hydrolysis was significantly higher when 
stained with coomassie blue (p<0.05, n=3). MOPS gels exhibited more 
hydrolysis than TRIS gels (p=0.046, n=3). As proteins must be visualised 
in gels, stain free gels are therefore the optimal solution.
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Glutathione-biotin maleimide was incubated with ammonium 
bicarbonate or TRIS (25mM pH 7.0) for either two hours, or overnight 
(approx. 16 hours). Hydrolysis was greater in ammonium bicarbonate 
buffer overnight compared with a two hour incubation (p<0.05, n=3).  
Both at the two hour time point (p<0.0005, n=3) and overnight (p<0.001, 
n=3) incubation with TRIS buffer resulted in lower levels of hydrolysis. 
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The substitution of TRIS buffer did not result in any change in digestion 
efficiency at each time point tested, as shown by the MASCOT scores of 
a 10ug BSA solution digested at each condition (p<0.01, n=3). 

TRIS buffer is therefore the most appropriate buffer for use in proteolytic 
digests where peptides are alkylated with maleimide. 
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Ammonium buffers were replaced with TRIS when affinity purifying 
using streptavidin. Variation in the incubation time was assessed.  There 
was no significant difference in the extent of hydrolysis observed over 
shorter times. However, the variance of hydrolysis of the maleimide-
peptide did increase with incubation time, and  therefore shorter 
incubation times are recommended.  (n=3)
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Several tryptic peptides from purified lysozyme were alkylated with biotin-maleimide. 
The amount of hydrolysis of maleimide for each peptide varied significantly.  
(p<0.05, n=3)

0 
0.05 

0.1 
0.15 

0.2 
0.25 

0.3 
0.35 

0.4 
0.45 

0.5 

GCRL CELAAAMK CELAAAMKR 

%
 p

ep
tid

e 
si

gn
al

 +
16

 m
/z

 

Peptide identity 

S

changes in protein function

reducing 
conditions

oxidative 
conditions

S

OH
S

small molecule

S

S

S

S

Experimental 
step 

 

Average % 
hydrolysis 

 
SEM 

 
Reduction and 

alkylation 1.92 1.67 

Loading Buffer 1.21 2.33 

Gel 6.61 4.59 

Stain 20.8 7.69 
Gel Band 
Destain 10.6 21.0 

Trypsin 13.5 21.0 
Extraction from 

Gel 12.3 2.10 

Streptavidin 
Purification 22.8 0.385 

Streptavidin 
Extraction 4.87 0.385 

 

MSMS analysis confirmed that the artefacts at +16, +18 and +32 m/z arose through 
modification of the peptide at the expected m/z. This modification was only observed in 
peptide fragments containing maleimide alkylated cysteines.

Maleimides and succinimides are known to hydrolyse under basic conditions and with 
heat (Baldwin, A. D., & Kiick, K. L. (2011). Tunable Degradation of Maleimide–Thiol 
Adducts in Reducing Environments. Bioconjugate Chemistry, 22(10), 1946–1953.) 

As furthur experimentation confirmed the effects of high pH on these adducts, the 
modification is referred to as “hydrolysis” from here on. 
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Figure A3: Composite gel image of FLm (green; reduced) and TRm (red; oxidised) 
fluorescently tagged protein thiols resolved by SDS-PAGE for the measurement of 
reversible protein thiol oxidation of individual proteins. Gel lane IDs are shown with the 
molecular weight marker (MW) in lane 1, predominantly showing under TRm scanning (red). 
Lanes 2 - 7 contain fluorescently tagged BSA standards. Lanes 8 -12 contain diaphragm muscle 
samples and lanes 13 – 17 contain quadriceps muscle samples from C57 mice. Lanes 18 – 23 
contain diaphragm muscle samples and lanes 24 – 29 contain quadriceps muscle samples from 
mdx mice. No duplication of samples was loaded. Prior identified sarcomeric proteins by mass 
spectrometry (Terrill et al., 2016a) are shown: myosin heavy chain (200 kDa), myosin-binding 
protein C (MyBP-C; 129 kDa), phosphoglucomutase (PGM; 61 kDa), actin (43 - 45 kDa), 
tropomyosin (33 kDa) and troponin C (18 - 20 kDa). 
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Figure A4: Relationship between theoretical % isotopically labelled cysteine containing 
peptides, and experimentally observed % isotopically labelled cysteine containing peptides 
using MALDI-TOF mass spectrometry. Mass spectrometry relies on measurement of 
heavy:light tagged cysteine containing peptides to determine oxidised:reduced protein thiols. 
A tryptic digest of chicken lysozyme was tagged with either heavy or light biotin maleimide, 
and the resulting alkylated products were mixed together in known ratios. These preparations 
were then analysed by MALDI-TOF mass spectrometry. Areas under the curve for peaks 
corresponding to each alkylated peptide were compared to give the % Experimental heavy tag 
value. R2=0.9975 
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