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Abstract 

Neurodegenerative diseases cause significant morbidity and mortality globally, with the prevalence 

continuing to rise due to prolonged life expectancy. Many neurodegenerative disorders share a 

common pathology that involves protein misfolding, aggregation and deposition in the brain. Dietary 

intake of non-protein amino acids has previously been linked to such proteinopathies, with indirect 

evidence indicating potential misincorporation of non-protein amino acids into growing protein 

chains. Phenotypic and proteomic investigations could provide more direct evidence of 

misincorporation and further elucidate the role that non-protein amino acids may play in 

neurodegenerative disease. The aim of this work was to determine if non-protein amino acids 

incorporate into the human proteome at a level detectable by mass spectrometry, with a focus on the 

amino acids L-DOPA, BMAA, and azetidine 2-carboxylic acid. An enzymatic method for the conversion 

of tyrosine residues to L-DOPA was successfully developed, providing a basis for studying the 

incorporation of L-DOPA into proteins. L-DOPA incorporation into proteins was also detected following 

treatment of human neuronal cells in vitro, with quantitative proteomics revealing activation of the 

unfolded protein response, evidence of oxidative stress, and changes in pathways involved in 

neurodegenerative diseases. Meta-analysis of proteomics datasets revealed a significant effect of 

sample preparation on the oxidation of samples, which could potentially mask true in vivo oxidation. 

Labelling techniques and mass spectrometer resolution were also found to be important for the 

identification of unique peptides and modifications, including misincorporated amino acids. The 

treatment of human neuronal cells with BMAA in vitro induced proteomic changes indicating a profile 

of toxicity like that previously reported for glutamate-mediated excitotoxicity, but the incorporation 

of BMAA into proteins was not detected. Conversely, the incorporation of azetidine 2-carboxylic acid 

into proteins was readily detectable following in vitro treatment of cells, importantly in proteins 

involved in cell proteostasis. Azetidine 2-carboxylic acid also resulted in quantitative proteomic 

changes, including an increased abundance of protein folding machinery and a decreased abundance 

of translational machinery. The significant proteomic changes in neuronal cells following exposure to 

all three non-protein amino acids investigated indicated changes in pathways potentially related to 

neurodegeneration and neurotoxicity, indicating a potential role in such pathologies that should be 

further explored. This thesis also provided direct evidence that certain non-protein amino acids can 

be incorporated into human proteins at a level detectable by mass spectrometry, paving the way for 

future studies to further investigate the role of such amino acids in human disease. 
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SILAC Stable isotope labelling by amino acids in cell culture  

SLE Systemic lupus erythematosus 

SNRPG Small nuclear ribonucleoprotein G  

SNRPGP15 Putative small nuclear ribonucleoprotein G-like protein 15 

SPRM1 Serine/arginine repetitive matrix protein 1 

SPS-MS3 synchronous precursor selection based MS3  

SRM Single reaction monitoring 

SRPR Signal recognition particle receptor subunit alpha 

TAILS N-terminal isotopic labelling of substrates  

TCA Trichloroacetic acid  

TCEP tris(2-carboxyethyl)phosphine 

TDP-43 TAR DNA-binding protein 43 

TMT Tandem Mass Tags 

TOF Time of flight  

tRNA Transfer RNA 

UPR Unfolded protein response 

UTC-7 7M urea, 2M thiourea, 0.1% C7BzO 
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Thesis organisation  

The organisation of this thesis is outlined below: 

• Chapter One: This introduction frames the research questions for this thesis. 

• Chapter Two: Published critical review of the literature concerned with NPAAs, the methods 

used to study their role and effect on an organism’s proteome, and establishment of the 

formal pursuit of proteomic incorporation of NPAAs, with technologies and considerations 

outlined to advance the field of NPAA study. 

• Chapter Three: A method for the enzymatic conversion of proteomes to contain L-DOPA to 

create reference mass spectra for analysis of samples that potentially contain proteoforms 

with L-DOPA incorporated, as well as providing evidence for L-DOPAs in vitro toxicity, and the 

parallels of the toxicity to a state of neurodegeneration highlighted. 

• Chapter Four: Meta-analysis of publicly available data for the presence of 

proteoforms/peptidoform incorporated L-DOPA to establish a baseline of L-DOPA presence in 

the human proteome. The draft map of the human proteome (brain subset) was analysed as 

a baseline for control. A Parkinson’s disease TMT labelling experiment on the substantia nigra 

was also analysed and finally a label free LC-MS/MS dataset of the proteome of the olfactory 

lobes of Parkinson’s sufferers.  

• Chapter Five: The effect of BMAA and Azetidine 2-carboxylic acid on the neuronal proteome 

of SH-SY5Y cells and their incorporation.  

• Chapter Six: General discussion, future directions and concluding remarks. 

• Appendices 

• References 
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Chapter One: Introduction and Overview of Thesis 

1.1 General Introduction 

Due to an increase in life expectancy brought about by advances in medical science,  

neurodegenerative diseases are causing higher mortality and morbidity than ever as they are age-

associated diseases [1-3]. Many of these disorders have a common pathology which involves protein 

misfolding, aggregation and deposition in the brain [1, 4-22]. In an attempt to increase quality of life 

for neurodegenerative disease sufferers, there has been a major research focus on identification of 

inherited or susceptibility genes [13, 14, 23-28]. The weakness of focusing on genetic mutations is that 

only 10% of patients across all neurodegenerative diseases have the familial form and 90% have a 

sporadic form, which implicates an environmental trigger as one of the causative agents [13, 23, 25-

28]. Researchers have justified the study of genetic causes because the familial and sporadic forms 

share similar symptoms and prognosis, but this overlooks the important role that non-genetic factors 

play in the disease pathology [29]. Common features of these neurological disorders include 

aggregates of proteins both intra and extracellularly, generally referred to as amyloids although the 

composition of the aggregate is disease and protein specific. Several neurodegenerative diseases have 

been termed ‘proteinopathies’ due to their protein misfolding characteristics and include Alzheimer’s, 

amyotrophic lateral sclerosis (ALS), Lewy body dementia, prion disease, Huntington’s and Parkinson’s 

disease [12, 29-37]. Other key features of these diseases are dysregulation in energy metabolism, 

mitochondrial dysfunction, and oxidative stress [33, 38-55]. Modified proteins resulting from these 

proteinopathies have also been investigated as a source of intra-neuron transmission via synaptic 

release of aggregates or toxic species referred to as ‘prionoids’ [32, 56-58]. 

The identification of a ‘hot-spot’ of ALS cases on the island of Guam in the 1950s stimulated interest 

amongst researchers as to possible environmental causes of neurodegenerative disease [59]. This 

particular disease did not seem to have a genetic link, disappearing over time within the indigenous 

population as they adopted an American lifestyle and diet. One factor that gained attention was 

consumption of food that contained the non-protein amino acid (NPAA) β-Μethylamino-L-alanine 

(BMAA) in their traditional diet [60, 61]. A feature of this disorder was a long latency period and it was 

reported that migrants from Guam developed similar symptoms ~30 years after leaving. Within the 

literature, a mechanism was proposed for this and other proteinopathies that attempted to explain 

not only the latency of disease development but also the interplay between genetics and the 

environment. The basis of this hypothesis was that non-protein (non-canonical) amino acids could be 

associated or incorporated into proteins thereby promoting protein aggregation and deposition in the 

brain [62-75]. The alteration of a proteoform’s structure by a single amino acid modification could 
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lead to misfolding and aggregation, in accordance with all the major pathways of protein folding 

including hydrophobic collapse and chaperone assisted stabilisation [76, 77]. Within the environment, 

organisms such as fescue grasses use this mechanism to inhibit the growth of neighbouring plants by 

excreting non-protein amino acids (NPAAs) in a process known as allelopathy. The uptake of these 

NPAAs results in protein aggregation and ribosomal stalling as the neighbouring plants do not have 

tRNAs that can distinguish the NPAA from its canonical analogue, with examples including meta-

tyrosine and L-3,4, dihydrophenylalanine (L-DOPA) [66, 78].  This is an exploitation of the lack of 

fidelity of protein translation and within the environment there are over a thousand amino acids that 

have been identified, with some being so similar in structure to the canonical 20 proteogenic amino 

acids that they can theoretically be incorporated [64]. To understand how this is possible, protein 

translation needs to be outlined to demonstrate that NPAA incorporation is possible through its ability 

to fit within a tRNA binding pocket and escape the steps in proof reading employed by the cell [79].  

Protein translation involves several steps starting with a free-floating amino acid and resulting in its 

addition to a growing peptide chain by the ribosome. A complete overview of the process can be found 

in chapter two (also see [80]). Briefly, in canonical synthesis the amino acid is charged to its 

corresponding aminoacyl tRNA synthetase forming a complex which subsequently will bind the 

charged amino acid to its appropriate tRNA and there are several editing steps to release incorrectly 

bound amino acids, with the resultant mistranslation rate general quoted to be 1/10,000 at any 

particular site [81]. Finally, the amino acid with the attached tRNA are used by the ribosome 

translating the mRNA transcript into a polypeptide chain. If not folded correctly, the subsequent chain 

will be targeted by degradation and the amino acid released to the free amino acid pool to potentially 

be used again [80].   

1.1 Non-protein amino acids and incorporation 

In the 1960s there was an interest in how, despite the protein synthesis machinery being programmed 

for the 20 canonical amino acids, certain NPAAs could be mistakenly incorporated into proteins in 

bacteria. Fowden et al (1967) utilised Escherichia coli as a model to demonstrate the allelopathic 

effects of these “toxic amino acid species”. The studies investigated the localised incorporation of 

NPAAs into the active sites of enzymes inferred by loss of function in kinetic assays and the loss of 

protein solubility [82, 83]. The determination of the ability of an NPAA to be incorporated used a 

screening system model, whereby the NPAA being assessed is used as a replacement for each of the 

20 ‘protein-coded’ amino acids using the ATP-PPi exchange methodology. ATP-PPi exchange is where 

an amino acid tRNA Synthetase (aaRS) is combined with the NPAA and ATP to see if binding will occur, 

normally indicated by colourimetric stains or by determining the free concentration of amino acids at 

the end of incubation, which is used to infer incorporation [84]. For example, the incorporation of the 
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NPAA azetidine-2-carboxylic acid (AZE) has been investigated in a system in which human myelin basic 

protein was overexpressed in E. coli [74]. SDS-PAGE and mass spectrometry (Figure 1) showed a 

change in protein molecular weight which the authors claim demonstrates incorporation of AZE into 

the protein. However, there is no direct sequence evidence from a clear fragmentation (MS/MS) 

spectrum that shows actual protein identity or NPAA incorporation [74].  

 

Figure 1 Published spectra of incorporation: AZE in place of proline [74]. Left spectra displays unmodified (Murine) 

recombinant myelin basic protein expressed in E. coli synthesis model. The right spectra demonstrates mass subtraction 

indicative of NPAA replacement of proline. Peak 19,422.000 Da is the unmodified peak with smaller peaks of 19,408.0 Da 

indicative of a singular replacement of proline by AZE -14 Da, subsequently a double replacement of proline by AZE is 

evidenced by 19,393.6992  and a triple replacement with 19,380.00. 

There are a number of examples of NPAAs that could potentially play a role in neurodegenerative 

diseases. AZE has been the centre of a multiple sclerosis hypothesis proposed by Rubenstein et al [85], 

stating that the incorporation of AZE, which is produced by sugar beets (Beta vulgaris) and extracted 

products of which are found in food, into myelin in place of its analogue proline resulted in 

autoimmune attack [86, 87]. This research was performed in E. coli utilising an overexpression system 

of myelin basic protein and subsequent radioactive labelling [74, 85, 88, 89] with seminal studies by 

Zagari et al studying the effect of incorporation on bioinformatically modelled protein structures 

demonstrating dramatic perturbations [90] [91-95] . Published work in the field includes incubation of 

chick embryos with AZE resulting in incorporation of 10% with 48ug/ml (of embryo volume) and 61% 

at 194ug/ml, determined by a ‘specific chemical procedure’ utilising radio labelling and acid hydrolysis 

by Joel Rosenbloom and Dawin Prockop [96, 97]. This body of work, is consistent with, but does not 

definitively demonstrate incorporation of the NPAA into the protein.  

Another example of a NPAA replacing a protein amino acid in protein synthesis is that of L-canavanine. 

L-canavanine is produced by the edible plants Canvalia ensiformis (common jack bean) and 

Hedysarum alpinum (a wild potato) and has been shown to compete with L-arginine for tRNAArg 

charging [98]. Experiments by Rosenthal et al (1987) utilised a radio isotope labelled canavanine to 
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investigate its incorporation into proteins in the tobacco hornworm (Manduca sexta) and tobacco 

budworm (Heliothis virescens), and demonstrated that the H. virescens tRNAArg discriminates between 

L-canavanine and arginine, leading to a lower rate of incorporation in that species [98, 99]. Following 

this work, a study was performed on the anti-tumorigenic properties of L-canavanine in a murine 

model, with L-canavanine presence in the protein fraction found to be 1% at 4 and 24 hours post 

injection.  The treatment resulted in a decline in animal health and histology of fibrosis in the pancreas 

with serum depletion of urea nitrogen and cholesterol [100]. The incorporation of L-canavanine into 

proteins has also been shown in SH-SY5Y neuroblastoma cells by radioactive labelling and confirmed 

by the stalling of mitochondrial ribosomal translation [101]. Direct evidence of misfolded proteins was 

not presented other than by inference from ribosomal stalling [101]. The conclusions of this 

experiment were that the use of L-canavanine causes stalling at the end of the ribosomal funnel at the 

interaction point with the aqueous cytoplasm. For the measurement of ribosomal stalling, pulsed in 

organello labelling was used which involves the addition of [35S]methionine and [35S]cysteine to a 

depleted media for 10 minutes and subsequent protein extraction, following which the proteins are 

resolved by SDS-PAGE and a phosphor-imaging scanner used to detect the amplified signal. This 

method relies on parallel Western blotting to identify mitochondrial proteins so they can be accurately 

quantified (method:[101, 102]).  This method was used to infer that misfolded products were being 

produced, resulting in the observed toxicity and supported by further pulse-chase labelling 

experiments [101]. L-canavanine has been inferred to be incorporated into proteins but no studies of 

the larger translated proteins were performed, reportedly due to the toxicity of L-canavanine limiting 

long high dosage exposure. Proteomic evidence is lacking in the reported experiments which utilised 

Western blotting rather than mass spectrometry. Western blotting quantitation should not provide 

the sole identification of proteoforms as the usage of antibodies in an experiment that aims to produce 

non-native unmapped proteins could be leading to false binding due to alterations of the antibody’s 

epitope.  

The landmark paper by Dunlop et al (2013) provided some evidence for protein incorporation of the 

NPAA β-Μethylamino-L-alanine (BMAA) and subsequent protein aggregation [103]. The utilisation of 

tritiated BMAA (3H-BMAA) to treat the human cell lines SH-SY5Y (neuroblastoma), MRC-5 (lung 

fibroblast) and HUVEC (primary human umbilical vein endothelial cells) found radioactivity in isolated 

protein fractions, providing evidence of some association between BMAA and proteins [104]. It is 

worth noting that while the 10% tricholoroacetic acid (TCA) insoluble fraction is often referred to as 

the ‘protein fraction’, it will contain other molecules that have reduced solubility in TCA and can be 

isolated by centrifugation. Amino acid hydrolysis followed by derivatisation with 6-aminoquinolyl-N-

hydroxysuccnimidyl-carbate (AQS), separation by liquid chromatography, and identification using 
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tandem-mass-spectrometry (LC-MS/MS) was used to measure the concentration of BMAA, and it was 

demonstrated to be present in the protein fraction in a dose-dependent manner with a linear 

correlation to the amount supplied [105]. To further support that the association was related to 

protein synthesis, the addition of cycloheximide (protein synthesis inhibitor) alongside BMAA 

significantly reduced the concentration of BMAA in the protein fraction [105]. In addition, 

fluorescence microscopy demonstrated an increase in levels of auto-fluorescent material in cells, a 

technique previously used to investigate incorporation of oxidised amino acids into proteins [106-

108]. A further crucial experimental finding was that L-serine (250µM) supplementation decreased 

BMAA incorporation by ~70% when compared against the control condition whilst the enantiomer D-

serine produced no statistically significant decrease [103].  

Further studies by Glover et al (2014) built on Dunlop’s work by utilising the commercial transcription 

kit PURExpress [109], a cell free system of purified E. coli transcriptional components. Utilising BMAA 

and two of its isomers, L-2,4-diaminobutyric acid (DAB) and N-(2-aminoethyl) glycine (AEG), as amino 

acid competitors in a screening of all 20 amino acids in the E.coli protein synthesis model showed that 

the kit has a lack of discrimination for NPAAs during protein synthesis alongside a BMAA incorporation 

rate of 0-80%. The incorporation of AEG should not be possible due to the distance between the 

primary amine and the carboxylic acid group being five carbons in length, as the normal formation of 

a peptide bond (dehydration reaction) requires the primary amine being one carbon separated from 

the COOH group. Therefore, canonically AEG should not form peptide bonds and incorporate into 

protein backbones, but within this de-novo synthesis model there was a measured incorporation of 

7% for AEG and 3% for DAB which raises concerns over the validity of the peptide de-novo synthesis 

model applied [104].  

The protein association of BMAA has also been shown by the depletion of its presence in the free 

amino acid pool, measured in treatment media by AQS and LC-MS/MS quantitation, demonstrating a 

24% protein association to the protein fraction [110]. Within the literature, there is debate over 

whether the protein precipitation used during amino acid analysis of protein hydrosylates was 

incidentally precipitating BMAA alongside the protein (or not removing association) [110-112], so the 

denaturants SDS and dithiothreitol were used on the acetone precipitated pellet resulting in a release 

of half of the total BMAA that was previously assumed in studies to be protein associated. This paper 

displays that the amount of inferred incorporation in diseased brain tissue presented by authors in 

this field was inflated [110]. Taken together, Dunlop and Glover have determined that the 

incorporation of BMAA occurs in competition with serine, however these papers have not provided 

protein sequence information and thus actual incorporation of BMAA into proteins has still not been 

demonstrated. An attempt to investigate the incorporation of BMAA into proteins in place of serine 



6 
 

by utilising LC-MS/MS analysis of proteome digests from BMAA treated murine cell culture was 

performed by Beri et al (2017), but the authors were unable to provide evidence of incorporation [38]. 

The experimental design and methodologies used in previous studies do not allow for the detection 

of incorporation, and the reasons for this is discussed in a later section (chapter two).  

For an NPAA to have an impact on human or animal health due its ability to be mistakenly incorporated 

into proteins there has to be a dietary or environmental source and a route by which it can enter the 

body. In the case of BMAA, a NPAA synthesised by cyanobacteria, there is the possibility of dietary 

consumption from contaminated seafood [113], inhalation following aerosolisation [114], and 

contamination of water sources by the cyanobacterial toxin [115-120]. Based on the concentrations 

of BMAA reported in the environment it is likely that the level of human exposure to BMAA is very low 

although chronic exposure might produce a pathological effect over a longer period of time if 

accumulation occurs. A prime example of high exposure to a NPAA is in the case of symptomatic 

treatment for Parkinson’s disease (PD) by the NPAA L-3,4-dihydroxyphenylalanine (L-DOPA). L-DOPA 

is used in PD patients to restore the levels of dopamine, which restores motor function [57, 58, 121-

131]. The use of L-DOPA in PD is inevitable in all cases as quality of life is increased and it is the most 

effective therapeutic in PD patients. However, the drug has been shown to be toxic by several studies 

by producing oxidative stress [57, 132-152]. 

 Another group exposed to L-DOPA are students in higher education and the wider community who 

consume it as a “nootropic” drug [153]. Nootropics are cognitive performance enhancers mainly 

consisting of stimulants and, due to the legal grey area, L-DOPA has been found to be marketed as a 

nootropic which could be hazardous to human health [154, 155]. Despite the widespread prescribing 

of L-DOPA for over 50 years to treat PD, incorporation of L-DOPA into human proteins has not been 

directly analysed by proteomics. Inference by several radioactive labelling approaches and Western 

blotting for proteins containing L-DOPA has been applied but no sequence information has been 

reported in humans [9, 44, 45, 57, 58, 87, 108, 123-125, 156-167].  

The charging of tRNA with L-DOPA for insertion into proteins was first observed to occur in 1966 using 

purified tRNAs from E.coli and Bacillus subtilis, specifically tRNATyr incubated with tritiated L-DOPA 

[168]. In the following decade, conflicting evidence was reported in a murine tRNATyr study by 

Hogenauer (1978) [169], resulting in the rejection of the possibility of incorporation of L-DOPA even 

at the therapeutic levels used in PD treatment. The issue of incorporation was not revisited until 

Rodgers et al (2004) provided evidence of incorporation in vitro utilising human and murine cell 

culture with radiolabelled L-DOPA, finding L-DOPA in the isolated protein fraction [108]. The body of 

work subsequently provided by Rodgers and colleagues has provided evidence not only of the 
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incorporation but the toxic effects of generated species in vitro utilising human cell culture [57, 58, 

87, 106, 108, 124, 160, 164, 170, 171].   

The detection method applied by Rodgers utilised the natural fluorescence of L-DOPA and tyrosine. A 

high-pressure liquid chromatography-fluorescence detection platform (FL-HPLC) was used for the 

detection of L-tyrosine, L-DOPA and meta-tyrosine which were quantitatively analysed post hydrolysis 

of the protein fractions and quantified against standards. This was orthogonally supported by 

scintillation counting of radio-labelled L-DOPA present in the TCA precipitated fractions [164]. The 

association of L-DOPA with proteins following exogenous supply was compared to the formation of L-

DOPA due to hydroxyl radical attack on tyrosine, which would create the para-tyrosine (L-tyrosine) 

analogues, ortho-tyrosine and meta-tyrosine, from hydroxyl radical attack on phenylalanine. 

Experimental analysis showed low concentrations of L-DOPA (50µM) led to detectable levels (25-50 

mMol DOPA per Mol tyrosine) in the protein fraction with a linear increase in concentration until 

500µM treatment. To test the incorporation theory, cycloheximide was utilised to inhibit the synthesis 

of proteins; the results showed a 93% reduction in the amount of L-DOPA, which leaves the 7% 

attributable to protein association as protein synthesis had ceased or the proteins were synthesised 

prior to complete inhibition of synthesis by cycloheximide. Experimental labelling of proteins with 

radiolabelled L-leucine and L-DOPA allowed the degradation rates of proteins to be measured and 

demonstrated that radioactive L-DOPA turnover was slower than that of leucine at higher levels of 

DOPA; the data generally showed selective turnover of DOPA-containing proteins versus native 

proteins [164]. The resistance to degradation at higher levels of DOPA incorporation was interpreted 

as the generation of cross-linked protease-resistant proteins.  

Further evidence for L-DOPA incorporation was provided by SDS-PAGE and utilised a redox staining 

method for catechols, using nitro blue tetrazolium (NBT). NBT-treatment of membranes following 

transfer from SDS-PAGE allowed the detection of proteins containing catechol groups such as DOPA 

in the cell lysate proteins. Positive staining was completely absent in proteins from untreated cells 

(indicating a lack of oxidation), but L-DOPA staining in proteins from DOPA-treated cells demonstrated 

the presence of catechol groups in many, if not all, proteins. The use of NBT-redox staining 

demonstrated a unique orthogonal way to detect L-DOPA in proteins, providing further evidence for 

its presence in proteins [87, 108]. Seen in Figure 2 (A) is the SDS-PAGE separated, NBT redox stained 

whole cell lysate from THP-1 human monocytes treated with cycloheximide, showing that only under 

protein synthetic conditions is L-DOPA protein-associated. Within Figure 2 (B) the same treatment of 

cells was performed at a 500µM L-DOPA concentration with 0.02 µM C14 L-DOPA tracer. A total protein 

stain was performed with subsequent redox staining and phosphor imaging demonstrating a clear 

pattern of L-DOPA containing proteins identifiable by both methodologies [108].  
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Figure 2: Evidence of L-DOPA containing proteins. Images taken from Rodgers et al 2004 [108]. A: Human monocytes (THP-

1) NBT stain of proteins indicating L-DOPA bound proteins. Lane 1-2: 0 µM L-DOPA; lanes 3-4: 150 µM L-DOPA; lanes 5-6: 500 

µM L-DOPA. Lanes 2, 4, and 6 contained proteins from cycloheximide treated cells demonstrating inhibition of L-DOPA 

association. This redox stain demonstrates that L-DOPA is only found present in proteins during protein synthesis. B: Single-

lane protein extract from THP-1 cells treated with 500µM L-DOPA with 0.02 µM [14C] L-DOPA, measured in series. Lane 1: 

amido black total protein stain. Lane 2: NBT redox stained proteins and lane 3 is radioactivity imaged by phosphor-imaging. 

This image further demonstrates that L-DOPA containing proteins are identified by NBT staining and confirmed by radioactive 

tracer presenting near identical banding of the same lane.  

Analysis of serum from L-DOPA treated PD patients found L-DOPA in circulation as its free form, with 

evidence of protein association/incorporation suggested by release of L-DOPA by hydrolytic digestion 

of the insoluble protein fraction and detection by FL-HPLC. The data presented in these studies 

provided evidence for L-DOPA incorporation into proteins in vivo, the authors arguing that it was 

unlikely to be due to oxidation since the oxidised forms of phenylalanine did not significantly differ in 

L-DOPA-treated and control patients [124]. Thompson et al also investigated protein associated L-

DOPA and the effects on cellular homeostasis and protein turnover, reporting an upregulation in the 

expression of genes required to handle damaged or aggregated proteins [123]. Dunlop et al 

demonstrated, using microscopy, that cell-treatment with L-DOPA resulted in damage to lysosomes 

that eventually ruptured and this was interpreted as evidence for L-DOPA-containing protein 

accumulation in lysosomes [58]. The most recent studies published from Rodgers and colleagues 

produced evidence of incorporation in the neuroblastoma cell line SH-SY5Y and PD brain tissue. In an 

in vitro study using D-DOPA (the stereo isomer of L-DOPA) as a control for non-incorporation, it was 

demonstrated that the cell death was prominently due to the L-isomer [172]. Furthermore, 

fluorescent microscopy of SH-SY5Y cells and scanning electron microscopy show mitochondrial 

A B 
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dysfunction [57]. This research to date has provided evidence that L-DOPA can replace L-tyrosine in 

protein synthesis in vitro and in vivo. A study by Ozawa and colleagues using an E. Coli cell-free 

transcription/translation system demonstrated conclusively that L-DOPA can replace L-tyrosine in 

protein synthesis and results in the generation of proteins that are less soluble than the native forms 

[107, 124, 160]. The analysis of proteins containing L-DOPA by LC-MS/MS would greatly add to our 

knowledge of the biological mechanisms involved and consequences to cells and tissues from the 

generation of proteins containing incorporated L-DOPA. In addition, direct analysis of peptides 

containing peptide-bonded DOPA has not been performed but could provide data relevant to possible 

toxicity relating to this drug. 
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1.2 The absence of the smoking gun: Proof of NPAA Incorporation 

A missing piece of experimental data to support the hypothesis of NPAA incorporation in proteins is 

MS/MS spectral evidence. The lack of this evidence arises because the most abundant molecules of a 

particular proteoform are translated ‘normally’ and the number of peptides containing the NPAA is 

below the limit of detection of methods that have been employed to date. It is also likely that the 

short exposure times used in in vitro and in vivo experimental models does not reflect the chronic 

exposure seen in clinical cases or post mortem. Thus, models of exposure need to be performed and 

investigated for NPAA protein incorporation and effects. 

In most cases models of NPAA incorporation have not examined chronic exposure. Exposure of L-

DOPA to neuronal cells for 7 days was performed by Chan et al but in most cell studies, exposure has 

been less than this [57]. Animal models of L-DOPA toxicity and human clinical trials have been 

extensive but even with proteomic analysis, the data sets have not been searched for or determined 

L-DOPA incorporation in models including zebra fish, murine models, non-human primates [163] and 

a plethora of human cells ranging from stem cells to neurons [140, 173-183]. Human clinical trials have 

indicated that cognitive decline due to L-DOPA is potentially masked by the positive activity relieving 

Parkinson’s symptoms [177].  

In the case of BMAA incorporation into proteins in the brains of individuals on Guam that was 

implicated in a complex disease that had features of ALS, PD,  and dementia (termed ALS-PDC) and 

found in people exposed to high BMAA concentrations on the island of Guam, evidence shows a clear 

relationship between association to protein and neurodegeneration [60, 184-188]. Primate models 

have previously showed the symptoms [59] are caused by treatment with BMAA but it was not until 

Cox’s 2016 paper was the histology examined and quantified. The author’s noted that the low 

incorporation of 1/10,000 amino acids may beyond their capability to detect [63]. But given this 

evidence, there is still ambiguity around the mechanisms of pathogenesis that BMAA produces. 

In all of the examples given so far, the evidence for incorporation is by inference but with little to no 

empirical phenotypic data at the proteomic level. Measurements need to be taken throughout 

exposure models to observe the changes in metabolism and protein abundance in order to observe 

the global effects in vivo [3, 56, 189-192]. The investigation of NPAA incorporation needs to performed 

along these lines of enquiry with proteomics to help elucidate their role in human disease.  
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1.3 Aims of this thesis 
In the introduction, several NPAAs implicated in human neurological disease were discussed, namely: 

L-3,4-dihydroxyphenylalanine (L-DOPA), azetidine 2-carboxylic acid (AZE) and β-Μethylamino-L-

alanine (BMAA). While a range of in vitro and in vivo studies have provided evidence in support of 

their insertion into proteins in exchange for a protein amino acid, comprehensive proteomic analysis 

of the proteins has not been carried out but has the potential to provide insight into the impact of 

these NPAAs on human health.  

• Overarching aim: To determine if non-protein amino acids incorporate into the proteome at 

a measurable level and if they cause neurodegeneration. 

• Overarching hypothesis: NPAAs do incorporate into proteins at low levels resulting in 

neurodegenerative-like features via protein misfolding or effects upon cell status. 

In extension to the overarching aims, there are several specific aims that will be addressed by this 

body of work. 

1. To investigate whether L-DOPA is incorporated into human proteins in vitro. (Chapter 3) 

2. To investigate whether L-DOPA is a naturally occurring protein constituent in normal human 

neuronal biology and Parkinson’s disease. (Chapter 4) 

3. To investigate the incorporation of BMAA and azetidine 2-carbocylic acid into the proteome 

and the effects on the proteome. (Chapter 5) 
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Chapter Two: Literature Review: “Misincorporation Proteomics 

Technologies: A Review” 

 

Chapter Overview (published manuscript) 

This chapter reviews the literature describing non-protein amino acid misincorporation into proteins 

and critically reviews proteomics-based approaches for the study of proteins containing NPAAs. 

The current field of proteomics is sample and workflow centric. As the field matures many techniques 

are developed for specific applications to progress research into a particular biological material or 

protein analyte class of interest. Proteomics is a sample destructive and non-amplifiable technique 

and as such the major factors for consideration in proteomics are the amount of starting material, 

how to process to reduce loss and/or reduce complexity for deeper cataloguing or quantification, and 

finally how to best operate the mass spectrometry system to provide accurate identification and 

quantification. 

This manuscript describes methods that have been developed for other avenues of proteome analysis 

that can be repurposed and applied to study misincorporation. Furthermore, this manuscript aimed 

to provide a unifying concept of misincorporation proteomics with the outlined work performed to 

date. Furthermore, the issues with performing misincorporation proteomics were outlined which 

include the major caveats of the field’s tools which are linked to the concentration dependent 

analytical platforms (mass spectrometers) that are used for high throughput proteomics. The 

misincorporation events are of exceptionally low abundance and suffer from sequence isomer 

dilution, this being that positional isomers of NPAA incorporation leads to a dilution in signal falling 

below the limit of detection and in nearly every case do not have an established enrichment method 

or antibody that can be used for pull-downs to increase sensitivity and analytical depth.  

The logical framework outlined within the manuscript can be ubiquitously applied across the entire 

field of proteomics, improving upon the depth and accuracy within experiments. Innovative methods 

for sample processing have been outlined as well as methods of operating mass spectrometry systems 

and the downstream bioinformatics packages required to handle these complex data.   
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Chapter Three: A Novel Method for Creating a Synthetic L-DOPA 

Proteome and In Vitro Evidence for Incorporation of L-DOPA into 

Proteins 

Chapter Overview (published manuscript) 

The NPAA L-DOPA has been used ubiquitously in Parkinson’s treatment and has been highlighted by 

previous work [57, 193] to be an agent of oxidative stress and cell damage  [58, 79, 106-108, 123, 124, 

127, 149, 172, 194-197]. Although DOPA is an inherently reactive molecule, the ability of L-DOPA to 

cause oxidative stress to cells in culture is largely an artefact due to the high oxygen concentrations 

(∼20%) to which the cells are exposed, as well as the presence of metal ions in the culture medium 

[198]. The ability of L-DOPA to produce a comparable level of oxidative stress in vivo to what has been 

reported in cell studies is unlikely and it is possible that L-DOPA toxicity in vivo is not due to its ability 

to cause oxidative stress due to the high levels of antioxidants and detoxification systems that exist in 

vivo.  

Studying the incorporation of L-DOPA into the proteome of PD patients might help us understand the 

functional ramifications of the presence of DOPA in a cell’s proteome. A method was therefore created 

for the modification of a proteome through conversion of tyrosine residues to L-DOPA. This method 

offers the potential to artificially create L-DOPA containing proteins in control samples which can then 

help with the identification of DOPA-containing peptides across patient sample cohorts, allowing an 

exploratory proteomics approach with a sample specific synthetic peptide collection for targeting and 

identification transference between runs.  

The method described employs the use of the enzyme tyrosinase to convert tyrosine residues in 

proteins to L-DOPA. In these studies, the method was first trailed on a synthetic peptide (Synthesised 

proteotypic peptide for the protein UCP-5 from the Payne laboratory, University of Sydney), proving 

the procedure viable before being used to create whole proteome samples. The initial peptide method 

did not scale up to full proteome conversion, with the final method adapted from an industrial 

conversion proof of concept paper [199]. The tyrosine conversion efficiencies achieved were 

approximately 10% regardless of the enzyme ratio used, but off target oxidation of phenylalanine was 

greatly reduced when using a higher ratio of tyrosinase to protein. 

Furthermore, an in vitro L-DOPA treatment experiment using the human neuronal cell line SH-SY5Y 

was performed demonstrating an increase in the amount of L-DOPA within proteins as well diverse 

proteome changes. Quantitative analysis demonstrated cellular responses to toxic effects including 

the activation of the unfolded protein response, oxidative stress and changes in pathways involved in 
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neurodegenerative diseases. This work addressed the aim of detecting incorporation of L-DOPA and 

providing evidence for its possible role in contributing to neurodegeneration.  
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Chapter Four: Meta-analysis of publicly available data to identify the 

presence of L-DOPA in proteins  

4.1 Introduction  
Oxidised amino acids can be formed in cells by reaction with free radical species formed through 

Fenton chemical reactions or from the escape of radicals from mitochondria or lysosomes [172]. The 

oxidative damage to proteins can cause loss of function affecting a protein’s degradation with 

potentially wide-reaching effects on metabolic pathways within cells. In dividing cells, the burden of 

damaged proteins that cannot be degraded by the proteolytic machinery of the cell can be distributed 

into daughter cells, but within the central nervous system, neuronal cells are predominantly a 

terminally differentiated population making them acutely susceptible to oxidised protein aggregate-

based toxicity [58, 160, 171, 200-202]. Oxidative stress and the resultant increased levels of damaged 

or non-native proteins may overwhelm the proteostasis mechanisms of the cell and cause a decline in 

cell function. Elevated levels of oxidised and damaged proteins are linked to many neurological 

diseases and are also a characteristic of aging neuronal tissues [203].  

The formation of oxidised amino acids can occur while they are part of a protein or within the pool of 

free amino acids in a cell or tissue. There is a possibility that oxidised amino acids released by 

proteolysis could then re-cycle through proteins; this is something that to our knowledge has not been 

explored. A prime example of an oxidised amino acid that is produced intentionally is L-DOPA. Within 

the cell the amino acid tyrosine becomes hydroxylated to form L-DOPA, an intermediary in the 

synthesis of the signalling molecule dopamine [107, 108, 160, 164, 170, 201]. L-DOPA is a highly 

reactive molecule, with the capability to participate in fenton reactions [204]. Upon entry to 

dopaminergic neurons, L-DOPA is converted to dopamine by Aromatic Amino Acid De-carboxylase and 

the resultant dopamine stored by vesicular monoamine transporter 2 in vesicles [205, 206].   

In this chapter, the term protein bound L-DOPA (PB-DOPA) will be used to denote the presence of L-

DOPA in a protein without empirical determination of its origin which could either be from oxidation 

of a tyrosine residue or from the incorporation of L-DOPA into the protein by the synthetic machinery 

of the cell in place of a tyrosine residue [160].  

L-DOPA is used as a therapeutic drug to restore the reduced ability of PD patients to produce 

dopamine. Depletion of dopamine in PD is caused by loss of dopaminergic neurons in the substantia 

nigra and results in a progressive loss of the ability to initiate movement [33]. The presence of L-DOPA 

itself has been shown to result in oxidative stress in several studies [133, 136, 176, 194, 197, 207, 208] 

and has been demonstrated to be a component of brain proteins in Parkinson’s disease by redox 

staining of extracted brain protein and quantification of DOPA by FL-HPLC [57]. Several studies have 
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been performed looking at oxidative damage and its role in other neurodegenerative diseases such as 

AD. Examples of this research are within the field of redox proteomics, with primary works by Allan 

Butterfield [40, 56, 190, 209-211], namely the triangle of death which implicates mitochondrial 

dysfunction (Reported as a novel toxicity of L-DOPA [172]), oxidative stress and altered protein 

homeostasis as causes of neurodegenerative diseases [1].   

The presence of PB-DOPA in neurological proteomes could offer insight into disease states and identify 

previously uncharacterised proteoforms that may have pathogenic roles [33, 57, 133, 134, 136, 173, 

174, 177, 180]. Oxidative stress increases over the course of a neuronal cell’s life, accompanied by a 

decreased ability to deal with misfolded proteins [212]. It is also known that L-DOPA-containing 

proteins can form proteolytic resistant aggregates and possibly oligomers [12, 29, 32, 34-36, 58, 80, 

213-217], a prime example being alpha-synuclein containing L-DOPA [193].  

The previous chapter identified L-DOPA incorporation in a cell model and described a method for 

creating L-DOPA containing peptides from any proteomic sample. The present chapter aims to look 

for evidence for the incorporation of L-DOPA into proteins in healthy neuronal tissue while 

simultaneously looking at the formation of oxidised forms of phenylalanine (Ox-Phe) and methionine 

(Ox-Met). We also compare the level of amino acid modification in tissues from L-DOPA-treated PD 

patients against controls and identify which proteins contain these specific oxidative modifications. 

These data are essential to further assess if L-DOPA treatment results in an increase in the levels of 

PB-DOPA and if the modified proteins could have functional ramifications that could lead to increased 

neuronal toxicity. These results are also applicable to the study of oxidative stress in healthy neuronal 

ageing. To achieve these aims we reinterpreted publicly available data. The proteomics field has a long 

history of repository deposition of experimental data, making it feasible to explore other hypotheses 

without the need to obtain patient brain samples and generate data that would not be feasible in the 

time frame of a PhD candidature. 

4.2 Materials and methods  

4.2.1 Meta-analyses of online datasets for L-DOPA incorporation  

The proteomic data repository PRIDE DB was accessed, and complete projects were downloaded and 

analysed as per the original authors' parameters through PEAKS Studio but with the addition of 

variable modifications of oxidation of tyrosine, methionine and phenylalanine. The datasets used were 

PXD000561 “draft map of the human proteome” (Brain tissue subsection), PXD000427 “substantia 

nigra in Parkinson’s disease” and PXD008036 “Parkinson’s Olfactory Lobe Proteome” which also 

included the variable search of oxidation on aspartic acid, asparagine, proline, arginine, lysine, and the 

C-terminal of a protein. These datasets were analysed subsequently using excel, R and Graphpad Prism 
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9 to produce oxidation levels of amino acids and allow statistical analysis. STRING DB (outlined in 4.2.3) 

was used for biological network generation and analysis inferences with stringent cut-offs applied. All 

networks generated have an associated permanent link that can be accessed indefinitely.  

 

4.2.2 PEAKS software methodology 
To standardise the analysis of all datasets, a singular human UniProt SwissProt/KB proteome 

downloaded on 03/09/2017 was used (Appendix A_1). The database consists of all Uniprot accessions 

associated to the human proteome; this includes the trEMBL KB datasets and all validated isoforms 

with a valid protein count at 71,540. Utilising a large reference proteome gives a higher chance of 

identifying unique PTM’s by being able to identify isoforms that may contain unique PTMs. Proteomic 

analysis was performed in PEAKS Studio X Plus version 10.5. De novo sequencing was performed with 

confident identifications (>50% localisation score) used for a database search with the same 

parameters presented by each dataset with the addition of oxidised tyrosine (PB-DOPA) and oxidised 

phenylalanine (Ox-Phe). The output of this search was then subjected to an open PTM search using 

the 313 in-built modifications to identify other co-occurring PTMs which was used for the complete 

analysis. All peptide spectrum matches were filtered at a minimum FDR of 1% at the peptide level and 

a -10logP at the protein level (99% confidence equivalent for PEAKS protein outputs). 

4.2.3 STRING DB analysis methodology 
STRING DB is an analysis tool for functional enrichment of protein-protein interactions by network 

generation and contains information in the form of experimental interactions, in silico predictions and 

text mined interactions.  The use of STRING results in functional enrichment analysis by way of 

accessing and summarising biological information and ontologies as well as being able to summarise 

lists of proteins and presents them in a more visually informative diagram. Protein accession outputs 

from PEAKS Studio were cleaned to produce a compatible format for STRING multiple accession 

inputs. The lists of exclusive proteins were parsed into individual protein networks with the mapping 

to STRING items retained. Due to the redundancy and lack of experimental evidence for a large 

proportion of the proteins identified, not every protein identified can be analysed in the subsequent 

networks. Physical interaction networks were generated excluding text mining as a source for this 

analysis as the text mining feature does not provide a constructive network when exploring known 

interactions. Minimum confidence required for an interaction was set to “high confidence (0.700)” 

and the edges displayed were strength based. K-means clustering was applied to each network 

generated and was supervised for cluster number input per network. String ontology and biological 

mapping was created in an unsupervised manner with all results being statistically significant (p<0.05). 

Venn diagrams were generated using Bioinformatics & Evolutionary Genomics website[218]  
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 4.3 Results 

4.3.1 Human draft proteome reanalysis (Brain) 
With the advent of public repositories for the sharing of proteomics data, it has become possible to 

mine and reanalyse data acquired by other researchers whose experiments had a different focus, but 

samples analysed could potentially have of broader interest. One such dataset is the draft map of the 

human proteome [219], and this dataset was reanalysed for markers of oxidative damage and for the 

presence of PB-DOPA. This dataset is described as healthy control tissue, and it was used to set a 

threshold for PB-DOPA in a normal biological context. All associated project files and outputs can be 

found in Appendix 4_1. 

4.3.1.1 Overview of data 

The raw data files of the draft human proteome were downloaded and analysed using the settings 

listed in the publication [219], with the addition of oxidation of tyrosine (PB-DOPA) and the oxidation 

of phenylalanine (Ox-Phe). The analysis produced a total of 18,770 proteins identified with 7,148 

protein groups, from 196,403 peptides matching to 126,637 sequences (Table 1).  
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Table 1: Summary statistics of the reanalysed human brain proteome.  

 

 

Breakdown per original tissue sample is displayed. Columns: Scans refers to MS/MS scans and features here refers to features with an associated identification. Features are precursors 
identified with a signal.  Identified have associated matched information: peptide spectral matches PSMs, Peptides refers to the number of peptides whilst #seq (sequences) are the unique 
sequences identified. Protein Groups refers to matches of proteins that are indistinguishable, All proteins refers to matches regardless of distinguishing peptides and Top refers to the high 
confidence matches.

 

#Features Identified #Peptides #Seq #Proteins 

#PSMs #Scans #Features Groups All Top 

Total 3861299 918775 918775 613094 196403 126637 7148 18770 8454 

Adult Frontal Cortex 1 938290 187212 187212 131875 68052 47906 6664 17074 7817 

Adult Frontal Cortex 2 917040 245106 245106 163109 83832 71346 6924 18096 8165 

Adult Frontal cortex 3 822134 190447 190447 127283 62211 48016 6449 16535 7562 

Foetal brain one 850334 154343 154343 99229 65423 46720 6803 17463 8030 

Foetal Brain two 333501 141667 141667 91598 38634 30587 5471 13940 6364  
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4.3.1.2 Proteome oxidation level analysis 

Oxidative analysis was performed at the residue level, which was produced by identifying individual 

peptides containing the modified form of the amino acid relative to the total number of residues of 

that unmodified amino acid expressed as a percentage (Figure 3) (Appendix 4_1_2-A Supplementary 

file 1). Analysis of the oxidated amino acid levels of the human brain proteome displayed a range of 

values: PB-DOPA from 0.4% to 1.5% whilst the phenylalanine oxidation ranged from 0.6% to 1.5% and 

the methionine oxidation ranged from 14% to 70%. 

There was an experiment-wide high level of methionine oxidation but PB-DOPA and hydroxylated 

phenylalanine remained at less than two percent, while the high level of methionine oxidation is 

contrasted against chapter three where only ~25% of methionine’s were oxidised in the L-DOPA 

treated condition.  The ratio of PB-DOPA to Phe-Ox within individual peptides is only noticeably shifted 

towards PB-DOPA in the foetal brain 2 and equal in adult brain 1. Two different fractionation 

techniques were used in the generation of this data with adult brain 3 and foetal brain 2 subject to 

gel-based fractionation while the others used high pH reverse phase chromatography for sample 

fractionation. All samples besides adult brain 2 had greater than 40% oxidation with the adult brain 1 

having over 70% methionine oxidation. There is no clear pattern of increased methionine oxidation 

correlating with the formation of PB-DOPA or Ox-Phe.  
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Figure 3: Human proteome oxidation and PB-DOPA (Brain tissue subset). The modified residues as a percentage of total 

specific amino acid containing residues. This data set is a foundation for the human proteome analysis and its data is used 

across the field of proteomics. Evident here is a high percentage of methionine oxidation with varying levels of previously 

unidentified PB-DOPA and hydroxylated phenylalanine. Noted here is that the foetal brains that have not been exposed to 

long term environmental factors and have similar ratios to the adult brains.  

4.3.1.3.2 Identification of peptides containing PB-DOPA and Ox-Phe   

The peptide results file was filtered for protein sequences containing PB-DOPA and Ox-Phe. At the 1% 

FDR and Ascore >500, 650 peptides were identified as containing PB-DOPA (196,403 peptides were 

identified in total, see Table 1), and of these 631 were assigned to a protein’s accession number. The 

accessions were filtered for unique entries resulting in 577 matches mapped to the current UniProt 

repository, and all accessions were matched resulting in 570 proteins (due to merges in the human 

proteome), the complete annotated list of these can be found in Appendix 4_1_2-A (Supplementary 
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file 1 and intermediary files in 4_1_2-B) with associated gene ontology mappings. There were 824 

peptides containing Oxidised Phe, with 805 having accessions assigned, 671 unique accessions 

remained after filtering, matching to 662 active entries. These data were downloaded and added to 

the aforementioned Appendix 4_1_2-A (Supplementary file 1 and intermediary files in 4_1_2-B).

4.3.1.3.3 Analysis of peptides containing PB-DOPA and Ox-Phe

Accession lists for the stringently filtered peptides were used to generate a Venn diagram to 

demonstrate the overlapping protein accessions and to investigate if there are differences in the 

formation of each modification (Figure 4). This analysis has left multiple accessions from a single 

peptide intact as this is likely important information as selection of razor assignment or another 

abbreviation technique results in potential proteoform loss. Given the high redundancy of the FASTA 

database used, there is a potential for protein isoforms to possibly be in both unique sections (See 

section 4.2.2).

Figure 4: Venn diagram of PB-DOPA and Ox-Phe accessions (Protein identities) attached to peptide sequences containing each 

modification. PB-DOPA unique of 344, Ox-Phe of 438 and an overlap of 233. Total of 1,015 accessions.
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4.3.1.3.4 Proteins containing both PB-DOPA and Ox-Phe 

Network analysis was performed for the three Venn diagram sections. The overlapping 233 accessions 

mapped to 159 identities in STRING as seen in Figure 5 (permalink: https://version-11-5.string-

db.org/cgi/network?networkId=btpkvD2aRk5C ). Based on a physical component network analysis, 

the tubulins and actins are central to the network of overlapping oxidised proteins. A large number of 

these proteins were annotated to be either extracellular by way of vesicle or exosome (123). 

Mitochondrial annotations made up 35 (22%) of the identities with several of these implicated in 

Parkinson’s and other neurodegenerative diseases which is likely a function of the tissue type itself.  

Proteins of interest include myelin basic protein (MBP), myelin proteolipid protein (PLP1), thioredoxin-

dependent peroxide reductase (PRDX2) and three solute carriers (SLC1A2, SLC25A4, SLC25A6) which 

are responsible for the transport of excitatory amino acids and ATP/ADP exchange. Three heat shock 

proteins were also found to be common to both forms of oxidation (HSPA8, HSP90AA1, HSP90AB1). 

https://version-11-5.string-db.org/cgi/network?networkId=btpkvD2aRk5C
https://version-11-5.string-db.org/cgi/network?networkId=btpkvD2aRk5C
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Figure 5: Proteins containing both PB-DOPA and oxidised phenylalanine. Red: 70 identity cluster containing tubulin proteins, 

solute carriers, heat shock proteins with other chaperones, Thioredoxin-dependent peroxide reductase and other 

mitochondrial proteins involved in ATP synthesis. Green: Cluster with 55 identities containing actin proteins, calmodulins and 

enriched for vesicles at the cellular location (42). Blue: Cluster with 34 identities containing mostly extracellular exosome 

annotation (21), mitochondrial proteins involved in metabolism including glycolysis, gluconeogenesis and the TCA cycle.
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4.3.1.3.5 Proteins exclusively containing PB-DOPA 

Network analysis of the proteins mapped from the PB-DOPA exclusive accessions was performed, 

resulting in 229 matches with the central clustering being histones and the ubiquitin-proteasomal 

system (Figure 6). (permalink: https://version-11-5.string-

db.org/cgi/network?networkId=birlUaFdZV9U). Enrichment analysis identified the majority of 

proteins being involved in cellular component organisation and/or biogenesis, with a fraction in ATP 

metabolic processes and cellular protein complex assembly. The majority of the proteins identified 

had two major roles with either being in protein binding (139) or the RNA binding (192). Proteins were 

annotated to mainly extracellular exosome/space/region or vesicle, with several KEGG pathways 

identified including: systemic lupus erythematosus, Parkinson’s disease, amyotrophic lateral sclerosis 

and prion disease. Of the proteins identified, a pubmedID (27448508) was enriched for with 14/79 

identities found, and this publication identified aggregated proteins that can be used to distinguish 

AD hippocampus samples from normal controls [220]. Myelin basic protein was identified within this 

analysis from an alternative identifier to the overlapping analysis above. The interacting groups of 

proteins forming the majority of identities in the three clusters (43) are annotated to be part of the 

mitochondrion.  

 

https://version-11-5.string-db.org/cgi/network?networkId=birlUaFdZV9U
https://version-11-5.string-db.org/cgi/network?networkId=birlUaFdZV9U
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Figure 6: Protein's containing PB-DOPA based on unique identifiers. A total of 433 identifiers matched to 229 proteins upon 

STRING analysis. Green: 102 identities, mapping to central nervous system disease (21), extracellular exosome (49), nine 

identities mapping (9/79) to proteins that can be used to distinguish AD aggregates from healthy control. Blue: 74 identities, 

mapping to extracellular exosome and synapse/ cell junction, immune system proteins and binding proteins. Red: 53 identities 

mapping to mitochondrial key proteins involved in oxidative phosphorylation and NADH respiratory chain.



63 
 

4.3.1.3.6 Proteins exclusively containing Ox-Phe 

Protein accessions from Ox-Phe only peptides resulted in 313 matches in STRING (Figure 7). The String 

network has central clustering of heterogeneous nuclear ribonucleoproteins, ribosomal and T-

complex proteins (permalink: https://version-11-5.string-

db.org/cgi/network?networkId=bi4L6LuMRs0N). The majority of the protein’s biological process 

categories are cellular component organisation or biogenesis (177) with an extensive list of processes 

that compose the majority of cell functions. KEGG pathways with the lowest false discovery rate 

included dopaminergic synapse proteins (20/128) and a series of synapse specific proteins. Disease 

associated gene annotations included disease (148) with sub-terms of anatomical identity (114), 

nervous system disease (64) and neurodegenerative disease (23). Cellular component ontology 

enrichment included extracellular vesicle (123), cytosol (193), vesicle (162), mitochondrial (37) and 

exosome (121) with the majority being cytoplasmic (276).  

  

https://version-11-5.string-db.org/cgi/network?networkId=bi4L6LuMRs0N
https://version-11-5.string-db.org/cgi/network?networkId=bi4L6LuMRs0N
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Figure 7: Network analysis of proteins containing only Ox-Phe containing peptides, 313 identities matched out of 438 supplied. 

Red: 82 identities mapping to extracellular vesicle (27) ribonucleoprotein complex (14) and organelle (75). Proteins involved

in Prion disease including Heat shock proteins were also within this cluster. Yellow: 77 identities mapping to several 

oxidoreductase complex members, Peroxiredoxin isoforms 1 2 5 and linked interactor PARK7. Green: 72 identities including 

ribosomal proteins, chaperones and enriched for extracellular vesicle (36). Blue: 82 identities of a highly interconnected 

cluster. Biological processes enriched for include signalling (62) and vesicle mediated transport (39). Mapping KEGG pathways

included synaptic pathways for Serotonergic, cholinergic, glutamatergic, dopaminergic synapses and several other neuronal 

signalling-based pathways.
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4.3.2 Analysis of substantia nigra from Parkinson’s patients’ and control patients’ (TMT dataset: 

PXD000427) 
Analyses of a publicly available dataset (PXD000427) was performed utilising PEAKS software. The 

dataset consisted of substantia nigra samples from three healthy controls (70M, 61F, 87F) and from 

three Parkinson’s disease patients (73M, 79M, 85F). All associated project files can be found under 

Appendix 4_2, including entire Peaks project with subsequent analyses. The analysis resulted in the 

identification of 17,247 peptides and 6,609 proteins with 2,579 indistinguishable protein groups (Table 

2), whereas the original publication alongside this dataset reported the identification of 1,795 protein 

groups. The increase in protein identification is likely a function of the Peaks studios de novo 

sequencing power and is not in dispute of the initial publication’s findings.  The average age for the 

control patient group was 72.7 ± 13.2 (standard deviation [SD]) and for the Parkinson’s group 79± 6 

years, who had a disease duration range of 2-16 years. Post mortem intervals were 24 ± 11 hours (SD) 

for control and 18.7 ± 10.1 for Parkinson’s disease.  

Table 2: Overview of dataset produced by reanalysis of PXD000427.  

  Total 

#Scans  
MS1  94645 

MS/MS  175638 

#Features  507952 

Identified  

#PSMs  61049 

#Scans  61049 

#Features** 33519 

#Peptides  17247 

#Sequences  16097 

#Proteins*  

Groups  2579 

All  6609 

Top  3139 

 

Columns: Features are precursors identified with a trace. Scans refers to spectra generated at the MS1 and 

MS/MS levels and Features here refers to features with an associated identification.  Identified have associated 

matched information: peptide spectral matches PSMs, Peptides refers to the number of peptides whilst 

sequences are the unique sequences identified. Sequences are stripped sequences supported by peptides 

regardless of modification. Protein Groups refers to matches of proteins that are indistinguishable, all proteins 

refer to matches regardless of distinguishing peptides and Top refers to the high confidence matches. 
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Quantitative analysis of this dataset was hampered by the data curator not providing the lot number 

of the TMT labelling kit to allow isotope purity correction. Applying a 1% adjusted FDR and stringent 

filtering resulted in only one protein being significantly differentially abundant and it was alpha-1-

antitrypsin at a ratio of 0.46 to the control expression. The quoted publication set the analysis as using 

a log2 fold change of 1.35 as the threshold for differentially expressed proteins, and further to this 

normalisation was performed based on the mean with CVs assessed based on an internal standard, 

which allowed the assessment of sample variability. The original paper lists 204 proteins as statistically 

significantly changing. The analysis performed used similar cut offs as presented by the initial paper, 

with a -10logp of the p-value of 20 was equalling a p-value of 0.01, two unique peptides used for 

quantification and a peptide level FDR of 1%. Manual interpretation of the LacB spike protein intensity 

used as a normalisation candidate confirmed no dramatic variation as reported by the original authors 

and as such the standard TIC method was used for normalisation in Peaks Studio. Quantitative analysis 

using the authors defined cut-off identified the housekeeping protein glycerol-3-phosphate 

dehydrogenase as being upregulated in Parkinson’s as well as a subunit of ferritin and aquaporin 

(Table 3). Proteins decreased in abundance included the alpha anti-trypsin protein and, of Parkinson’s 

biological significance, tyrosine 3-monooxygenase, the enzyme responsible for the conversion of 

tyrosine to L-DOPA. Several of the proteins found to be differentially abundant are found in circulating 

plasma and are highlighted in red font, this is important as blood contamination is a known issue in 

proteomic preparation as the protein content is greater than that of tissues. The primary component 

human albumin was not found to be differentially abundant, if contamination by blood had occurred 

it is likely that protein albumin would also vary in the same manner as the identified blood 

components. The lack of statistical difference in the amount of quantified albumin must be interpreted 

with caution as proteins that dominate the ion population are difficult to quantify, due to ion 

suppression and dynamic range factors.  
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Table 3: Proteins of differential abundance in the substantia nigra of Parkinson's patients versus healthy age-

matched control patients.  

Descriptions in red are circulating blood components, a small non-statistically significant change in abundance 

of human albumin (ratio of 0.95 in PD relative to control). *Ferritin was indicated as being expressed by glial cell 

populations within the original manuscript 

  

Accession Significance -10lgP Ratio Parkinson's #Unique Description 

P21695 20.63 141.1 1.62 8 Glycerol-3-phosphate 

dehydrogenase [NAD(+)]  

cytoplasmic  

P02792 23.11 143.3 1.61 7 Ferritin light chain*  

V9PBN7 22.19 173 1.49 16 Aquaporin 4 isoform delta4  

P55087 22.19 173 1.49 16 Aquaporin-4  

P02675 20.57 143.3 0.66 5 Fibrinogen beta chain  

D6REL8 20.57 104.2 0.66 3 Fibrinogen beta chain  

C9JEU5 24.58 164.2 0.6 9 Fibrinogen gamma chain  

P02679 24.58 164.2 0.6 9 Fibrinogen gamma chain  

C9JC84 24.58 164.2 0.6 9 Fibrinogen gamma chain  

C9JPQ9 24.58 83.19 0.58 2 Fibrinogen gamma chain 

(Fragment)  

C9JU00 24.58 83.19 0.58 2 Fibrinogen gamma chain 

(Fragment)  

P07101 39.45 165 0.55 9 Tyrosine 3-monooxygenase  

P01834 40.24 166.6 0.54 6 Immunoglobulin kappa 

constant  

P02671 33.05 154.2 0.53 5 Fibrinogen alpha chain  

P02763 23.57 126.8 0.49 2 Alpha-1-acid glycoprotein 1  

P01009 68.84 201.6 0.46 18 Alpha-1-antitrypsin  

A0A024R6I7 68.84 201.6 0.46 18 Alpha-1-antitrypsin  

P00738 25.88 192.1 0.45 2 Haptoglobin  

J3QLC9 25.88 187 0.45 2 Haptoglobin (Fragment)  

H3BS21 25.88 139.7 0.45 2 Haptoglobin (Fragment)  

J3KRH2 25.88 126.8 0.45 2 Haptoglobin (Fragment)  

J3KSV1 25.88 98.86 0.45 2 Haptoglobin (Fragment)  

J3QQI8 25.88 98.86 0.45 2 Haptoglobin  

H3BMJ7 25.88 98.86 0.45 2 Haptoglobin  

A0A0G2JRN3 68.84 191.4 0.44 16 Alpha-1-antitrypsin  

G3V2B9 68.84 115.1 0.41 5 Alpha-1-antitrypsin 

(Fragment)  



68 
 

Analysis of the quantitative PSMs (Peptide spectral matches with reporter ion measurements) from 

the dataset was performed for peptides containing an Ascore of 1000 for each modification generating 

a ratio of area in the Parkinson’s samples to control (Figure 8). The number of PSMs identified for Ox-

Phe was 91, 65 for PB-DOPA and 509 for oxidised methionine. Analysis of the means revealed no 

statistical difference across all three modifications in comparison to control (ratio of reporter ions).   

 

Figure 8: Tukey boxplot representing the quantitative amount of each oxidation site in PD relative to the control. No statistical 

difference in the means were found (students t-test). The number of PSMs used for each analysis were 509 (Oxidised 

Methionine), 65 (PB-DOPA) and 91 (Oxidised Phe). 
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4.2.2.1 Peptide centric analysis of proteins containing PB-DOPA and Ox-Phe

Analysis of peptides containing confident Ascores of 1000 was performed (Ascore is an ambiguity 

score developed for phosphorylation site localisation, it is a -10logp, with 1000 being the highest 

assignable certainty [221] ) for PB-DOPA and Ox-Phe, resulting in the identification of 46 peptides 

containing PB-DOPA, 47 containing oxidised phenylalanine and a further overlapping 10 peptides 

containing confident assignment of both modifications. Analysis of the peptide’s protein assignments 

resulted in 111 PB-DOPA, 126 Ox-Phe and 31 dual mapped accessions which were then used to 

generate a Venn diagram (Figure 9). All data for this section can be found in (Appendix 4_2_2-C: 

Supplementary file 1). 

Figure 9: Venn diagram of proteins containing PB-DOPA and Ox-Phe from the PXD000427 PD-TMT dataset. This was created 

using all accessions mapping to all peptides for each respective modification.

Network analysis was performed for the proteins containing both Ox-Phe and PB-DOPA, with 48 

accessions mapped to 24 STRING identities (Figure 10). The majority of the proteins were structural 

proteins including tubulins, actin and the myelin proteins (PLP1 and MBP). The strongest enriched 
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term for location was the internode region of the axon (2), dense body (2) and the myelin sheath (4). 

Enriched biological processes included; substantia nigra development (3) with the identities being 

PLP1, MBP and actin cytoplasmic 1 (ACTB). (Permalink: https://version-11-5.string-

db.org/cgi/network?networkId=bIsj3ujegYw3) 

Figure 10: STRING network of proteins annotated to contain both PB-DOPA and Ox-Phe. The 48 unique accessions were 

mapped to 24 string identities with the majority being tubulins. Blue: Parkin-ubiquitin proteasomal system pathway 

(WP2359). Red: Substantia nigra development (GO:0021762). Green: Myelin sheath (GO:0043209).

Network analysis was performed using STRING DB with the 63 unique accessions mapping to 27 

identities (Figure 11). (Permalink: https://version-11-5.string-

db.org/cgi/network?networkId=bjyBq6o9PJlJ). This network contained a central node of heat shock 

protein 90 alpha with an interaction cluster involving haemoglobin (HBB), and this core cluster is 

annotated to be chaperone mediated autophagy (HAS-9613829) which indicates that these proteins 

containing both modifications are exposed to oxidative damaging conditions.  Several proteins 

involved in hydrogen peroxide catabolism and KEGG disease pathways (Parkinson’s, Prion, 

Amyotrophic lateral sclerosis) were also identified. Myelin proteolipid protein was also identified as 

containing PB-DOPA by a unique accession and is a protein involved centrally in multiple sclerosis. 

https://version-11-5.string-db.org/cgi/network?networkId=bIsj3ujegYw3
https://version-11-5.string-db.org/cgi/network?networkId=bIsj3ujegYw3
https://version-11-5.string-db.org/cgi/network?networkId=bjyBq6o9PJlJ
https://version-11-5.string-db.org/cgi/network?networkId=bjyBq6o9PJlJ


71

Figure 11: STRING network generated from PB-DOPA accessions that were not mapped to contain Ox-Phe. Network contains 

27 mapped identities. Pink: Chaperone mediated autophagy (4). Red: Hydrogen peroxide catabolic process (5). 

Yellow/Blue/Green:  Amyotropic lateral sclerosis, prion and Parkinson’s disease. 

Network analysis was performed using the 78 oxidised phenylalanine exclusive accessions matching 

to 31 identities within STRING (Figure 12). (Permalink: https://version-11-5.string-

db.org/cgi/network?networkId=bypPaRm1p31v)  A central tubulin interaction network was identified 

and the structural myelin basic protein (MBP) identified by a unique identifier, which is the protein 

involved in multiple sclerosis. The majority of the network proteins were annotated to be exosomal 

proteins and several neurodegenerative disease pathways were also enriched due to the tubulin core. 

Figure 12: STRING network of proteins annotated to containing Ox-Phe by unique accession, 31 identities mapped from 78 

accessions. Yellow: Extracellular exosome (#18). Blue: Parkinson’s disease (#9, hsa05012). 

https://version-11-5.string-db.org/cgi/network?networkId=bypPaRm1p31v
https://version-11-5.string-db.org/cgi/network?networkId=bypPaRm1p31v
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4.3.3 Olfactory proteome: analysis of label-free quantitative dataset 
Olfactory dysfunction precede the more pronounced symptoms of movement issues in Parkinson’s by 

several years, as such it is a primary candidate for identification of biomarkers that could allow earlier 

diagnosis. Analysis of the Olfactory LC-MS/MS dataset resulted in the identification of 3,818 protein 

groups (12,143 proteins) with 34,191 sequences, 47,049 peptides and 913,928 PSMs. Individual 

samples reproducibly identified similar numbers of peptides and proteins across the sample set 

(Appendix 4_3). The analysis of PXD008036 for oxidation levels on peptides and at Met, DOPA and Phe 

residues produced no significant differences for any modification (Figure 13). The small number of 

control samples included in this dataset provides a small statistical power. The range of oxidation for 

methionine and phenylalanine are wider than that of the control, and further investigation of 

underlying factors that could be affecting these levels are explored below.  

 

Figure 13: Boxplots of percentage modification compared at the peptide level (left) and the residue level (Right). PB-DOPA is 

compared against tyrosine residues or peptides. No statistical difference was determined between the controls and 

Parkinson’s samples at any of the modification sites or at either the peptide or residue level. Three controls and 21 Parkinsons 

samples were included in this dataset. 

Investigation of the relationship between post-mortem interval and amino acid oxidation produced 

no significant correlations for any of the three amino acid modifications. The three control brains used 

in this dataset contained pathologies that have influenced the levels of protein damage in group 
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comparisons; C008 was a female aged 93 that had “age-related changes”, C048 had “microvascular 

pathology”, and C064 had “cerebellar infarcts”. The high level of C048/46 hydroxylation may be 

incompatible with use as a negative control.  

Site specific modification is displayed for peptide (Figure 14) and residue (Figure 15), and the three 

controls displayed a distribution across the entire range of samples recorded for the Parkinson’s 

samples. Sample C008, C048 and C064 had an increase in post mortem interval and demonstrate an 

increase in Ox-Phe and PB-DOPA relative to the PMI, which called for correlation analysis of the 

underlying clinical variables (see following page). Assessing the modification at the peptide and 

residue level identifies a similar pattern in the Ox-Phe/PB-DOPA levels across all samples, albiet at a 

lesser level indicating that singular peptide modifications are more likely than multi-site modificaitons. 

There was an observered variation in the Ox-Met for PD-295/PD-423 suggesting that a peptide may 

have more (PD423) or less oxidation (PD295)  at multiple methionine positions. 

 

Figure 14: Percentage of modified peptides relative to peptides containing the amino acid site for modification. A high 

variability is observed, the control samples (C008, C048, C064) range from lowest to highest percentage for both Ox-Phe and 

PB-DOPA. Their appears to be no relationship of PD and PD-DOPA percentage, but low sample size may play a factor. 
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Figure 15: Percentage of modified residues containing the amino acid site modification compared to all sites of that amino 

acid. Residue level analysis displays a similar profile to the analysis performed at the peptide level, two measurements do not 

follow a similar trend which is samples PD-295 and PD-423 which both display a different Ox-Met status.  
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Correlation analysis was performed for the clinical information supplied alongside the dataset, 

including post mortem interval (PMI), disease onset age and disease duration and these were 

compared against levels of PB-DOPA, Ox-Phe and Ox-Met. The two groups were analysed separately. 

The Pearson’s correlation analysis (Figure 16) and two tailed t-tests were performed at a 95% 

confidence interval with some correlations having statistical significance including: Y_by_residue and 

F_by_residue, age and onset and duration and onset.  

 

Figure 16: Pearson’s correlation analysis of Parkinson’s sample attributes against oxidation sites by residue (Y= PB-DOPA, M= 

Ox-Met, F= Ox=Phe). Oxidation of Phe and Tyr were positive correlated with a p value of 0.017. Onset and age were positively 

correlated with a p-value of 2.87E^-05 and duration and onset negatively correlated with a p-value of 3.62E^-05. Duration = 

length of time diagnosed with PD. Onset = age of disease onset. 
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Correlation analysis was performed on the controls separately from the Parkinson’s samples to 

prevent interference of disease state in the underlying analysis (Figure 17). Strong positive correlation 

was observed for oxidation on tyrosine by residue (PB-DOPA) and the oxidation of phenylalanine by 

residue, with a p-value of 0.002. Strong negative correlation was observed between Age:PB-DOPA (p-

value:0.018) and Age:Ox-Phe (p-value:0.016).  

 

Figure 17: Pearson’s correlation analysis of control sample attributes against oxidation sites by residue (Y= PB-DOPA, M= Ox-

Met, F= Ox=Phe). PB-DOPA and Ox-Phe were positively correlated with each other with statistical significance and age 

negatively correlated against both of these.  
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Peptide centric analysis was performed to determine the presence of PB-DOPA and Ox-Phe, and there 

was only a single peptide sequence meeting the cut-off criteria that contained a single site of PB-DOPA 

on a sequence in the control group, K.TY(+15.99)SWDNAQVLLVGNK.C, mapping to Ras-related protein 

Rab-3A (P20336), which plays a role in regulated exocytosis and secretion. Given the decreased 

spectral quality across the entire dataset (manual interpretation) and the lack of modifications 

assigned as exclusive to a condition, further analyses were not performed.   

4.4 Discussion 
In chapter three, the presence of L-DOPA as a protein constituent was established following treatment 

of a human neuronal cell line with L-DOPA, and changes to the proteome were identified consistent 

with oxidative damage to proteins. The present chapter aimed to assess the presence of L-DOPA and 

Ox-Phe in human samples as a baseline occurrence and to investigate if there is a shift towards 

increased L-DOPA over Ox-Phe in PD tissues that would be consistent with incorporation of L-DOPA 

into proteins. Data open access requirements alongside publications has allowed researchers to re-

analyse and interpret datasets further, extending the usability of high-quality experiments and 

investigation of alternative hypothesis, referred to as making data access Findable, Accessible, 

Interoperable, and Reusable (FAIR) [222]. Herein we have reanalysed three datasets for their oxidation 

profile, the first being the human draft proteome’s brain samples [219], then a TMT substantia nigra 

Parkinson’s vs control dataset [44], and finally a label free proteomic analysis of the olfactory lobes of 

healthy controls and Parkinson’s patients [223]. The choice of these three datasets was made on a 

biological and technical basis, the initial human dataset providing a baseline for studies of human 

proteome research. The substantia nigra TMT dataset was used as it encompassed clinically relevant 

samples and utilised what is normally the most quantitatively accurate method of untargeted shotgun 

proteomics [224]. Finally, the olfactory lobe analysis was chosen after the TMT dataset produced no 

unique peptides containing L-DOPA and was a label free methodology. All three datasets were from 

fresh frozen brains rather than formalin fixed tissues.  

4.4.1 Human draft proteome reanalysis (Brain) 
The draft map of the human proteome utilised extensive fractionation to delve further into the 

proteome than had ever been attempted before, providing evidence for the existence of a large 

amount of the predicted proteome, and this data was the cumulation and foundation for proteomic 

studies resulting in advances in tools and is still an ongoing pursuit today [225]. The brain subsection 

of the dataset was analysed, containing three adult frontal cortices and two foetal brains. Reanalysis 

of this dataset was performed using open PTM searching in the PEAKS Studio software which provides 

a depth of information that has not been published to date on this dataset. This is also the first 

interrogation of aspects of the oxidative state of the samples that has been performed. It is known 
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that post mortem interval can affect tissues and result in oxidative damage [226], but given there is 

no reported PMI for these samples, it is not possible to derive this impact beyond a statement in the 

paper referring to these samples as being a part of a rapid sample acquisition program that aimed to 

decrease these effects [219]. Furthermore, oxidation can occur during sample preparation further 

hampering analysis of oxidative modifications [227].  

4.4.1.1 The draft human proteome as a model dataset  

The proteomic depth achieved in this landmark study was revolutionary at the time and still to this 

day has achieved a depth rarely seen. Given that these samples were chosen because of their 

histologically normal status it was intended that this dataset would provide a baseline measurement 

of what could be expected for the basal levels of PB-DOPA in neuronal tissues as well as identify 

general changes to the oxidative status of proteins. Our results indicated extensive oxidation had 

occurred in all samples. With the exception of adult brain 2, the methionine oxidation level was over 

40%, with adult brain one having 70% of methionine residues oxidised, a high level of oxidation similar 

to that observed in chapter three (Steele et al, 2021. Figure 3 [228]) upon the enzymatic conversion 

of samples rather than in the biological treatments. Methionine oxidation levels can be used as a 

measure of the general oxidation status of a sample and can be attributed to both in situ biological 

sources [210] and also sample preparation artefacts [229]. The range of PB-DOPA was between 0.4% 

to 1.5% of tyrosine residues and similarly the range of oxidised phenylalanine was between 0.6% and 

1.5% of phenylalanine residues, which are equivalent to the ranges observed in Chapter Three within 

the biological experiments (Chapter Three: Figure three). These results suggest that these 

modifications are maintained at a low level and are less susceptible to oxidative modification during 

proteomic analyses. The relatively low percentages of total PB-DOPA does indicate the need for an 

enrichment method to better identify these species in future analyses. As discussed in Chapter Three, 

low abundance modifications are not readily detected and the level seen here is less than 

phosphorylated protein concentrations which are routinely analysed using enrichment methods.  

The ratio of PB-DOPA to oxidised phenylalanine may be an important metric in understanding whether 

incorporation or oxidative stress has resulted in the formation of PB-DOPA. The present data indicates 

that hydroxyl attack on phenylalanine occurs at a rate similar to that on tyrosine, with the methionine 

oxidation level inferring the general oxidative state. The results indicate a varying degree of PB-DOPA 

presence compared to Ox-Phe, however there was a general trend showing that increased levels of 

methionine oxidation correlated with an increase in both Phe and Tyr oxidative modifications. Given 

that these are histologically normal samples, the shifts in the PB-DOPA ratio may not reflect a 

pathology and inform a possibility that this level of variability between individuals is biologically 

normal. Also, given the extreme level of methionine oxidation observed (as compared to the biological 
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treatments in chapter three, Figure 3), there appears to not be a similar dramatic increase in the 

oxidation state of tyrosine or phenylalanine suggesting these modifications may be a more stable 

representation of what is a biological profile of oxidation. Furthermore, as methionine is a key free 

radical scavenger in the proteome it is more susceptible to modification [230] due to it containing 

sulphur, similarly cysteine also contains sulphur and its di-sulphide bridge formation can be 

interrupted causing protein structural changes [231, 232]. 

The absence of well-defined sample history also affects the ability to draw any information about 

whether these samples are healthy or affected to different degrees by ageing as it has been noted 

previously that age related declines result in oxidative stress in the brain [203]. This is a drawback of 

re-interpretation of public datasets as a large amount of sample information is missing, not just the 

history of clinical samples but also omitted steps of sample processing and acquisition.  

The possible reasons for the large degree of methionine oxidation and the variability of these levels 

could be the manner in which the samples were fractionated, with two of the samples fractionated by 

gel-based electrophoresis showing a higher level of oxidation of phenylalanine then PB-DOPA while 

having a similar amount of oxidised methionine. The electrophoretic buffers may have been 

responsible for the high levels of oxidation as they contained 100mM DTT and were run for a long 

electrophoretic time. A way to ensure this does not happen in gel-based separation is to use 

thioglycolate as a free radical scavenger in the cathode solution [233]. Other sources of non-biological 

oxidation may be the amount of acid contained in the loading buffers and the time that samples were 

waiting to be acquired in an autosampler of the LC-MS/MS system or time spent digesting with trypsin. 

In this particular dataset no steps were taken to reduce or prevent sample oxidation, which brings into 

question the validity of re-interpretation of certain datasets and sets a benchmark that samples should 

be processed in a universal manner when comparing oxidative status. 

Given the possible dual source of oxidation within a sample, either by biology or sample preparation, 

there has been recent work in which the proteome was artificially oxidised using heavy hydrogen 

peroxide [229, 234], similar to the objectives of chapter 3. This may prove a viable way to analyse the 

proteome by artificially converting the sample to have the heavy oxidation in unmodified peptides, 

allowing relative quantitation against the biologically modified species within a single scan, as the two 

isobaric species will have the same retention time properties [229]. The application of comparing 

isobarically labelled peptide species produces highly accurate information and is the foundation for 

TMT based quantification [235]. In the same manner it may be possible to employ the tyrosinase 

conversion procedure developed in the previous chapter under heavy oxygen atmosphere, as the 

conversion procedure consumes oxygen dissolved within the buffer and performing the procedure by 
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bubbling through heavy oxygen will result in isobaric species that now have PB-DOPA that can be 

compared to natively occurring PB-DOPA containing ‘light’ oxygen to study a relative species ratio (see 

chapter three for further explanation).  

4.4.1.2 Network analysis of proteins containing PB-DOPA and Ox-Phe 

In order to understand the pathways that could be affected through oxidation of specific proteins, 

network analysis was performed. Proteins localised to parts of the cell that produce ROS are more 

likely to be modified; these include proteins in and around the mitochondria as well as those 

associated with peroxisomes/lysosomes [236]. As observed in Figure 4 was a similar number of 

proteins identified as exclusively containing either PB-DOPA (344) or Ox-Phe (438), the overlap being 

large at 233 protein accessions which suggests basal levels of modification and the potential that these 

proteins can be considered as housekeeping in subsequent study analyses.  

4.4.1.2.1 Network analysis of proteins containing both PB-DOPA and Ox-Phe 

While protein oxidation during sample processing was possible in the samples analysed, it is likely that 

some protein oxidation would also have occurred in vivo. In these control samples the proteins found 

to contain both PB-DOPA and Ox-Phe are likely to be a product of oxidative stress since exogenous 

DOPA has not been supplied. The central network consists of the tubulin and actin proteins of the cell, 

with most of the proteins identified being annotated as vesicle or extracellular vesicles in location. The 

localisation of proteins to be packaged or extracellular is likely a reflection of proteins that are found 

exported from the cell and are more likely to contain damaged residues by ROS attack [237] especially 

in the extracellular space and mitochondria [238] or in association with the lysosome [106]. Some of 

the proteins found to be common are proteins related to disease including the myelin basic protein 

and proteolipid protein (MBP, PLP1), both of which are involved in multiple sclerosis, an autoimmune 

disease characterised by the destruction of the myelin sheathing of the CNS, and modification of the 

protein structure by such PTMs may form antigenic species [85, 86, 239, 240]. Proteins found to have 

both PB-DOPA and Ox-Phe included thioredoxin-dependent peroxide reductase which is primarily 

responsible for the reduction of hydrogen peroxide, the primary oxidative radical [241]. Cellular 

structural proteins such as actin and tubulins are modified in both ways and this could be due to the 

long-lived nature of the protein structures accumulating the ROS damage over time. These structures 

may be considered markers of oxidative attack and are possibly affected by post-mortem decay of the 

cell and the release of mitochondrial oxidative potential upon the cell death. It is also known that 

tubulins participate in thiol based redox reactions with the protein glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). In experiments by Landion et al (2014) [242] it was found that tubulin 

reduced oxidised cysteines by 50% on GAPDH. 
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4.4.1.2.2 Network analysis of proteins exclusively containing PB-DOPA  

Analysis of the DOPA containing proteins (Figure 6) identified histones as being the centre of the 

network and linked to the ubiquitin-proteasomal system (UPS). The proteins involved in the UPS are 

inherently more likely to be modified by ROS attack, as such future analyses should discount these for 

misincorporation based PB-DOPA unless stable isotope L-DOPA is supplied in vitro [57, 66, 87, 108, 

124, 164, 172, 208]. The majority of proteins identified are found to be to be binders of either protein 

or RNA, suggesting that these proteins are more likely to be coming into contact with other 

biomolecules across the cell, leading to more chance of interaction with ROS species.  The likelihood 

of mitochondria-related proteins containing more oxidised or PB-DOPA proteins has been reported 

previously by our laboratory upon treatment of neuroblastoma cells with exogenous L-DOPA, resulting 

in up regulation of the endosomal-lysosomal degradation and a decline in mitochondrial function [105, 

107, 108, 123, 164, 170, 172], which may become exacerbated upon death. As reported above, two 

of the adult brains (Adult 1 and 3) had a large amount of PB-DOPA and Ox-Phe in comparison to the 

other samples and this may be a function of the donor’s age. The annotation to extracellular space for 

many of the proteins further reinforces that some of these proteins may be undergoing oxidative 

attack in the extracellular space or conversely are exported to the extracellular space after damage.  

Myelin basic protein was identified again in the PB-DOPA exclusive dataset by a unique accession, as 

multiple accessions represent the protein (splice variants/isoforms). The inclusion of these variants is 

justified as unique sequences that may define a particular isoform may contain a modification that 

otherwise would have been missed, and in this case, we can consider the different identities to be 

representative peptidoforms. Utilising the abbreviated and non-redundant SwissProt database may 

produce a more simplistic identification result for use in quantitative studies, but by doing this a large 

number of proteoforms are missed and this further hampers the identification of PTMs/MiPs as 

sequences that contain these modifications may not have been included. This information is utterly 

essential in moving forward as a field and when performing peptide centric MiP/PTM analyses as the 

specific proteoforms may be the disease trigger in proteinopathies [228, 243, 244].  

4.4.1.2.3 Network analysis of proteins exclusively containing Ox-Phe 

The proteins containing Ox-Phe are formed by hydroxyl attack on phenylalanine post protein synthesis 

[208], and these proteins are likely to be found in regions of the cell that are exposed to high levels of 

oxidative stress or free radicals [208], with a third option being partial degradation inside of lysosomes 

or faulty accumulation [245]. Of the proteins identified to contain Ox-Phe, an over representation of 

proteins involved in the movement of cargo through the cell was identified. This, along with the 

statistical enrichment for proteins localised to synapses of different types including dopaminergic and 

exosomes, suggests that oxidised proteins are likely originating in cells involved in neurological 
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signalling and are linked to the signalling processes themselves. The identification of oxidised 

dopaminergic synaptic proteins, also suggests that these regions of the brain are producing more 

oxidative potential during the neuron’s life and post mortem which is possibly due to higher 

intracellular quinone synthesis [246, 247]. The release of catecholamines into synaptic clefts is a 

possible source for oxidation of the exosome associated proteins, making proteins separate from this 

environment resulting in more profound changes to cell status and should be considered a significant 

perturbation.  The secreted proteins containing oxidative damage provides evidence that these 

proteins are being distributed throughout the brain, and if these are indeed toxic proteoforms the 

propagation could be leading to neurodegenerative state  [32, 36, 215-217, 234, 248-256]. 

4.4.1.3 Summary of findings on the human proteome 

Despite these samples being considered healthy controls by the study’s authors, several hundred 

proteins were found to contain PB-DOPA and Ox-Phe. Due to the unknown underlying nature of post 

mortem intervals and the age of the brain tissue, it is hard to unravel what factors contribute to the 

oxidation at these sites. Within this dataset an exceptionally high level of oxidised methionine was 

observed when compared to chapter three [228] and the olfactory dataset (section 4.3.1,  Figure 13). 

This high level of oxidation suggests that the sample processing methods contributed to the sample’s 

oxidative status, and controlling for this is required in further PB-DOPA analysis especially when 

assessing the validity of other published data.  

Given the confounding nature of the high levels of oxidation of the samples, it is hard to place a fixed 

basal value on the oxidative/PB-DOPA state of the human neuronal proteome which was the aim of 

the analysis. However, given that the ranges in the amount of PB-DOPA/Ox-Phe does not scale 

proportionally with the methionine level, it is possible that these results are valid but do call for further 

analyses of other datasets. Analysis of a dataset that have a fixed processing method for all samples 

is needed to understand if Parkinson’s disease and L-DOPA supplementation have an effect. 

Regardless of the aforementioned increase in oxidised methionine levels, the amount of PB-DOPA and 

Ox-Phe are reinforced to be a small percentage of the proteome, regardless of variability in sample 

preparation.  
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4.4.2 Parkinson’s substantia nigra TMT dataset: PXD000427 
The analysis performed on the previous dataset failed to produce a robust measurement for the 

oxidation status of the human neuronal proteome, whereby only suggesting a low amount of Ox-Met 

and PB-DOPA. As a result, the dataset PXD000427 was chosen as it did not suffer from variable sample 

preparation and also contained both healthy control tissues and PD tissue. Furthermore, this dataset 

presents a viable relative-comparison for what oxidation levels and PB-DOPA therapeutic intervention 

can be expected in Parkinson’s disease versus control tissues. This experiment also provides the 

opportunity assess the usage of TMT methodology for analysis of PB-DOPA.  

TMT analysis is the most accurate untargeted shotgun proteomic method due to the relative 

abundances of isobaric tags being directly compared in a single scan resulting in fewer missing values 

when compared to label free quantification [257]. TMT also has the benefit of not requiring retention 

time correction based on liquid chromatographic performance, this issue is apparent in inter-run 

sample comparisons as a precursor is considered a feature which can have other precursors of similar 

mass eluting close by (feature in this context refers to the peak formed from precursor ion clusters 

that map to a sequence without fragmentation spectra being generated).  

Analysis of the dataset produced 6,609 proteins representing 2,579 groups, which is likely a function 

of the verbose isoform database employed (high sequence redundancy). Peaks Studio identified 

several hundred more proteins at the group level than the original publication, which is likely a 

function of the superior performance offered by the de novo sequencing combined with neural 

network approach used by the software [258, 259]. Only one complete injection set was used to 

perform subsequent analysis and this likely explains the disparity in quantitively differentially 

abundant proteins identified, which was further compounded by the lack of TMT lot number being 

provided as isotopic purity correction cannot be applied for the TMT reporter channels. Furthermore, 

this dataset was acquired using MS2 based reporter tag analysis which is not the most quantitatively 

accurate version of TMT analysis due to ion ratio suppression, although this method does result in a 

higher scan speed in tribrid instruments (this experiment used a LTQ-orbitrap which is a hybrid based 

instrument) prior to the advent of RTS based SPS-MS3 [224, 260-262]. Notably if using a smaller 

sample size, a faster and more quantitatively accurate version of TMT analysis can be performed by 

taking half of the reporter tags from the 16plex kit and using the unique balancers as an extra 

quantitative ion, resulting in two points of quantification for the precursor. Furthermore, this version 

of TMT does not suffer from isotopic impurities and results in a high scan speed while also resulting in 

better quantitative accuracy. Given the small number of samples used in this initial study, if a small 

cohort was to be used again this would be the best experimental approach [262]. 
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4.4.2.1 PXD000427: Peptide modification levels for PB-DOPA, oxidised phenylalanine and methionine  

Analysis of the peptide modifications of interest found no statistical difference in the ratio between 

the control group and the PD samples, indicating that the pathology and/or the supplementation of 

L-DOPA does not appear to have an effect on the amount of PB-DOPA within the substantia nigra, at 

least for those peptides that are common as no unique peptides were identified in either group. This 

result is in contrast to work performed by our laboratory [57, 193], where it was found that tissue of 

the substantia nigra, cingulate gyrus and corpus coliseum had an increased level of PB-DOPA 

(Increases of ~50%, ~25% and 65% respectively). Also reported alongside our laboratories studies was 

that therapeutic L-DOPA treatment of greater than 20 years in duration resulted in an increased PB-

DOPA content in plasma proteins, but these results also utilised FL-HPLC and amino acid hydrolysis 

which provides a more sensitive level of quantification of the released PTM-containing AA than 

proteome level analysis (Chapter two). One further benefit for the FL-HPLC analysis detecting more 

PB-DOPA, is that the hydrolysis of proteins captures species that cannot be solubilised by proteomic 

buffer systems and are not amendable to LC-MS/MS analysis. 

The lack of unique identification and differential abundance (modified peptides) may be a function of 

the lack of detectable unique peptides and further supports that enrichment is needed to identify 

proteins containing PB-DOPA due to the low level of PB-DOPA identified previously, which is akin to 

the study of phosphorylated peptides. Signalling studies in phospho-proteomics is not on a whole 

proteome without specific enrichment [263], with typical workflows beginning with greater than 

500µg of total peptide to enrich for enough total phosphopeptide for a single injection of 100-1000ng. 

It is foreseeable that similarly large peptide mass amounts may be required for enrichment analysis 

of PB-DOPA containing peptides and that future studies should include a non-mass limited sample, for 

example human plasma which has a high protein content. 

4.4.2.2 PXD000427: Quantitative analysis of the differences between control and Parkinson’s disease 

samples 

Quantitative analysis of all identified peptides, regardless of modification, resulted in 11 protein 

groups found to be changing in abundance, with the majority of these proteins annotated as being 

constituents of human plasma, potentially indicating a systematic change in the blood or 

contamination of the tissue during dissection. The majority of the plasma associated proteins were 

decreased in abundance in the Parkinson’s samples which could indicate less blood contamination or 

else an actual decrease in the levels of these proteins. The protein ferritin was identified as being 

localised to oligodendrocytes and microglial cells in the initial publication which does suggest changing 

cellular populations confirmed by immunohistochemistry. For a more robust analysis, inclusion of 

blood analysis alongside such datasets should be considered to rule out these underlying 



85 
 

contaminants, and possibly mass spectrometric imaging of intact sections. The use of mass 

spectrometric imaging of sections allows the separation of peptide signal based on structural 

components of the dissected tissue, enabling differences in cell populations and possibly the 

vasculature [264]. The changes observed in these plasma-associated proteins are likely to be related 

to changes in the cell population since, if blood was a major contaminant, proteins such as human 

serum albumin and haemoglobin would have been present at higher levels in the control [265]. When 

assessing the raw quantitative data there was a statistically non-significant decrease in the human 

albumin levels of 0.95 to control which does not align with the ratios observed in the other blood 

component proteins, suggesting these are systemic changes and not blood contamination.  

The proteins increased in abundance included glycerol-3-phosphate dehydrogenase (GAPDH) which 

produces dihydroxyacetone phosphate as well as NADH, and this change in abundance may be 

representative of an increased metabolic rate. Furthermore, it is known that GAPDH itself can suffer 

oxidative attack and may be a marker of metabolic disturbance [242], and other studies have used it 

as a housekeeping gene when studying the PD protein PARKIN which this current work indicating it to 

be a poor choice [266]. Aquaporin-4 was also found to be of increased abundance and is responsible 

for the exchange of water across the blood brain barrier and is required for the clearance of beta 

amyloid fibrils, based on data generated by studies on the rodent equivalent aquaporin-4 [267]. The 

increased need for clearance of cellular debris from the Parkinson’s brain may be the reason for 

aquaporin-4 increasing in abundance as a compensatory mechanism, and exploration of other 

Parkinson’s brain tissue proteomes would be required to confirm this. The protein tyrosine 3-

monooxygenase (tyrosine 3-hydroxylase), also known as tyrosinase, was found to be significantly 

decreased in the Parkinson’s substantia nigra and this is pathologically relevant, as this is one of the 

two enzymes responsible for the conversion of tyrosine into dopamine and was also the enzyme 

employed in the previous chapter for enzymatic creation of proteins containing PB-DOPA [208]. This 

loss of tyrosinase would likely be the direct result of dopaminergic neuron loss and could be 

considered in full agreement with biological analysis performed by the original authors of this data 

[44]. The decrease in tyrosinase with no detectable difference in PB-DOPA is likely a function of the 

depth of proteome analysis achieved, further fractionation or enrichment may assist in the 

quantification of these low-abundant peptides. 

4.4.2.3 PXD000427: Proteins containing both PB-DOPA and Ox-Phe 

Network analysis of the proteins containing both PB-DOPA and Ox-Phe resulted in the identification 

of a tubulin cluster and structural proteins of the myelin sheath (Figure 10). Furthermore, proteins of 

the parkin-proteosomal system were found to be modified alongside the identification of the term 

Parkinson’s disease from KEGG enrichment, suggesting that these proteins are indeed mapped to PD 
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and that their modification could be at a basal level in these tissues. In the previous analysis of the 

human draft proteome dataset these proteins were similarly identified, lending further evidence that 

these cellular components are more prone to oxidation, especially when coming into contact with 

damaged protein species [107]. The identification of proteins related to the sub cellular location of 

the internode region of the axon was found, and this aligns with substantia nigra tissue development 

specifically as these tissues have more contact with dopamine and potentially L-DOPA. Furthermore, 

given that these are substantia nigra sections it is likely that there is a large amount of free L-DOPA 

within the cells and a highly oxidative environment is being produced [57, 193]. 

4.4.2.4 PXD000427: PB-DOPA only containing proteins  

Analysis of the proteins containing PB-DOPA resulted in a network containing hydrogen peroxide 

catabolic proteins and heat shock protein 90 alpha (Figure 11). The presence of proteins involved in 

misfolding is more likely due to oxidative attack as these proteins are going to be present in regions 

of the cell where oxidised species are produced, such as around the mitochondria. The identification 

of proteins coming into contact with ROS sources in the cell is supported by the identification of 

hydrogen peroxide catabolic proteins and is in agreement with the misfolding observed in 

neurodegeneration and aging [1, 203]. Myelin proteolipid protein was once again identified here as 

containing PB-DOPA via a unique accession that did not contain Ox-Phe, meaning that this protein 

isoform is undergoing oxidative attack rather than L-DOPA incorporation. Several disease related 

proteins were identified, with the majority being tubulins that were identified to contain Ox-Phe. 

These data further display that identification is directed towards proteins that contain both forms of 

modification which further reinforces that oxidative attack of these species is likely occurring naturally 

in both healthy tissue and Parkinson’s. 

4.4.2.5 PXD000427: Ox-Phe only containing proteins  

Network analysis of the Ox-Phe exclusive accessions displayed another tubulin cluster and the 

structural MBP (Figure 12). There were minute abundance differences including the central 

housekeeping protein GAPDH and several other vesicle related proteins, this again suggests that 

proteins are of similar function and location as to those discussed in the previous two sections.  GAPDH 

itself has been implicated in neurogenerative diseases by being a known interactor with toxic 

proteoforms and can itself aggregate upon high levels of dopamine content within the cell which may 

be an exacerbated state in PD therapeutic treatment [268]. GAPDH being oxidatively attacked may 

result in a loss of function, as there is a decrease in effective amounts, the cell may increase the overall 

abundance of this protein to combat possible aggregate and oligomer formation [268].  The 

identification of oxidation on GAPDH indicates it as a possible target for further study by affinity 

pulldown and comprehensive characterisation of oxidation sites, this would include the use of 
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orthogonal proteases alongside sample processing methods that protects the native oxidation state 

of the protein sample [269, 270].   

4.4.3 PXD000427: Summary of dataset analysis 
Upon network-based analysis of the proteins possessing PB-DOPA and Ox-Phe modifications, similar 

terms (GO-pathway/location, Disease, KEGG) were identified in both networks suggesting that these 

modification sites do not correspond to a pathology but are more symptomatic of normal cell 

functioning. The substantia nigra is the most catechol-rich region of the brain and has a high dopamine 

and L-DOPA concentration relative to the other tissues of the brain [271], making it a location where 

incorporation could potentially occur alongside oxidative stress. The oxidative levels of both groups 

were the same and not statistically significant for any of the three modifications examined and given 

that the data is TMT labelled it is not possible to perform a direct residue or peptide analysis as per 

the last dataset as there are no missing values in the matrix. The lack of exclusive assignment of 

peptide sequences to each dataset means that performing a sample centric oxidation level analysis 

will not produce any difference.   These data suggest that even given extensive fractionation and the 

use of a six-channel TMT, it is not possible to identify unique peptides with the oxidation or 

misincorporation of interest as no peptide containing a modification was unique to the Parkinson’s 

group or control.  This is likely because of the peptides containing these modifications are well below 

the detection limit of the TMT labelled samples. 

Future studies of such tissues may benefit from the usage of a method for creation of a synthetic PB-

DOPA positive proteome (as outlined in chapter three), which would be akin to the usage of booster 

channels employed in single cell proteomics to overcome the detection issues inherent in low 

abundance samples [272].  The conversion efficiency for the synthetic PB-DOPA proteome presented 

in the previous chapter was lower than would be needed for this proposed study but further 

manipulation of the supply of oxygen and use of a higher purity tyrosinase could potentially result in 

a higher conversion. Once a high purity synthetically converted sample is achieved utilising a pooled 

sample of the entire cohort, it would be possible to stack the channels of the TMT plex to contain one 

or more channels of this high purity converted proteome by either using multiple channels to bias 

sequencing towards these species or by using a single booster channel of several fold higher amount, 

making the sequencing based on this channel’s composition specifically [273]. To further build on this 

logical framework, the use of booster channels that occupies higher ion content than the actual 

biological samples results in the ion population reaching the intensity required for triggering, this is 

akin to how the TOMAHAQ (“triggered by offset, multiplexed, accurate mass, high resolution, and 

absolute quantitation”) method uses high concentration TMT-zero labelled synthetic peptides to 

trigger acquisition of unseen TMT ions further up the spectra by using mass-offset acquisition [274]. 
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TOMAHAQ methodology can be applied without that absolute quant making this TOMAH, which may 

indeed be a method producing superior data as there is known issues in single cell proteomics 

whereby the use of a booster channel of >20x that of the samples results in inaccurate quantitative 

measurements [275].  Further to this, the use of a pooled sample exposed to hydrogen peroxide as 

another booster channel would further allow the detection and possible quantification of ROS affected 

peptides.  

Other potential future directions for overcoming this lack of misincorporation detection would be to 

stack TMTplexes with more PD samples to bias the sequencing towards the proteome of the diseased 

tissue, which has the same effect by biasing the analysis to sequence proteins of higher abundance 

relative to the PD samples. This in essence is the dilution of control biological signal from the overall 

mass of the plex, resulting in low abundance peptides present in the PD samples being more likely to 

reach the threshold required to trigger a data dependent MS/MS scan. 

Using a higher plexing capacity labelling kit will also result in further depth of proteome analysis, 

through combining this with current synchronous precursor selection based MS3 (SPS-MS3) or even 

real time search enabled SPS-MS3 (RTS-SPS-MS3) which may result in a better depth of identification 

and be helpful in targeting species of interest [276]. Current SPS-MS3 uses the isolation of the peptide 

precursors for acquisition in the ion trap for identification spectra in tribrid instruments whilst the 

orbitrap is used to measure the ratio of the isolated reporter fragments released from the precursor, 

leading to a reduction in what is termed ratio compression in MS2 based TMT experiments [277]. 

Current SPS-MS3 mass spectrometers including the Lumos and Eclipse also use advanced peak 

determination and theoretical charge envelope tolerances to ensure the species isolated is a peptide 

species [278] which further enhances selection of meaningful peptides. The RTS-SPS-MS3 approach 

utilises real time live searching of acquired Ion trap MS2 spectra to ensure that the peptide species 

fragmentation spectra result in an identification, and those that do not pass this step are then not 

acquired for quantification which is the rate limiting step in MS3 based experiments, as the orbitrap 

has significantly higher overhead scan time than the associated ion trap fragmentation [276]. By 

employing RTS-SPS-MS3 there is also the option to use a peptide close out approach whereby if a 

MS/MS spectrum has already been identified with statistical significance and a pre-determined 

number of peptides, the mass spectrometer will instead choose other more unique peptides for 

identification of proteins not yet identified or closed out. Furthermore, in enabling RTS-SPS-MS3, 

variable modifications can be set to include PTMs of interest in the database search, enabling Ox-

Phe/PB-DOPA as variable modifications will increase their acquisition as these species will be 

identified and prioritised at acquisition. This technology is still fledgling with improvements to be 

made, and a foreseeable method development would be the inclusion of peptides for acquisition 
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based on in-silico generation of targets of interest, which could be considered global targeting lists 

based on peptide fingerprint generation. The reason behind the employment in global targeting 

schemes is primarily due to the computational overhead required to employ such methods, especially 

for the generation of retention time-based models for dynamic warping. The use of a program 

framework like that of Superhirn developed by the Aebersold lab [279] and implemented in the 

AcquireX [280, 281] framework would be the realised version of this technology and could lead to a 

revolution in “untargeted” proteomics specifically for PTMs of interest.  

The samples used in this study were not well annotated in the terms of the regime of L-DOPA 

consumption so direct comparison of incorporation rates cannot be performed. As such it is highly 

recommended if performing analysis of such clinical datasets that as much information surrounding 

the pharmaceutical interventions and their durations is included.  The lack of unique modified 

peptides to either condition indicated that exploration of a label free quantitative dataset may result 

in the more robust identification of L-DOPA misincorporation, and this would be due to unique 

peptides of low abundance having the chance to be acquired within individual samples runs as they 

would otherwise be diluted too far below the limits of detection in a TMT experiment. Biological signal 

dilution should be acknowledged as a drawback of labelling experiments especially moving forward in 

MiP/PTM analyses in the same way that sequence isomer dilutions are. 

4.5.3 Olfactory Proteome dataset 
Analysis of a label free quantitative dataset (PXD008036) was performed as the analysis of the 

previous dataset suggested that the dilution of unique biological signal in TMT prevents unique 

peptide identification, furthermore this dataset had extensive annotation of post mortem interval, 

duration and onset of disease, however no information on L-DOPA treatment was contained within 

this dataset. Upon manual analysis and assessment of spectral quality it was identified that the TOF 

based mass spectrometer did not provide clear, noise free spectra when manually inspected. As such, 

an increase in spectral quality filtration was used and setting the FDR at 0.1% at the peptide level and 

0.01% at the protein level produced data approximate to that an orbitrap instrument produces as the 

matching of noised fragment ions can confuse modification assignment and leads to false positives 

within this dataset. This is an important point for PTM/MiP-based analysis and it is likely an overlooked 

point that spectral quality from a TOF should be subject to more stringent filtering. It is uncertain as 

to how an ion mobility cell separation may impact on the spectral quality as this may lead to less noisy 

spectra by removing contaminating ions, but these analyses support the use of orbitrap resolution for 

MIP and PTM’s in future analyses. When analysing this dataset, access to a high-performance 

computing facility was gained and, with the Peaks Studio software running in a Linux environment, 
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the variable oxidation was left open to all described amino acid sites as per the UNIMOD resource to 

understand the impact of possible sites of modification.  

Peptide modification analysis was performed at the residue and peptide level, and the distribution of 

modifications at both levels were comparable (Figures 13). There was no statistical significance in the 

percentage of modified peptides at either level, suggesting that indeed there is no significant 

difference in the amount of oxidised peptides. In addition, it is also possible that the small number of 

control samples makes it difficult to reach statistical significance especially with the variability within 

the three control samples being high. The range of methionine oxidation level was significantly lower 

than that of the chapter three dataset, with the range being 0.5% to 1.3%, and the draft map of the 

human proteome dataset, being from 40-70%, suggesting that these samples were not adversely 

affected by sample preparation to the same degree. The only other proteomic paper to give a 

percentage to the level of oxidised methionine produced a number of 6% in human epidermal 

fibroblast cells in normal tissue culture conditions [229]. The range of PB-DOPA in this dataset was 

from 0.4-0.5% whilst the range in the draft map of the human proteome dataset was 0.4-1.5% and the 

Ox-Phe levels were 0.08-0.25% in the LFQ dataset and 0.7-1.5% suggesting that the oxidative state of 

the draft map of the human proteome dataset is partially attributed to sample preparation.  

Correlation analyses were performed for the controls and PD samples separately to investigate if 

factors such as age and PMI affect the oxidation state of the samples. Within the PD samples, PB-

DOPA and Ox-Phe levels were positively correlated with statistical significance, suggesting a co-

formation of both modifications. Samples that do not contain a positive correlation between PB-DOPA 

and Ox-Phe would be of interest in future analyses. The PD onset was also positively correlated with 

age, which agrees that increased age is a risk factor for Parkinson’s disease [282] as such the age of 

onset and duration is negatively correlated suggesting that the older the individual the lower the 

survival duration with Parkinson’s. Annotation of L-DOPA therapeutic dosage course alongside each 

sample will be essential in order to determine if L-DOPA is a factor for disease acceleration, notably a 

control group should be used of Parkinson’s samples that had not undergone therapeutic intervention 

with L-DOPA rather than a healthy control to investigate effects and possible incorporation. 

Within the control samples, the level of PB-DOPA and Ox-Phe were positively correlated with 

statistical significance, again suggesting that both modifications are equally likely and subject to a 

similar rate of development. The amount of PB-DOPA and Ox-Phe negatively correlated with age 

which runs counter to the literature that oxidative stress increases with age [203]. 

These data suggest that the formation of PB-DOPA and Ox-Phe correlate strongly in both the PD and 

in healthy control samples. Given the small sample size and the large variability in post mortem 
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interval and age, further studies need to be performed with larger sample sizes to overcome these 

confounding factors.  It has been demonstrated previously that the oxidation state of tissues is 

dependent on PMI [283], reflected at the protein level through carbonylation and HNE species which 

were not identified upon PTM analysis. This further suggests that an enrichment method should be 

developed and employed, not only for PB-DOPA but also for the various oxidative protein 

modifications.  

Analysis to determine the unique peptides between conditions was performed and only a single 

exclusive unique PB-DOPA containing peptide was identified which was within the control group. 

Further analysis was not performed as this, combined with poor spectral quality and low control 

sample size, would not offer meaningful data beyond that already outlined by the previous two 

analyses. Analysis of a similarly defined clinical dataset alongside a large number of controls is needed 

to pull apart the distribution of PB-DOPA as a component of control and diseased tissue. It is also 

foreseeable that PB-DOPA is not increasing in abundance within the tissues and that the cell may 

indeed remove these proteins efficiently. 

4.5 Conclusions and Future Directions  
Analysis of the three datasets has identified important considerations for the assessment of PB-DOPA 

as a proteome constituent, namely that; sample preparation has a dramatic effect on the oxidative 

status of samples, potentially masking in vivo oxidation; TMT may prevent the identification of unique 

peptide species that could arise in individuals; TOF based instruments may not offer the resolution 

required to perform PTM and MIP analysis.  

The oxidative status of the samples attributed to sample preparation may have an effect on the status 

of both Ox-Phe and PB-DOPA, and a larger sample size with better designed workflow that accounts 

for oxidation is needed. The paramount requirements for a better designed experiment are more apt 

clinical descriptions of individuals and sample preparation that is not variable. This chapter outlines a 

need for the development of enrichment techniques specifically for PB-DOPA containing peptides 

alongside the utilization of artificial oxidation techniques to label with 18O in order to isolate sample 

preparation artefacts from endogenous biological oxidation [229].  

Future directions for proteomic bioinformatics analyses of datasets similar to this call for more 

oxidative site-specific modifications to be considered, namely investigation of the carbonyl and HNE 

produced species as they are stable markers that have been explored in other works [56, 190, 210, 

284, 285]. These were included in these analyses by PTM open searching but may require analysis at 

the de novo sequencing level. The computationally heavy analysis via Peaks Studio searching required 

months of time per dataset and the current advent of faster searching programs such as that of 
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FRAGPIPE would speed up the re-analysis of these datasets and allow fragmentation spectra-based 

searching which can help in identifying species containing PB-DOPA by the identification of the 

immonium ion [286-288]. Further re-interpretation of various tissue datasets would help to build a 

more conclusive picture of what proteins contain PB-DOPA and Ox-Phe in non-diseased proteomes. 

As more datasets are re-analysed an understanding of how individual sample preparation methods 

affect the modifications can be characterised and acted upon, which will enable public datasets that 

analyse Parkinson’s disease samples to be benchmarked in the context of oxidation. 

The analysis of PB-DOPA is difficult as the generation of in-silico databases for the modification suffers 

from the possibility that the actual oxidation site is not assignable by being confounded by the other 

possible sites of oxidation (modification isomers). Further to this, the possibility that the PB-DOPA has 

undergone quinone formation (the loss of double hydrogen causing the two oxygen atoms to become 

double bonded to their respective carbon) was not included in these analyses as the search times 

already spanned several years and its inclusion would have prevented completion of this thesis. 

Quinone analysis should be considered in the future and added to base search as a variable 

modification. In Peaks Studio this can be implemented by the iterative searching of a dataset and 

application of new de novo sequencing parameters [258, 259]. The confounding issue with iteratively 

open-searching datasets is that as more variable modifications are considered at more sites an 

inflation of false positives does occur. This is partially overcome in Peaks analyses as only the de novo 

peptides that failed to be confidently identified in a previous database search are used in subsequent 

analyses. This type of iterative searching is not true open searching and the distinction between types 

of open searches can be found in chapter three. Briefly, all open searching methods restrict the 

possible search space as computationally considering every possible PTM in every possible site in 

every combination border on being a mathematically hard problem. Restrictions on number of 

variables reduce possible search space, such that it becomes feasible to explore PTM occurrence. 

These include limiting multiple occupation sites  considered or by using different metrics such as delta 

mass searches for identification rather than exploring every possible combination of PTM in parallel 

(Fragpipe [289, 290] and Andromeda [dependent peptide search] [291, 292]) [228].  

In summary L-DOPA was considered a prime candidate for NPAA study as it has a known route of entry 

into the human body unlike other NPAAs that have disputed routes of exposure alongside dosage 

level. The confounding factor in the analysis of L-DOPA incorporation is that endogenous levels exist 

as it is an intermediary synthesised in both the gut and brain [293]. Furthermore, L-DOPA can form 

from oxidation of the free amino acid tyrosine and the modification of interest which is PB-DOPA can 

be formed in a similar manner. The data analyses presented within this chapter demonstrate that the 

identifiable L-DOPA containing proteins are vastly linked to proteins undergoing oxidative damage, 
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alongside its presence being in the less than 6% range. Data analysis was hampered by poor 

descriptions in publicly available data, highlighting a need for well annotated datasets and 

methodologies that consider oxidation during processing. Furthermore, oxidation of the neuronal 

proteome occurs during aging and is found ubiquitously across neurodegenerative diseases, which 

further hampered the determination of PB-DOPAs origin and role in the disease process. The 

subsequent chapter will investigate the incorporation of two NPAAs not known to exist endogenously 

within the human body and can be readily attributed to dietary exposure which have been suggested 

in playing a role in neurodegenerative disease.  
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Chapter 5: Investigation of β-Μethylamino-L-alanine (BMAA) and 

azetidine 2-carboxylic acid (AZE) incorporation and the effects on 

neuronal cells in vitro 

5.1 Introduction  
Chapters three and four investigated the incorporation of L-DOPA into the human proteome, however 

analysis of incorporation of L-DOPA into proteins was complicated by the possible endogenous 

formation of PB-DOPA by oxidation of tyrosine residues. The presence of DOPA at a site encoded for 

tyrosine could therefore be due to either hydroxyl attack on the tyrosine residue in situ or the 

mistaken incorporation of L-DOPA [57]. In the studies presented in this chapter we investigate the 

incorporation of two NPAAs whose presence cannot be due to the chemical modification of a 

canonical amino acid. These two NPAAs have been linked to neurodegeneration and their effects have 

been hypothesised to be the result of their misincorporation into proteins. The NPAAs of interest are 

β-Μethylamino-L-alanine (BMAA) and azetidine-2-carboxylic acid (AZE), which are linked to motor 

neurone disease and multiple sclerosis respectively. Both NPAAs have a unique mass shift that is 

distinct from the masses of the canonical amino acids they are hypothesised to replace and are 

unlikely to be formed by other biological means within the cell, making them ideal candidates for MiP 

investigation (see Chapter Two for mass shifts). 

Motor Neurone Disease (MND) (also known as amyotrophic lateral sclerosis [ALS]) is characterised by 

a progressive loss of motor neurones. After diagnosis, patients on average live for four years and 

throughout this time experience a progressive loss of function [294]. MND cases are 90% sporadic, so 

for most patients there is no known genetic cause which has hampered the development of 

biomarkers and therapeutic interventions [295]. Recent modelling studies have suggested that six 

steps, or insults, could be required for disease precipitation [296]. One known risk factor is age and is 

considered be one of the steps. Further to this, some known genetic mutations decrease the number 

of insults required to precipitate the disease down to possibly two insults [296, 297]. This modelling 

approach has been shown to give consistent results when applied to many patient data sets [296, 297] 

and the interplay between genetic and environmental factors it is now generally considered linked in 

MND cases [296].  

The hypothesis for BMAA involvement in MND arose from the identification of a cluster of cases of a 

disease-complex that had features of amyotrophic lateral sclerosis, Parkinson’s and dementia (ALS-

PDC) on the island of Guam in the 1950s [298]. The incidence of this complex disorder was 50 to 100 

times that of the disease worldwide and, since it affected immigrants as well as the local Guamanians, 

it was likely that environmental factors were involved [59, 186, 299, 300]. One unique feature of the 
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Guamanian lifestyle was the dietary consumption of cycads, due to extensive cycad forests on the 

island. Analysis of cycad seeds by Armando Vega in a laboratory in London identified the amino acid 

BMAA for the first time, and this compound then attracted interest as a possible cause [301]. The 

source of BMAA was later identified as being cyanobacteria (blue-green algae) growing on the roots 

of cycad trees. In addition to using cycad seeds to make flour, the seeds were eaten by fruit bats which 

were then consumed by humans providing a biomagnified source of BMAA. [184]  

A study in primates showed that BMAA administered by gavage resulted in ALS like motor dysfunction 

[63] and the formation of protein aggregate pathology. The aggregate pathology was also partially 

rescued by co-administration of serine [63]. Furthermore, BMAA has been shown to be associated 

with the protein fraction of ALS-PDC brains and quantified in several other models, although these 

analyses utilise amino acid analysis on protein hydrosylates which is the most quantitatively sensitive 

method for detection of amino acids (as described in chapter two) but at the loss of information about 

the location at the protein level [185, 187, 298, 302-305]. In vitro studies using both neuronal cell lines 

and primary cells have described a range of toxic effects such as protein aggregation and apoptosis 

(karayam and speth), reinforced by studies from our laboratory. Our laboratory has also demonstrated 

cell protection from supplementation of culture medium with the protein amino acid L-Serine [105].  

Incorporation of BMAA into polypeptide sequences is hotly debated in the literature [63, 65, 67, 104, 

110, 306-310] and proteomic experiments have not been able to definitively prove incorporation [38]. 

Given the debate in the literature and the lack of evidence for actual protein sequence level 

incorporation, BMAA exposed samples need further analysis to determine if it is actually incorporating 

into proteins or is just associated with cellular components that can be isolated by protein 

precipitation methods [311]. There is further ambiguity around the incorporation site of BMAA, 

previously reported as in place of serine [103] but more recent studies by the Ibba lab have 

demonstrated the site to likely be in place of alanine [312].  At a minimum, BMAA can be considered 

a neurotoxic amino acid and its effects are similar to the pathology exhibited by several 

neurodegenerative diseases including MND and warrants further investigation. 

AZE has been the centre of a multiple sclerosis hypothesis proposed by Rubenstein et al [85]. MS is an 

autoimmune disorder characterised by the demyelination of the central nervous system [313]. AZE is 

produced ubiquitously across vegetables but in particularly high concentrations in bulbous plants such 

as sugar beets (B. vulgaris) which are used as a source of sucrose and as a gavage for livestock 

(concentrations quoted at 3.4 mg/kg in molasses or 0.58 mg/kg in shredded beet pulp), namely dairy 

producing cattle [86]. The incorporation of AZE into proteins has been demonstrated using an E. coli 

overexpression system of myelin basic protein with subsequent radioactive labelling [74, 85]. Studies 
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by Zagari et al bioinformatically modelled the effect of incorporation on predicted protein structures 

demonstrating alteration, which further supports the incorporation of AZE as being a potential trigger 

for detrimental myelin structures [88-90, 93]. More recent work by Song et al.  (2017) [314] utilised a 

His-tagged myelin basic protein over expression system in HEK-293 cells and used affinity purification 

with subsequent shotgun-based proteomic analysis to demonstrate incorporation across the majority 

of proline sites, also reporting that proline supplementation lowers the toxic effects of AZE by 

competition for incorporation. Despite these experimental approaches, no proteome wide analysis 

has been published identifying whether specific proteins or sites are susceptible to incorporation or if 

the proteotype induced is akin to other known neurodegenerative diseases, which is of key 

importance in the proteinopathies that have proline containing trigger proteins, such as Tau, TDP-43 

and α-synuclein.  Competition of NPAAs with the canonical amino acid for incorporation is a possible 

therapeutic strategy for preventing and/or reducing toxicity of NPAAs and this includes serine for 

BMAA, tyrosine for L-DOPA and proline for AZE [228].  

Both the NPAAs of interest for this chapter have data suggesting that they are incorporated 

into the proteome resulting in toxicity via indirect methods. The BMAA hypothesis has not generated 

any proteomic data of incorporation thus far but given its potential link to MND, its exploration is 

important. AZE has been demonstrated to be incorporated into proteins and has had mass spectral 

data generated [314], however this data is not available publicly and the experimental approach did 

not allow for assessment of its penetration into the whole proteome of a cell. Furthermore, it was 

reported that proline can lower the toxic effects of AZE on cell viability and as such will be supplied to 

neurons alongside AZE to understand the proteomic changes associated with supplementation [314].  

This experimental study will utilise the neuroblastoma cell line SH-SY5Y to study the human 

neuronal proteome, the treatment conditions including a non-treated control alongside 500 µM AZE, 

500 µM BMAA and a 500 µM AZE + Proline treatment in order to investigate the potential for proline 

to reduce misincorporation. Given the difficulty in detecting aggregating proteins in the wider field of 

proteomics, a harsh solubilisation buffer will be used in an attempt to identify species that may be 

escaping standard proteomic methods of solubilisation through the use of in gel digestion of biological 

replicates. The use of in-gel digestion allows the removal of the harsh buffer and surfactant 

components from the sample and allows digestion of otherwise inaccessible proteoforms [315].  
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5.2 Methods  

5.2.1 Cell culture: 
The neuroblastoma cell line SH-SY5Y (passage 26) was serum starved overnight prior to treatment in 

175cm2 culture flasks (80% confluent). Treatment was performed using EMEM containing 1% v/v FBS, 

and biological triplicates were treated with: unmodified EMEM as a control, 500 µM BMAA which is a 

treatment reported to result in decreased cell viability [105], 500µM AZE which is a dose that does not 

result in complete cell death, and 500 µM AZE and 500µM Proline for a period of 24 hours. Cells were 

washed with PBS warmed to 37°C and subsequently detached using TrypLE express (Gibco) before 

cells were pelleted at 900 rcf for 5 minutes with the pellet being washed with warm PBS thrice and 

snap-frozen using liquid nitrogen for storage prior to protein extraction.   

5.2.2 Sample processing 
When analysing protein aggregates, the selection of sample buffer is important as the inability to 

solubilise these components in a proteomic workflow prevents their analysis. Earlier work in 

proteomics focused heavily on the determination of optimal buffer systems that allow broad capture 

of the proteome at the cost of losing classes of proteins that otherwise would require tailored buffer 

systems. Given this, a paper by Shevchenko et al trailed sixteen extraction buffers showing that a 

Triton X-114 solution gave the highest protein counts and namely enriched for trans-membrane 

proteins which are difficult to solubilise due to their hydrophobic nature [316]. This buffer was used 

in this experiment in order to enhance recovery of insoluble neuronal proteins and protein aggregates 

that could be under-represented in traditional analysis. 

Cells were solubilised using 500 µL 1% v/v Triton X-114, 10 mM Tris-HCl pH 7.4, 100mM PBS, 0.15 M 

NaCl, 1 mM Ethylenediaminetetraacetic acid (EDTA), and 1x complete ultra-protease inhibitors 

(Roche). Samples were probe sonicated 3x30 seconds using a Vibra-cell VC50 (Sonics & Materials Inc, 

USA) ultra-probe sonicator at 30% intensity with resting on wet ice between rounds. Samples were 

reduced with 5 mM Tris(2-carboxyethyl)phosphine (TCEP) and alkylated with 20 mM acrylamide 

monomers at room temperature for 90 minutes. Protein content was quantified using gel-based 

densitometry [317]. Sample were loaded onto hand-cast gels of 12% acrylamide. An eight-point 

standard curve was constructed for all assays consisting of serial dilution of bovine serum albumin 

(BSA) (Sigma-Aldrich Cat) resuspended in Laemmli buffer that was boiled and clarified. Gels were 

electrophoresed at 100 V until samples were clear of the well with a visible gap between the upper 

limit of sample and the base of the lane well [318].  
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5.2.3 Gel based protein quantification 
Gels were extracted from casting plates, rinsed quickly with ultra-pure water and placed into fixing 

solution (40% methanol with 10% glacial acetic acid) for a minimum of one hour. Fixing solution was 

changed to a Coomassie Brilliant Blue stain (Two stock solutions are mixed in a ratio of 4:1, solution 1 

[45% methanol, 3 g/L Coomassie Brilliant Blue G-250, 45% ultrapure water with 10% phosphoric acid], 

solution 2 [50% (NH4)2SO4] made fresh to increase quality of staining and incubated for 4 hours on gel 

rocker. Gels were de-stained utilising 1% acetic acid and imaged utilising a Typhoon FLA 9500 (GE 

Healthcare Life Sciences) in infrared (675/710 nm) [319]. Density analysis was performed utilising 

QuantityOne® (Bio-Rad USA) with the known BSA dilution series used to construct a standard curve. 

Equal sample mass (100 µg) was then loaded and separated using hand cast 12% acrylamide gels, fixed 

and stained with Coomassie blue, imaged as described above, and subsequently subjected to in gel 

digestion. 

5.2.4 In gel digestion 
Whole lanes from Coomassie stained gels were excised and diced into 1mm cubes using clean scalpels. 

Samples were then de-stained of Coomassie using a 50:50 of Acetonitrile (ACN) to 100mM Ammonium 

bicarbonate (AMBIC) solution. Gel pieces were dehydrated using 100% ACN and rehydrated with 100 

mM AMBIC containing 12.5 ng/ul Trypsin Gold (Promega) and incubated for 18 hours at 37°C. Tubes 

were then bath sonicated for 10 minutes, supernatant removed and 50:50 AMBIC:ACN added to cover 

the gel pieces, bath sonication repeated, and supernatant combined in a fresh tube. Peptide fractions 

were then vacuum evaporated to near dryness, and mass spec sample buffer A added (0.1% Formic 

acid, 2% ACN) to a final concentration of 2 µg/ 5 µl (based on the amount loaded into the gels) and 

subsequently analysed by LC-MS/MS utilising the same methods found in chapter three in technical 

triplicate. 

5.2.5 Bioinformatics  
The raw MS/MS data files were searched using PEAKS Studio X-Pro version 10.6 (Bioinformatics 

Solutions, Canada). Samples were searched against the human SwissProt database downloaded June 

2020 and common contaminants, using three missed cleavages and semi-specific trypsin cleavage, 

propionamide on cysteine as a fixed modification, variable modifications of; norvaline substitution for 

isoleucine (for comparison with an external data set), oxidation of methionine, N-terminal acetylation, 

AZE substitution for proline and BMAA substitution for alanine or serine.  Ascore was set to >500 for 

strong localisation of a modification and further criteria of only peptides matching to the treatment 

condition considered for further analysis (false positives were identified by presence of a matched 

peptide in BMAA or control samples), spectra produced in only single sample were manually inspected 

for spectral quality, chimeric spectra were only considered if well annotated, and sequences 
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supported by overlapping confident peptides were also retained. All biological information relating to 

protein annotations was taken from UniProt by the use of protein accessions unless otherwise 

specified. Label free quantitative analysis was performed using the PEAKS Studio feature based LFQ 

method with a 6-minute retention time shift tolerance and a 1% FDR threshold. GraphPad Prism 9 

software was used for the generation of boxplots and statistical analysis. STRING DB was used to 

generate protein interaction networks and to perform biological enrichment analyses as outlined in 

section 4.2.3, briefly, physical interaction networks were generated with cluster analysis performed, 

permanent links are retained for future access to the interaction networks. 
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5.3 Results 
5.3.1 Overview of dataset for all conditions 
From the PEAKS Studio PTM analysis there was a total of 3,941 proteins (2,985 groups) identified from 

this experiment with 27,893 sequences, 32,700 peptides and 654,778 PSMs (Appendix 5_1). The 

filtered results resulted in a 0.2% FDR on the PSM level, 1% for peptide sequences and 0.5% for protein 

groups. From the label free quantitative output there was less than 1.2% missing values on all samples 

once matching between runs was applied (between 7-15% prior to matching). Based on the metrics 

reported inside of PEAKS, peptide quality was set ≥ 10, average area ≥ 1E4, charge state between two 

and six, Peptide ID count of at least one and detected in at least one per group, a 1% FDR was applied 

and a fold change ≥2 with at least 2 peptides using the PEAKSQ algorithm, which is a repurposing of 

the MaxLFQ method [258, 259, 291, 292]. This resulted in 375 protein groups found to be differentially 

abundant across the entire dataset with over 27,471 feature vectors with associated IDs supporting 

these proteins.  

5.3.2 BMAA treatment results  
Inspection of the data at the peptide level showed no spectra definitively indicating the presence of 

BMAA incorporation and no discernible bias towards those samples treated with BMAA containing 

matches. However, examining the PSMs prior to filtration showed that there were 4,626 alanine and 

1,913 serine BMAA substitutions which were all deemed false through extensive manual validation 

and interpretation of fragmentation spectra. Further criteria that were used to filter the PSMs 

containing BMAA were that the spectra were identified in control samples or AZE samples, and that 

no PTM combinations were also found to better explain the BMAA peptides. The framework for 

assignment of true NPAA incorporation can be found in chapter two. All identification results can be 

found in appendix 5_2-A. Quantitative analysis using Peaks Studio resulted in fourteen proteins 

identified as differentially abundant with seven proteins increasing and seven decreasing (Table 4), 

with two keratins being present in these filtered results and ignored during further analysis. It is 

important to note here that the significantly changing proteins identified for BMAA treatment were 

also evident in treatment with AZE.  
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Table 4: Proteins significantly changing upon BMAA treatment.  

Accession 

BMAA 

fold 

change 

Aze 

fold 

change 

Aze & Pro 

fold 

change Description 

Q99873 2.47 1.82 2.21 Protein arginine N-methyltransferase 1  

P68871 2.4 2.98 1.27 Hemoglobin subunit beta * 

P02042 2.4 2.98 1.27 Hemoglobin subunit delta * 

P62879 2.2 2.41 2.29 

Guanine nucleotide-binding protein G(I)/G(S)/G(T) 

subunit beta-2  

P35908 2.19 1.57 3.65 Keratin type II cytoskeletal 2 epidermal  

P60953 2.08 2.56 1.75 Cell division control protein 42 homolog  

P01023 2.06 2.61 2.13 Alpha-2-macroglobulin  

P62308 0.5 0.48 0.71 Small nuclear ribonucleoprotein G ** 

A8MWD9 0.5 0.48 0.71 

Putative small nuclear ribonucleoprotein G-like protein 

15 ** 

O43583 0.49 0.5 0.44 Density-regulated protein  

O43290 0.49 0.79 0.53 U4/U6.U5 tri-snRNP-associated protein 1  

Q14103 0.44 0.53 0.4 Heterogeneous nuclear ribonucleoprotein D0  

P62937 0.44 0.49 0.5 Peptidyl-prolyl cis-trans isomerase A  

P35527 0.39 0.35 0.28 Keratin  type I cytoskeletal 9  

Raw fold-change presented, two contamination proteins of Keratin have been bolded and excluded from 

further analysis. Red proteins are increased in abundance within BMAA vs control and green is down. * 

Undistinguished protein isoforms. 

Of the proteins found to be increased in abundance, Protein arginine N-methyltransferase (PRMT1) is 

an RNA binder and histone methylator.  The indistinguishable haemoglobin subunits (beta and delta) 

identified as increased in abundance are involved in hydrogen peroxide catabolic processes and the 

positive regulation of cell death.  Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-2 

(GNB2) is involved in calcium channel regulation, G protein-coupled receptor signalling and protein 

folding. Cell division control protein 42 homolog (CDC42) is involved in a plethora of biological 

processes and molecular functions including the positive regulation of neuron apoptotic processes 

and the coordination of physical cellular components. Alpha-2-macroglobulin is responsible for 

inhibition of proteinases by trapping and reducing the activity against higher molecular weight 

proteins. 

The proteins decreasing in abundance included several proteins involved in the translation machinery 

of the cell. Small nuclear ribonucleoprotein G (SNRPG) is involved in RNA binding, histone mRNA 

metabolic processes and spliceosome complex assembly, and this protein was indistinguishable from 

a protein Putative small nuclear ribonucleoprotein G-like protein 15 (SNRPGP15) which has similarly 
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annotated function. Density-regulated protein (DENR) is also a mRNA binding protein and is involved 

in translation initiation and ribosome disassembly, and this protein was indistinguishable from 

U4/U6.U5 tri-snRNP-associated protein 1 (SART1) which also has the role of RNA binding and 

splicesomal assembly. Heterogeneous nuclear ribonucleoprotein D0 (HNRNPD) is a chromatin and 

RNA binding protein, involved in RNA catabolism and processing as well as positive regulation of 

translation, telomere maintenance and RNA based spliceosome splicing, this protein was 

indistinguishable from Peptidyl-prolyl cis-trans isomerase A (PPIA). PPIA is also an RNA binding protein 

which is a negative regulator of oxidative stress induced apoptosis.  

5.3.3 Azetidine treatment results  

5.3.4.1 Incorporation of Azetidine into proteins 

Analysis using Peaks Studio resulted in 10,068 PSMs containing AZE with 1,045 peptides remaining 

with an Ascore above 500 and applying criteria of only being identified in AZE treated conditions (AZE 

and AZE + Proline) resulted in the identification of 662 AZE containing peptides with 648 having 

accessions assigned. Manual inspection of peptide spectra resulted in a final definitive list of 467 

peptides containing AZE matching to 270 unique proteins (Appendix 5_2). Upon manual inspection, 

the AZE replacement in a peptide sequence results in the masking of the next y-ion in the series and 

is similar to the effect when proline itself fragments preferentially. Furthermore, the immonium ion 

for AZE was routinely seen (56.05 Da) which provided an extra piece of supporting evidence in many 

spectra (diagnostic ion). Immonium ions are unique ion fragments that are from the side chain of 

interest and broken free from the peptide backbone and as such are used as a complementary ion in 

peptide sequencing. When performing manual sequencing of fragmentation spectra, the detection of 

these ions further validates correct sequence assignment.  

The number of peptides manually validated per treatment group are 463 peptides for AZE only and 

33 in the AZE + proline condition, the majority of proteins identified in the proline supplemented group 

were also identified in the AZE only group (28) with only 5 being unique (Figure 18). Intensity based 

analysis of the manually validated AZE containing peptides demonstrated a 6.8-fold difference across 

all AZE peptides in each sample. Whilst a comparison of the intensities of AZE peptides identified in 

both conditions demonstrated a 12.7-fold reduction in intensity. Within this experiment proline 

supplementation was not optimised to produce a reduction in AZE but regardless has caused a 

reduction in number and amount of AZE incorporation. 
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Figure 18 Analysis of AZE containing peptides across both conditions. A) Venn diagram displaying the overlap and distinct number of AZE
containing peptides with 14-fold less peptides identified containing AZE upon proline supplementation. B) Boxplot of all manually validated 
AZE containing peptide intensities averaged per condition, displaying a 6.8-fold difference in means with statistical significance (p <0.0001 
N=393). C) Boxplot of AZE containing peptides identified in both conditions, there is a 12.7-fold reduction in peptide intensities upon proline 
supplementation (p <0.0001 N= 28).
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5.3.4.2 Network and enrichment analysis of proteins containing misincorporated azetidine-2-carboxylic 

acid  

 The AZE containing proteins mapped to 252 STRING proteins. A physical subnetwork was 

generated using only experimental data and databases as sources with kmeans clustering used set to 

six clusters (Figure 19) (Appendix 5_2-C). (permalink: https://version-11-5.string-

db.org/cgi/network?networkId=biEQHyGEkTOu). The network generated by physical interaction, 

removed sources from text mining and used only empirical experimental derived protein-protein 

interactions, however the size of this network was large in spite of these more stringent parameters. 

From this network, kmeans clustering was used to divide the network into six clusters and these 

individually were investigated for enrichment. The enrichment results on the entire network resulted 

in major terms in all the functional enrichment modules that STRING analyses. Biological processes 

found to be statistically enriched in STRING DB include protein folding (44/213, FDR: 1.19e-32), 

organelle organization (117/3450, FDR:  1.56e-21), and response to unfolded protein (25/166, 

FDR:1.47e-14). The enriched cellular component terms included; extracellular exosome (175/2099, 

FDR:3.37e-102) and membrane-bounded organelle (246/12427, FDR: 2.08e-37).  The enriched KEGG 

pathway terms included; systemic lupus erythematosus (29/93, FDR: 3.20e-26), prion disease (32/265, 

FDR: 2.18e-18) and Parkinson’s disease (29/240, FDR: 1.13e-16).  

  

https://version-11-5.string-db.org/cgi/network?networkId=biEQHyGEkTOu
https://version-11-5.string-db.org/cgi/network?networkId=biEQHyGEkTOu
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Figure 19: STRING physical network of proteins containing AZE. Six clusters generated by Kmeans clustering. Red: nucleosome 

and histones. Yellow: Extracellular exosome nucleosome and involved in protein ubiquitination and amyloid fibre formation, 

notably eight of which have been identified in the mediation of protein aggregation and cytotoxicity in AD. Lime-Green:  

Extracellular exosome and space, identical protein binding, Nucleoside diphosphate phosphorylation. Green: mRNA splicing 

by spliceosome, mRNA binding, annotated as extracellular exosome and vesicle components. Blue: Protein folding, protein 

localisation and microtubule cytoskeleton organisation, annotated to be extracellular exosome, supramolecular fibre and 

microtubules. Purple: Protein folding, response to unfolded protein, RNA binding, chaperone mediated protein folding, 

annotated to be extra cellular exosome, extracellular space and focal adhesion.  
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Enrichment analysis of disease-gene associations identified proteins associated with 

neurodegenerative diseases characterised by neuronal death and matching proteinopathies (Table 5). 

Given the diverse array of proteins identified including those identified including the unfolded protein 

response (Figure 19; purple cluster), these results are likely to be biologically relevant rather than 

statistical inflation related to cell lines proteome. 

Table 5: Statistically enriched disease-gene associations from proteins containing AZE. Extended table matches can be found 

in Appendix 5_1 supplementary file  1 and sheet "AZE_enrichment.DISEASES" 

Term ID Description Observed Background FDR 

DOID:1289 Neurodegenerative disease 21 462 0.0047 

DOID:0050539 Charcot-Marie-Tooth disease type 2 6 34 0.0232 

DOID:231 Motor neuron disease 8 78 0.0232 

DOID:070355 Multisystem proteinopathy 3 3 0.0431 

DOID:331 Central nervous system disease 31 1107 0.0431 

DOID:870 Neuropathy 14 297 0.0431 

 

5.3.4.3 PEAKS quantitative analysis of protein abundance following azetidine-2-carboxylic acid 

treatment 

Quantitative analysis of protein abundance changes upon AZE treatment was performed using the 

Peaks Studio software. Proteins having a two-fold change in abundance were retained during this 

analysis (Appendix 5_2-B) resulting in the identification of 239 proteins changing in abundance, with 

19 found to be increased and 220 found to be decreased upon AZE treatment (1% adjusted FDR, two 

unique peptides).   

 The 19 proteins of increased abundance were analysed using STRING DB for physical 

interaction resulting in 20 matching proteins due to protein isoform matches, and kmeans clustering 

was used with four clusters set as visually four distinct regions were present (Figure 20 Permalink 

(https://version-11-5.string-db.org/cgi/network?networkId=bvMOTbAUctzn). The biological 

processes terms enriched included; hydrogen peroxide catabolic processes, protein folding and stress 

response proteins. The enriched cellular component terms from this network included; extracellular 

space, extracellular exosome, vesicle and oligosaccharyl transferase complex (OST). Several of these 

proteins play a role in collagen binding and other structural protein biosynthesis such as actin. Taken 

together these proteins indicate a response to oxidative stress by the increase in the HBB cluster and 

protein misfolding, the OST being intertwined with the response to protein misfolding as it assists in 

the stabilisation of misfolded proteins.  

https://version-11-5.string-db.org/cgi/network?networkId=bvMOTbAUctzn
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Figure 20: Physical protein network of proteins greater than two-fold increased upon AZE treatment. Red: Hydrogen peroxide 

catabolic processes and receptor mediated endocytosis. Yellow: Oligosaccharyltransferase complex and endoplasmic 

reticulum protein processing. Green: Heat shock proteins responsible for misfolded protein refolding, annotated to be 

components of the aggresome and endoplasmic reticulum. Blue: Proteins annotated to be located in the extracellular space, 

with functions related to collagen binding, mitochondrial phosphate import, cell-cell communication and proteinase 

inhibition.

The 220 proteins of decreased abundance were analysed by STRING DB generating a physical network 

of 211 identities with text-mined data excluded from the analysisand the physical network clustered 

to seven modules using kmeans clustering (Figure 21 Permalink (https://version-11-5.string-

db.org/cgi/network?networkId=bJQt1OHlJVt7). Analysis of the overall enrichment identifies proteins 

involved in mRNA metabolic processes as decreased and translation initiation with a large cluster of 

ribosomal proteins identified by the purple cluster (36 proteins annotated as ribosomal). Notably the 

protein pyrroline-5-carboxylate reductase 1 (PYCR1), which is the house keeping enzyme responsible 

for the last step of proline biosynthesis, was found to be decreased in abundance. Using this as a 

highlighting enzyme when interpreting the network, another eight other proteins involved in amino 

acid biosynthesis were identified with several being mitochondrial (ASNS, ACO2, IDH3A, SHMT2, 

PHGDH, PSAT1, CBSL, PYCR1, BCAT1). Several proteins annotated as being involved in amyotrophic 

lateral sclerosis were found within this network (TUBB6, TUBB3, SRSF7, HNRNPA1, UBQLN2, 

HNRNPA2B1, HNRNPA1L2, MATR3, UBQLN4, SRSF3, HNRNPA3, KLC2, ALYREF, ADRM1) as well as 

proteins that are responsible for the negative regulation of apoptosis and immune signalling.

https://version-11-5.string-db.org/cgi/network?networkId=bJQt1OHlJVt7
https://version-11-5.string-db.org/cgi/network?networkId=bJQt1OHlJVt7
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Figure 21: STRING generated physical network on the 220 proteins of decreased abundance due to AZE treatment. Red: Small 

molecule metabolic processes (nitrogen pathway matched), extracellular exosome, vesicle and cytosol. Brown: Carboxylic 

acid metabolic process, small molecule metabolic processes with proteins mapped to mitochondrial components and 

extracellular exosomes. Olive: Proteins involved in the suppression of cell death and cell growth, these proteins were 

statistically enriched to be exosomes and exist in extracellular space. Green: Proteins involved in mitochondrial small molecule 

processing, proteins involved in tubulin folding, neuron specific RNA processing and proteins involved in protein transport. 

Blue: Proteins involved in mRNA/RNA splicing and processing, myelin expression factor 2 the transcriptional repressor is also 

present in this cluster. Light-sky-blue: Proteins involved in mRNA/RNA processing and transport as part of the spliceosomal 

complex with proteins involved in protein localisation and intracellular transport. (Purple): Ribosomal proteins as the core 

cluster with proteins present that negatively regulate cell apoptosis and are responsible for ubiquitin based proteasomal 

degradation.
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5.3.4.4 PEAKS quantitative analysis of protein enrichment for the co-treatment with proline and AZE 

against AZE alone 

Quantitative analysis was performed on the cellular proteins following co-treatment with proline and 

AZE vs AZE alone to assess the potential of proline to negate the toxic effects and incorporation of AZE 

into proteins. Analysis identified 54 proteins found to be differentially abundant, with six proteins 

increasing and 48 proteins decreasing in abundance (Appendix 5_2-B). Supplementation with proline 

reduced the number of differentially regulated proteins to 22% of that with AZE alone. With AZE-

treatment alone 8% of proteins differentially regulated increased in abundance and in the presence 

of proline this was similar at 7%. Four non-contaminate proteins were found be increased in 

abundance (Table 6). Asparagine synthetase (ASNS) is responsible for the synthesis of asparagine, and 

involved in the negative regulation of apoptosis and positive regulation of mitotic cell cycle. 

Chromogranin-A (CHGA) is a protein that has several roles in biological processes including; being a 

free radical scavenging molecule, innate immune response mast cell degranulation and the negative 

regulation of neuron death [320]. General transcription factor II-I (GTF2I) is involved in the negative 

regulation of angiogenesis and the positive regulation of DNA repair. Cyclin-dependent kinase 6 is 

involved in cell cycle control and cell differentiation.  

Table 6: Proteins found to be increased in abundance upon the cotreatment of proline and azetidine versus azetidine alone. 

Accession Control BMAA Aze & Pro Description 

P08243 3.53 4.62 3.91 Asparagine synthetase [glutamine-hydrolyzing]  

P10645 5.57 4.03 2.25 Chromogranin-A  

P78347 4.7 3.91 2.11 General transcription factor II-I  

Q00534 3.5 3.01 2.01 Cyclin-dependent kinase 6  

 

The 48 proteins of decreased abundance were analysed using STRING with the generation of a physical 

network with 43 matches. The STRING network was then clustered using kmeans clustering with the 

number of clusters set to four as visually four sets could be seen (Figure 22) ( Permalink: 

https://version-11-5.string-db.org/cgi/network?networkId=bJmp9sPov1wV).  The network generated 

identified several biological processes enriched for including; Protein folding in the endoplasmic 

reticulum, positive regulation of tau-protein kinase activity, response to unfolded protein and cell 

redox homeostasis. Several KEGG pathways were enriched including protein processing in the 

endoplasmic reticulum and antigen processing and presentation.  

https://version-11-5.string-db.org/cgi/network?networkId=bJmp9sPov1wV


110

Figure 22: STRING physical network of proteins decreased in abundance due to the addition of proline versus azetidine alone. 

Red: Golgi organisation, vesicle mediated transport and oxygen transport. Yellow: Protein folding in the endoplasmic 

reticulum, ATF6-mediated unfolded protein response, cell redox homeostasis, proteins involved in the prion disease pathway 

(HSPA5, HSP90B1, PDIA3) with mapping as chaperones and endoplasmic specific proteins. Green: Protein folding/refolding, 

rneutrophil degranulation, mitochondrian, necropoptosis, antigen processing and presentation, prion disease proteins 

(HSPA1B, UQCRC1, LAMC1). Blue: Proteins located in the endoplasmic reticulum.  
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5.4 Discussion  

5.4.1 BMAA in vitro treatment does not result in detectable misincorporation 
BMAA has been investigated previously for evidence of protein misincorporation using shotgun 

proteomics [38] and it was reported that no incorporation was detectable when analysed alongside 

orthogonal methods of amino acid hydrolysis with targeted SRM analysis and using in vitro synthesis 

kits. Similarly, through manual interrogation of peptide spectrum data of BMAA treated SH-SY5Y cells 

in the present studies, there was no BMAA misincorporation detected with no indicative bias even in 

location unassignable modifications. Beri et al examined only BMAA incorporation in place of serine, 

whilst recently the possibility of alanine replacement has been proposed [312]. The analysis presented 

in this chapter included consideration of this secondary site for incorporation and failed to find 

evidence of incorporation at either site. Regardless of incorporation, the exposure to BMAA was 

shown by Beri et al to result in changes in protein abundance consistent with neurodegenerative 

damage [38].  

In order to validate the presence of NPAA incorporation in a manner that overcomes detection 

sensitivity, utilisation of a human recombinant protein expression system alongside affinity 

purification may prove viable as it increases the ability to detect low abundance proteins. Even though 

MS-READ failed to identify the BMAA containing species, it may be a function of the non-mammalian 

expression system utilised [312] (previously detailed in Chapter Two for further information). The 

generation of in silico targeting schemes for the mass spectrometer based on previously acquired 

samples may prove useful [228] alongside the acquisition of either amino acid analysis of the 

proteome or the use of radiolabelled BMAA to establish incorporation rates into the proteome 

alongside the BMAA proteomic experiment.  

The method applied in the present studies aimed to increase the solubilisation, and thus detection, of 

peptides from potentially insoluble protein species produced via incorporation. Since we did not 

detect BMAA-containing peptides, it is hard to evaluate the success of this approach. Excretion of the 

modified protein species by vesicle-mediated cargo transport to the extracellular environment may 

have occurred and this would not have been detected by our experimental approach. Given that both 

experiments utilised non-differentiated cells, it is also possible that any BMAA-containing proteins 

could be spread to daughter cells preventing accumulation at levels toxic to the cell and more easily 

detectable by MS. These cells are also highly metabolically active being an immortalised cell line with 

a higher protein turnover rate than a primary neuronal cell, potentially neutralising any protein 

accumulation [321]. Furthermore, given the interval length from BMAA exposure to ALS-PDC reported 

in humans [61], the short treatment time used in this experiment might not reflect the type of insult 

that would occur in vivo, and experiments on differentiated mixed cell populations like organoids over 
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very long periods of time at low dosages may provide a more accurate model to assess BMAA 

incorporation. The data presented in this chapter does not reject the hypothesis for BMAA 

incorporation outright but does provide more evidence for it not being at a level detectable with 

current, state of the art, proteomic techniques without an enrichment method. Use of non-

conventional methods of protein solubilisation, such as with ionic liquids which are themselves able 

to enhance the solubility of hydrophobic molecules through their ability to interact in both cationic 

anionic manners, could be key for recovering lost modified proteins [322].  

5.4.2 BMAA treatment results cellular stress responses and perturbs the spliceosome  
Label free quantitative analysis of BMAA treated cells versus control cells identified fourteen 

differentially abundant proteins (Table 4). The proteins of increased abundance were involved in cell 

signalling and response to stress. The latter is consistent with previous cell studies [105] as well as a 

primate study which reported protein aggregates in the primate brain [63]. Protein arginine N-

methyltransferase (PRMT1) is an RNA binding protein, histone methylator and is responsible for the 

methylation of RBM15 leading to its degradation and preventing terminal differentiation of 

megakaryocytes [323]. There was no evidence of methylation on RBM15 (via manual interpretation 

of the PTM search results) found in this dataset but given the increase of PRMT1, it is likely to play a 

role in RNA binding and protein degradation. PRMT1 has been shown to be a highly expressed protein 

involved in the proliferation of breast cancers, which does not agree with other studies where by 

BMAA treatment results in slowing of cell cycle progression [324, 325]. Furthermore, the reported 

inhibition of cell cycle progression with BMAA was within cells without glutamate receptors, 

suggesting that the mechanism was independent of excitoxicity [324].  

Hemoglobin subunits (either beta or delta) were identified as having an increased abundance and 

were indistinguishable due to no proteotypic peptides being detected to differentiate the 

proteoforms, with both variants involved in oxygen transport. Both hemoglobulin subunits play a role 

in hydrogen peroxide catabolism and cellular oxidant detoxification, which may be a response to 

possible oxidative stress [326]. Hemoglobulin subunit beta also has a role in the positive regulation of 

cell death [327] and positive regulation of nitric oxide biosynthesis [328]. The potential role in cells 

responding to BMAA treatment may be that oxidative stress is increasing and cell death is occurring 

in the cell population which may be part of the mechanism underpinning the reported neuronal 

toxicity [38, 62, 63, 110, 111, 307, 329].  Another protein significantly increased was Guanine 

nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-2 (GNB2) which functions as a calcium channel 

regulator and acts in the G protein-coupled receptor signalling pathway. A known mechanism of BMAA 

toxicity is excitotoxicity through its interaction with bicarbonate resulting in the formation of 

carbamate adducts which are capable of triggering glutamate receptors [306], leading to dysregulated 
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calcium homeostasis which can result in apoptosis.  SH-SY5Y cells are routinely used for modelling 

oxidative stress and upon differentiation can serve as a model of Parkinson’s disease since they 

express a dopaminergic phenotype. It is unclear whether they can respond to glutamate since the 

presence of ionotropic glutamate receptors (iGluR) or metabotropic glutamate receptors (mGluR) has 

not been shown consistently [330]. Regardless of the absence of the NDMA receptors in SH-SY5Y cells, 

glutamate induced oxidative stress has been reported independent of receptors due to increased 

intracellular Ca2+ [330]. The manner in which this could be occurring with BMAA treatment is through 

the formation of a carbamate adduct which triggers the glutamate and cystine antiporter, resulting in 

the depletion of glutathione (GSH) and down regulation of SOD resulting in apoptosis which is also a 

characteristic change seen in MND [331]. 

The protein CDC42 was increased upon BMAA treatment, and this protein is involved in a wide range 

of functions including the extension and maintenance of filopodia, positive regulation of stress fibre 

formation and positive regulation of neuronal apoptosis. The CDC42 increase does not point to one 

change in cell function but may be a marker for the diverse changes that are occurring due to BMAA 

treatment, and the various underlying processes affected. Functional assays alongside microscopy 

techniques could prove useful for untangling this result as well as the use of more advanced proteomic 

techniques to characterise other interaction partners.  

The final protein found to be increased upon BMAA treatment was alpha-2-macroglobulin (α-2M), a 

large protein which is responsible for inhibition of all four classes of proteinases that target high 

molecular weight proteins. This protein is known to target metalloproteinases, playing a role in age 

related disease and cancer progression by mechanisms involving zinc binding, as evidenced in cervical 

cancer [332]. The literature implication of a α-2M role within cancer and age-related diseases does 

not provide a clear answer, but its implication in age related disease progression is salient as one 

known factor for MND is age, warranting further exploration to characterise the phenotype parallels 

to MND pathogenesis.  

The proteins of decreased abundance are primarily involved in translation machinery of the cell 

suggesting a decrease in protein synthesis in response to BMAA exposure. There was a repeated 

association with proteins of the splicesomal complex including SNRPG, SART1, and HNRNPD. The 

splicosome is a complex that is responsible for the splicing of pre-mRNA and its dysfunction has been 

linked to MND [333, 334]. Decrease in the protein abundance of the components of the spliceosome 

itself has been found to be caused by neurofibril tangle formation resulting from tau protein 

aggregation [335], which has also been reported as a result of BMAA treatment in a primate model 

[63].  It is possible that disruption of the spliceosome may result in frontotemporal dementia-MND 
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[336], further supporting the hypothesis that BMAA can act as a factor in the pathogenesis of MND 

[38].   

Certain proteins that changed significantly in abundance in the BMAA treated samples were also found 

to be similarly changing in abundance upon AZE treatment and slightly less so in the AZE-proline 

treated samples. This may result from a general toxicity induced by these molecules to the cell but 

could also provide further evidence that proteinogenic NPAAs may induce a similar cellular response, 

which is characterised by changes homologous to neurodegenerative states.  BMAA treatment results 

in a cell state that has underlying features of neurodegenerative diseases, namely the splicesomal 

nature of MND [333]. BMAA was found to not be incorporated into proteins which has been reported 

by one other proteomic experiment to date [38]. 

5.4.3 Azetidine 2-carboxylic acid incorporates readily into the neuronal proteome. 
Analysis of AZE treated cell proteins for AZE misincorporation resulted in over 10,000 AZE peptide 

spectral matches which with manual inspection and filtration resulted in 467 peptides with high 

confidence spectra demonstrating incorporation. The position of proline within a peptide 

fragmentation spectrum has been known to result in the diminished signal of the N-terminal fragment 

ions or the next y-ion of increasing m/z in a peptide fragmentation series [337], and it was similarly 

found to occur with AZE incorporation in place of proline. This thesis is the first to report this effect. 

The immonium ion of 56.05 Da was found in many spectra also showing AZE incorporation, and the 

immonium ion was used as further evidence that a sequence assignment was correct. This diagnostic 

immonium ion also makes it possible to perform precursor ion scanning proteomic workflows and 

assists with sequence assignment in DIA experiments [338, 339]. Upon filtration for unique protein 

accessions, 270 proteins containing AZE remained, with a large number of proteins containing multiple 

peptides and sites of incorporation (Appendix 5_2-C). 

Misincorporation of AZE has been previously shown by Song et al [314] in a HEK293 myelin basic 

protein expression system with a wide population of peptides species detected. This led the authors 

to suggest that antigenic peptide species could have been generated. Furthermore, the exposure of 

lambs to AZE-containing sugar beet silage resulted in an autoimmune disease phenotype similar to 

Multiple Sclerosis [340]. The data presented herein provides additional evidence for the incorporation 

of AZE into proteins and highlights the need to perform animal-based experiments analysing not only 

the proteome of the central nervous system and various fluids, but also to carry out immunological 

assays to detect possible antigenic peptides [341].  
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5.4.3.1 Azetidine 2-carboxylic acid incorporates into proteins present in exosomes, proteins involved in 

the unfolded protein response and proteins implicated in neurodegeneration 

The proteins containing AZE were used to generate STRING networks which were analysed for 

functional enrichment in order to understand which proteins could be modified and subject to 

misfolding, in addition to those proteins already described in the literature such as the collagens, 

haemoglobin and keratins [239]. Analysis of the AZE protein network as a whole resulted in 252 

matched identifiers with the majority of the proteins being annotated as components of extracellular 

exosomes (175) and membrane-bound organelles (246). The incorporation of AZE into proteins 

suggests that proteins containing AZE are readily exported, which could prove a mechanism of 

dissemination across the central nervous system and would suggest they could potentially be used as 

biomarkers for AZE exposure [342]. It has been reported that exosomes containing myelin proteins 

could possibly perpetuate and maintain immunogenicity in T-cells which highlights a possibility that 

the generation of exosomes containing proteins with incorporated AZE may be a factor in triggering 

or enhancing multiple sclerosis [343]. 

The biological process terms enriched across the entire network include protein folding, organelle 

organisation and response to unfolded proteins. These enriched terms suggest that the proteostasis 

systems are infiltrated by AZE and that this could be hampering efficient protein refolding, resulting 

in a toxic gain in function by loss of tertiary structure stability with subsequent protein aggregation. It 

is also important to note here that this may be a runaway effect (or positive feedback loop) of proteins 

responsible for dealing with misfolding being misfolded and subsequently have loss of function or 

toxic gain of function, which may also be a function of the increase in these specific proteins due to 

wide spread misincorporation. Within the cluster-based analysis of the STRING network, there was 

also splicesomal proteins found to contain incorporated AZE and they are annotated as being involved 

in amyloid fibre formation which is indicated in several neurodegenerative diseases [335, 344]. In 

addition, there were several KEGG disease terms statistically enriched including prion disease, 

systemic lupus erythematosus and Parkinson’s disease. In support of this disease association, 

enrichment also identified neurodegenerative disease, motor neurone disease, multisystem 

proteinopathy, central nervous system disease and neuropathy. The identification of these ontologies 

in our in vitro studies does not show that incorporation of AZE causes MS but it does demonstrate a 

potential role for AZE in causing neurological proteinopathy and potentially immune effects which 

supports Rubenstein’s AZE-MS hypothesis [86]. It is important to emphasise that proteins rich in 

proline may be more heavily impacted by the incorporation of AZE resulting in the formation of 

aberrant structures or conversion of disordered regions to prion like structures. Proteins linked to 

neurodegeneration that are known to be proteinopathic are prime candidates for potential gain of 
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toxic function by misincorporation. For example TDP-43 is implicated in MND and has 16 proline 

residues, and within the region of known pathogenic mutation (residue 169-393 for natural disease-

causing variants) there are nine prolines spread across known disordered regions and within the 

ubiquilin interaction region of the protein which could also prevent efficient degradation [345, 346]. 

5.4.3.2 Azetidine 2-carboxylic acid results in protein misfolding and a decrease in protein synthesis 

machinery  

 Quantitative analysis was performed on the AZE treated cells versus control cells resulting in 

239 proteins found to be of differential abundance with a bias to more proteins decreasing in 

abundance (220). This suggests that the proteome is geared towards the degradation of proteins upon 

treatment and is likely a reflection of the increased incorporation which would be leading to misfolded 

proteins. Proteins with increased abundance were analysed using STRING with the resultant biological 

process terms enriched including hydrogen peroxide catabolic processes, protein folding and stress 

response proteins. Since we have demonstrated that some proteins contained AZE, these data would 

suggest that proteostatic mechanisms in the cell have recognised the aberrant proteins. In addition, 

it is possible that the insertion of AZE alters the tertiary structure of certain proteins exposing 

previously buried regions of the protein’s that are hydrophobic, increasing their propensity for 

aggregation [201, 347, 348].  The increase in proteins responsible for hydrogen peroxide catabolism 

indicates an oxidative stress state which has been shown to lead to protein misfolding as well as being 

a symptom of protein misfolding including aberrant proteoforms [209], which is highly linked to 

neurological diseases [349]. Furthermore, the potential damage to mitochondrial integrity by 

misfolded proteins could also be resulting in the production of hydrogen peroxide within the cell [51]. 

Proteins of increased abundance were found to be part of the OST, one of the best characterised 

glycosylation pathways which in turn could be another mechanism the cell is utilising to decrease the 

burden of misfolded proteins as glycosylation is known to destabilise unfolded proteins, which enables 

proteostasis tools to access the protein [345].  

 Network analysis of the 220 proteins with decreased abundance revealed 36 ribosomal 

proteins alongside proteins involved in proline biosynthesis, including mitochondrial specific proteins 

as well as several proteins to have known pathogenic roles in ALS.   

Myelin expression factor 2, which is a transcriptional repressor, was found to be decreased suggesting 

that AZE treatment results in the increased expression of myelin basic protein, suggesting that myelin 

basic protein is specifically adversely affected by incorporation, possibly producing misfolded forms 

of the protein which coincides with its proline rich region at residues 90-102 which, if altered, would 

dramatically effect protein folding [85]. Myelin basic protein turnover has not been described in 

relation to AZE treatment of cells, and this data indicates it could be a candidate for degradomics 
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based analysis using pulse chase experiments similar to those performed in a recent Alzheimer’s 

disease model (see [350]). Briefly; the supply of a stable isotope during the treatment of cells (known 

as: stable isotope labelling by amino acids in cell culture [SILAC]) with AZE labels the newly synthesised 

proteins with the introduced isotope, allowing comparison against the existing protein population 

prior to treatment which can then be measured over time [351]. Furthermore, the use of N-terminal 

isotopic labelling of substrates (TAILS) can be employed to study what cleavages events are occurring 

in a temporal fashion within the proteome, a method recently applied to study mitochondrial protein 

degradation in Parkinson’s disease [352] (further reading see [353-356]. Alternatively, the use of 

radioactive tracers during treatment would result in newly synthesised proteins being detectable by 

scintillation or phosphor-imaging [108]. This method is more sensitive for an entire proteome turnover 

rate and should be employed alongside a proteomic based degradomics approach.  

The proteins of increased abundance also included two heat shock proteins (70kDa and 105kDa) which 

are both strong regulators of proteostasis by acting as chaperones and preventing denatured protein 

aggregation, the 105kDa variant being also responsible for positive regulation of MHC class I 

biosynthesis implicating further potential immunological effects of the AZE treatment. The increase of 

heat shock protein 70kDa has been identified as a key feature of MS pathology, and this increase has 

also been highly linked to immunological response [357]. These proteins and their direction of 

abundance change further indicate a substantial basis for AZE producing MS like cellular responses.  

5.4.3.3 Proline supplementation during Azetidine 2-carboxylic acid treatment reduces toxic effects  

It has been shown in the literature that supplementation of proline alongside AZE treatment can 

prevent cellular toxicity and as such, proline was included in this experiment in order understand the 

proteome level changes that occur during this treatment. Analysis of the number of peptides 

identified upon proline supplementation resulted in a decrease in the number of peptides containing 

AZE, and it was also found that the average intensity of AZE peptides were decreased by 6.8-fold when 

compared to the AZE alone treatment. Furthermore, direct comparison of the AZE-peptides found in 

all biological replicates produced a statistically significant 12.7-fold reduction in ion intensity when 

compared to the AZE alone treatment. These metrics demonstrate a dramatic decrease in the 

number/amount of AZE-containing peptides upon proline supplementation, and it is foreseeable that 

further time course analysis alongside varying combinations would reveal an accurate concentration 

to outcompete AZE misincorporation. Quantitative analysis resulted in the identification of 54 proteins 

as differentially abundant with two keratins of increased abundance discarded from analysis. Two of 

the proteins found to be increased play a role in the prevention of cell death (ASNS, CHGA) indicating 

a pro-survival state in comparison to the AZE treatment alone which was largely shifted towards 

apoptosis, which agrees with previous literature [314]. 
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The proteins of increased abundance are annotated as being involved in cell survival whilst the 

proteins of decreased abundance are involved in misfolding and cell redox homeostasis, and these 

data suggests that the supplementation of proline reduces the toxic effects of AZE by reducing protein 

misfolding and oxidative stress. This agrees with Song et al who demonstrated proline’s rescue effect 

in Hela cell culture and zebrafish embryos [314]. The rescue of AZE toxicity exemplifies a competition 

for incorporation mechanism but does not provide useful information about the possible pathogenesis 

caused by in vivo consumption of AZE in the broader community. Amino acid analysis of food stocks 

which have AZE sources may prove useful in identifying presence but given the possible inducement 

of Multiple Sclerosis there should be a ban on the use of Beta vulgaris or at minimum a toxicity 

threshold established. 
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5.5 Conclusions   

BMAA-treatment induced a pattern of toxicity similar to that previously reported for glutamate-

mediated excitotoxicity. We were unable to detect any incorporation into proteins. The toxic changes 

identified could therefore be independent of incorporation and result from perturbations to other 

cellular processes. It has been consistently shown that L-serine protects against BMAA toxicity but this 

was not examined in the present study and is the subject of other work by the author. These data 

suggest that molecules other than proteins are impacted by BMAA, given that serine is protective 

upon BMAA treatment pathways that use this amino acid include sphingolipids that take serine as a 

head group. As such prime candidates for a metabolomic/lipidomic extraction and analysis would be 

sphingolipids and molecules involved in their metabolism as they contain L-serine and their synthesis 

could be impaired in the presence of BMAA.  

AZE-treatment of cells resulted in incorporation that was readily detectable at a proteomic level, and 

the proteins containing AZE are annotated as being part of systems within the cell involved in 

proteostasis, with a large number of these found to be exosome related proteins suggesting proteins 

involved in export from the cell may be less likely to be degraded than other proteins. Quantitative 

analysis of the proteome resulted in the identification of proteins involved in protein folding being 

increased in abundance and the ribosomal machinery being decreased in abundance. The use of 

proline to reduce the toxic effects of AZE was shown to be effective and provides evidence that AZE 

induced misfolding could potentially be rescued. Analysis of the number and abundance of AZE 

containing peptides further revealed a significant and large decrease upon proline supplementation 

alongside AZE treatment. It is possible that the incorporation of AZE into proteins is of neurological 

significance and may be a contributing factor in the pathogenesis of MS, through outright toxic effects 

on the cell and possible immunological effects. There are a number of points where AZE can enter the 

human food chain but at this point none are under surveillance, as such levels of human exposure are 

not known. 
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Chapter 6: General discussion and future directions 

6.1 Introduction 
With an ageing population, neurodegenerative diseases are having an increased impact on human 

health and society. Extensive research in this space has employed genome centric approaches and 

this, to some extent, has resulted in the impact of environmental factors being overlooked [13, 23, 25-

28]. Exposure to environmental factors is complicated by the possibility that multiple exposures could 

be required to trigger a disease state [297]. In addition, there are unknowns, such as the importance 

of exposure at the time when the nervous system is developing and the complexity of genetic 

susceptibility to specific environmental factors. [13, 23, 25-28]. The hallmarks of neurodegenerative 

diseases generally include protein aggregates in which the aggregation of particular proteins are 

associated strongly with specific diseases, termed as proteinopathies due to misfolding and deposition 

in cells, and include Alzheimer’s, amyotrophic lateral sclerosis, prion disease, Huntington’s and 

Parkinson’s disease [12, 29-37]. Further characteristics of these diseases include metabolic changes, 

mitochondrial dysfunction and oxidative stress with, in some instances, a role for immunologically 

driven inflammation [33, 38-55].   

Given the latency of neurodegenerative disease alongside a complex interplay of genetic factors as 

well as ageing; a proposed contributor to the pathogenesis is the mis-incorporation of NPAAs into 

proteins resulting in an acceleration in the formation of aberrant protein structures promoting 

neurodegeneration [79]. Research into NPAAs as possibly “toxic amino acid species” began with the 

work of Fowden et al in the 1960’s in bacteria, and work has since been performed utilising various 

methods to determine toxicity and incorporation with the majority of studies using indirect methods 

to assess incorporation with only a few studies attempting to utilise proteomic methods [38, 82, 83, 

87, 208, 314]. The absence of absolute evidence for incorporation within a single protein or at a global 

proteomic level has resulted in an incomplete understanding of the role of these NPAAs in human 

neurological disease [228]. 

This thesis aimed to study NPAAs, their localisation in proteoforms, and their effects on the cellular 

proteome using proteomic approaches. The primary aim was to determine if NPAAs are detectable 

within tryptic peptides derived from proteoforms and this primary aim was achieved for the NPAAs L-

DOPA and AZE. Secondary to this, was to understand the effects of these NPAAs on the cellular 

proteome and investigate any connections to the phenotypes displayed during neuronal degeneration 

in humans. The misincorporation of the NPAA L-DOPA was demonstrated to result in protein 

misfolding and oxidative stress in chapter three. Similarly, AZE treatment resulted in both oxidative 

stress and protein misfolding. Furthermore, a significant number of AZE-peptides was confirmed, 
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suggesting mis-incorporation may play a substantial role in creating toxic neuronal stress. Proline 

supplementation alongside AZE treatment reduced detectable misincorporation alongside a decrease 

in the strength of the unfolded protein response.  

6.2 Misincorporation proteomics is an emerging field  
Researchers have made headway in the study of misincorporation and the mistranslation rate into 

proteoforms in general [312, 358, 359]. The use of affinity-based methods with recombinant protein 

expression systems has offered insight into mistranslation rates and has similarly been applied to 

some instances of misincorporation, namely BMAA and AZE [312, 314]. These methods have provided 

important insight into the mechanistic rates of incorporation, but further whole-proteome analyses 

need to be performed to understand if NPAAs offer a route of pathogenicity that could explain the 

causes of many sporadic neurological diseases that, despite many detailed studies, show no genetic 

link [79].  

The published MiP review (chapter two) provided a guide to the best practice approaches and can be 

ubiquitously applied to analyse low abundance peptides present in numerous types of proteomic 

samples [228]. The use of analytical chemistry methods that target specific amino acids for increased 

sensitivity and quantification alongside proteomic experiments is emphasised in the review, in 

conjunction with radiolabelling treatments to trace the penetration of the NPAA into the proteome. 

The use of classic indirect methods alongside current proteomic approaches provides additional 

evidence for incorporation and determines if quantification of the NPAA incorporation is possible 

within a model system with regard to the dynamic range of a mass spectrometer. The application of 

DIA is highlighted to allow the future re-interrogation of datasets that may contain NPAAs where their 

analysis was not the original primary objective of the experiment, along with the use of other intra-

dynamic range increasing methods such as BOXCAR. Furthermore, the use of targeted methods such 

as PRM/SRM is suggested in tandem with inclusion and exclusion lists, to acquire more meaningful 

proteomic data. The use of bioinformatic tools that incorporate open searching as part of the core 

functionality of the software by either de novo sequencing or fragment indexation is outlined as 

essential to the exploration of NPAAs, especially in the majority of instances where the site of 

incorporation is not well characterised or unknown. The use of tools that enable the prediction of 

retention times is also outlined, and the use of retention times as a metric for the presence of an NPAA 

in a peptide sequence adds an extra dimension of confidence once known positives are characterised 

along with the retention time shift. This review provided an overview of the pursuits so far in NPAA 

study and frames the pursuit as a formal direction to be taken in proteomics. Furthermore, it provides 

foundation to this thesis and outlines key considerations in analysing NPAA MiP data.  
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6.2.1 Future directions in field of misincorporation proteomics  
The application of a combination of open searching and more intelligent mass-spectrometric data 

acquisition could provide key insight into the NPAA misincorporation into proteins and provide an 

understanding of how NPAAs impact upon structures and functions as they become increasingly more 

prevalent in the human environment by climate change [360] in the case of BMAA and dietary 

infiltration in the case of AZE [85, 361, 362]. Further exploration and development of novel methods 

is required, such as the hyphenation of approaches including; affinity-based methods developed for 

NPAAs of interest, in silico retention time prediction using neural networks, targeted mass 

spectrometry alongside DDA/DIA (referred to as hybrid acquisition strategies) and the use of open 

searching with large computational resources for analysis of all permutations of NPAA containing 

peptides. The application of analytical chemistry approaches used for small molecule quantification 

should be integrated into this framework.  

Implementation of targeted MiP analysis would use stable isotope labelled spike in peptides that 

represent proteoforms that are important in the pathways of specific diseases, these are purchasable 

from several companies and should be used in futures analyses of any experiments i.e. JPT 

SpikeTidesTM for cytokine signalling (JPT Peptide Technologies GmbH, Berlin, Germany). A multifaceted 

approach applying analytical techniques to the quantification of the NPAA in the amino acid synthetic 

pool alongside protein content should be performed, as this allows connection between wider 

analytical observations of presence alongside penetration into the proteome. The use of pulse chase 

labelling experiments and other radioactive tracer experiments alongside the study of in vitro 

incorporation should be performed to understand protein turnover and rates of degradation. 

Longitudinal proteomics studies should be performed on populations that are exposed to the NPAAs 

that are potential importance to human health alongside genome, transcriptome and metabolomic 

profiling; this could be by routine collection of sera alongside possible cerebral spinal fluid cumulating 

in brain biopsies once deceased. The generation of larger and more multi-omics datasets is essential 

to further build this fledging field and determine the role of NPAAs in neurodegeneration, this should 

be initiated by consultation with experts in sample acqusiton, sample processing, data acquisition, 

bioinformatics, clinical research and statistics. omics data generatation Comprehensive study of 

dietary intake of NPAAs alongside clusters of patients suffering neurodegeneration should be 

performed, to provide further evidence of exposure that might not be directly quantifiable from 

complex human samples. Immunological studies and cytokine signalling analyses should be performed 

on further models exploring NPAAs, exploring the potential of NPAAs to produce autoimmune 

responses and if these states are reflected in the identification of antigenic peptides.  
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When considering misincorporated NPAAs as the mechanism underpinning proteinopathies several 

aspects come to the fore including time, proteoforms, cell type, immune system and protein turnover. 

The misincorporated proteoforms produced may only be toxic under certain conditions and within 

certain populations of cells. Given enough time the benign miscincorporation containing proteoforms 

may become toxic i.e. molarity changes or exposure to other molecules in the cell. Furthermore, aging 

is known to lead to a decrease in proteostasis as cell health declines and metabolism slows, this may 

allow the correct conditions for where individual protein species overwhelm the ability of the cell to 

deal with these pathogenic aggregates[39, 40, 203, 211, 363]. Neuronal cell populations in the brain 

are long lived and do not divide, which would otherwise shed aggregate load into daughter cells, this 

makes these populations more susceptible to damage by protein aggregation[79, 200]. Given the 

sheer complexity of the brain itself and complex lifestyle factors in the population, large scale studies 

that are performed in a longitudinal manner may help to pull apart this tangle of factors.  
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6.3 A method for synthesising L-DOPA positive controls and investigation of L-DOPA as 

a possible source of oxidative stress  
The possibility of L-DOPA incorporating into proteoforms could have ramifications for the treatment 

of Parkinson's patients and warranted an initial investigation in vitro. However, with a lack of available 

and reliable methods for the enrichment of L-DOPA containing peptides, a method for creating 

positive control peptides containing DOPA was needed to create reference fragmentation spectra for 

library searching of experimental data. In chapter three it was demonstrated that conversion of tryptic 

peptides to contain L-DOPA was possible using the enzyme tyrosinase, offering a new tool for the 

study of L-DOPA incorporation into peptides; it was demonstrated to allow identification transfer 

(match between runs in MaxQuant [291]) and revealed treatment-based incorporation of L-DOPA into 

peptides that would have otherwise been undetectable. This method resulted in the conversion of 

10% of all tyrosine residues, and further optimisation needs to be performed prior to complete 

application on clinically relevant samples. In spite of this, the method offers an economically viable 

alternative to analyse thousands of peptide targets without the need for costly synthesis of all L-DOPA 

containing peptides in the human proteome.  

It was also demonstrated that L-DOPA produces oxidative stress in vitro and protein misfolding via the 

effects on the protein expression and modification profile. These results may not be applicable in vivo 

due to the lower oxygen content, but this does suggest that the therapeutic supply of L-DOPA could 

be leading to an increase in oxidative burden in the patient’s neuronal proteome. Even if this is not 

directly measurable it is probable that supplementation is leading to cellular stress as redox 

homeostasis is under pressure. Further exploration of L-DOPA incorporation was indicated and was 

the basis for chapter four’s investigation of publicly available datasets of brain samples from 

Parkinson’s patients likely exposed to L-DOPA.  

6.3.1 Future directions in proteomic studies investigating PB-DOPA  
The results of chapter 3 indicated that further optimisation of the enzymatic conversion procedure is 

required through the use of higher purity tyrosinase and heavy oxygen which could result in more 

accurate analysis of samples for their PB-DOPA content.  Usage of artificial oxidation of the sample by 

heavy peroxide is also an avenue that should be explored alongside these conversions that could 

enable more robust quantification [229], as the incorporation of heavy oxygen allows relative 

comparison of the modified and unmodified species which would otherwise be impossible as different 

peptide species are not directly comparable due to having different chromatographic retention times 

and electrospray ionisation efficiencies (see chapter two). The use of synthetic peptides for targeted 

analysis in large cohorts is routinely used in large targeted quantitative studies and should be 

performed once targets are identified, while the application of tyrosinase to a pooled sample will 
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create a sample specific L-DOPA containing positive control which allows the rapid exploration of 

diverse samples without prior identification of possible targets.  

In vivo analysis of animal models utilising L-DOPA at high dose, low dose, and chronic treatment may 

prove helpful in understanding the extent of L-DOPA incorporation into proteins in vivo as it is not 

impacted by a concurrent disease state in patients. Parkinson’s longevity studies based on plasma 

analysis over the course of years or decades are necessary and would allow a pair wise analysis, 

performing proteomics alongside amino acid analysis may prove a more accurate experimental 

approach. Furthermore, application of complimentary techniques should be performed; redox 

staining, antibody analysis with western blotting or dot blotting for oxidative modifications, and 

targeted global proteomics for markers of oxidative stress or pathogenic proteoforms.  

6.4 Meta-analyses enable re-interrogation of in vivo experiments, establishing the 

presence of L-DOPA in human proteomes 
The ability to re-interrogate public data made it possible to explore experiments that would usually 

be inaccessible to researchers due to restricted funding and time constraints. However, the analyses 

performed in chapter four were hampered by poor annotation of sample attributes and experimental 

designs which were not focused on analysing NPAA incorporation. It is suggested that a stronger focus 

on more comprehensive annotation of datasets in repositories is performed to enable the selective 

reinterpretation of samples, this would be particularly valuable in the pursuit of oxidation and NPAA 

incorporation.  

The re-analysis of these in vivo data identified ranges of DOPA in the proteome of between 0.2-1.5% 

of tyrosine residues with no statistical difference in abundance identified between the DOPA-

containing peptides in Parkinson's samples versus healthy controls. Furthermore, no significant trend 

towards an increase in PB-DOPA compared to Ox-Phe was observed which might have supported 

incorporation of L-DOPA in vivo. These findings were similar to those found in vitro following the 

treatment of the SH-SY5Y cell line with L-DOPA in chapter three, which identified a base-line oxidation 

level is maintained after treatment with exogenous L-DOPA. The exploration of these peptides 

containing L-DOPA by an enrichment method is called for in future analyses. 

6.4.1 Future directions 
The reanalysis of datasets should be performed as more become available on the PRIDE repository. 

Several datasets identified for analysis were still under embargo and not publicly available, and as 

these enter the public domain it becomes possible to further explore these modifications of interest 

from clinically relevant in vivo samples. These meta-analyses were hampered by access to 

computational time that would make it possible to analyse large datasets in an acceptable time frame, 
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and since the undertaking of these analyses, faster search software has become available, such as that 

of FRAGPIPE, to perform open searching [228, 286-288]. Also, to this end, the advent of deploying 

proteomics analysis software on large computing clouds has enabled the reanalysis of much larger 

datasets, exemplified by a co-authored article with Prakash [364]. Given the low level of L-DOPA 

presence in proteomes, an enrichment method similar to that used in phospho-proteomics is required 

to identify the low abundance species that are below detectable levels. An enrichment method for 

this modification is being developed in house and was to be included with this thesis but clinical 

samples analysed had sample storage issues due to a change in location of the laboratory. Briefly, this 

method used alumina resin to bind DOPA peptides, a series of washing steps were then employed 

before the DOPA-containing peptides were released from the resin at a low pH. Method development 

using radiolabelled DOPA-containing peptides could affinity purify 95% of DOPA-containing peptides 

from a cell lysate. Preliminary proteomic analysis of treated cell line samples resulted in a 900% 

increase in the detectable amount of L-DOPA containing peptides (data not shown). In future, this 

approach will be applied to plasma and tissues from DOPA-treated mice and if successful could be 

applied to human tissues. Furthermore, the reanalysis of the clinical plasma samples which suffered 

sample storage issues is possible as aliquoted stocks were kept in reserve in case sample processing 

failed. 

Analysis of separate regions of the brain in parallel to using a singular method of identification may 

prove more useful in untangling this oxidative pattern, such as a repurposing of the Localisation of 

Organelle Proteins by Isotope Tagging (LOPIT) method from the Lilley lab [365]. Briefly, this would 

require labelling of specific entire anatomical structures of the brain with individual TMT labels in 

order to understand the distribution of oxidation patterns across tissues and regions of the brain. 

Statistical methods for characterising organelle-based identification and localisation are already 

employed in the LOPIT method and if applied to a well sectioned brain, it would provide a map of the 

oxidative profile and, given enough points of reference, an accurate representation of oxidation within 

each structure would be created [365]. This method may prove useful but with the caveat that these 

data have identified a bias towards homology and mask unique species in TMT workflows. As such, 

application of an enrichment method on already labelled peptide pools may further enhance the 

identification of oxidation sites.  
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6.5 The NPAA azetidine 2-carboxylic acid is readily incorporated into proteomes 

triggering a cellular response to aberrant proteins.  
The work of chapter five identified that AZE is able to incorporate into proteins in place of proline with 

the highest content protein species being those annotated to be a part of the unfolded protein 

response, which were also found to be quantitatively increasing in abundance. The co-

supplementation of proline alongside AZE significantly lowers the number and amount of AZE mis-

incorporation, coinciding with a decrease in the strength of the unfolded protein response. 

6.5.1.1 Role in multiple sclerosis  
Rubenstein's hypothesis that AZE is a factor in Multiple Sclerosis is ground breaking and seminal [85]; 

his hypothesis is well constructed but has been supported only by limited experimental analysis by 

himself and others. The principle underlying the hypothesis is further supported by the data presented 

in chapter 5, which found that AZE is readily incorporated into proteins and induces a strong unfolded 

protein response indicated by the increased abundance of the proteins involved the response. The 

diversity of proteins identified that contain AZE reinforces the likelihood that given sufficient exposure 

time, immunogenic species from structural proteins such as myelin will form, which could be a trigger 

to Multiple Sclerosis. It was further shown that the use of proline co-supplementation lowers the 

toxicity that results from AZE treatment and reduces the unfolded protein response within cells. A 

recent publication from our laboratory also demonstrated that AZE results in inflammation and 

apoptosis in microglial cells, further reinforcing its role in immunological changes [366].  

6.5.1.2 Potential role for AZE in wider diseases of neurological nature  
AZE incorporation may induce protein misfolding and subsequently oxidative stress requiring the 

autophagic and lysosomal systems of the cell to be upregulated [85, 87, 107, 209]. Rubenstein's work 

stops short on proposing that this NPAA may be a trigger for other neurological diseases through 

promoting the synthesis of non-native proteins.  The work of Al-Chalabi identified that six insults are 

required to result in the precipitation of MND and it is a possibility that exposure to enough AZE at a 

time when proline is low in dietary intake may form an insult on the terminally differentiated neurons 

within the CNS [296]. MS has a much higher incidence in parts of the world where sugar beet (rather 

than cane) are the main source of sugar. It is important to note that the extracted sugar beet pulp is 

widely used as a stock feed in places such as Tasmania which have a very high incidence of MS [367].  
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6.5.1.3 Future directions for analysis and implication of AZE incorporation 
This work indicated that AZE is indeed incorporated into the proteome at detectable levels resulting 

in an increased abundance of proteins involved misfolding, indicating a response to damaged proteins 

in neuronal cells. Experiments that should be performed to validate and build on this work include 

treatment of cells that produce myelin such as oligodendrocytes, as this would provide a model close 

to what would occur in vivo upon treatment as they are the targets of MS based neuronal degradation  

[368]. Furthermore, the analysis of AZE treatment of primary motor neurones may provide useful 

information in comparison to familial primary cells of MND as this may demonstrate an insult that 

could result in MND. The study of AZE treated primates might provide insight into potential links 

between MS and AZE exposure. Post-mortem analysis of tissues from MS patients for the presence of 

AZE could provide evidence of AZE exposure.  

6.5.2 BMAA is not incorporated into the proteome at a detectable level 
In chapter five, BMAA incorporation was investigated via proteomics and no positive spectral 

identification was obtained to support its incorporation into proteins during protein synthesis. While 

BMAA is consistently found in the ‘protein fraction’ in extracts of a wide range of material [63, 65, 67, 

103, 104, 110, 112, 113, 115, 116, 361, 369-372] we did not obtain any evidence for incorporation into 

the peptide chain. This was also reported elsewhere and the link between incorporation and release 

from protein is ambiguous, as there are other small molecules that may be attached to BMAA. 

However, BMAA’s role in inducing neurodegenerative disease is supported by epidemiological studies 

[70, 373-376] but the lack of actual evidence of incorporation could suggest another mechanism of 

toxicity and other avenues of systems biology study are required to untangle the actual role of BMAA. 

Alternative mechanisms of toxicity besides incorporation have been reported within the literature on 

BMAA, these include its ability to be a glutamate receptor agonist leading to overstimulation, 

interactions with neuromelanin leading to oxidative stress [63, 104, 111, 185, 302, 305, 306, 324]  

Data not displayed within this thesis includes more than seven complete BMAA treatment proteomic 

experiments whereby no identification of incorporation was found, including the bioinformatic 

analysis of BMAA replacing every possible amino acid and possibly as a conjugate or forming a novel 

PTM by other structural bindings. Furthermore, experiments using a neuronal differentiated cell line 

along with a wide array of BMAA dosages and treatment times also resulted in no detectable 

incorporation. Research around BMAA’s role in MND should focus on other potential avenues of 

toxicity rather than misincorporation, and there does appear to be evidence that proteinopathic states 

are resultant of BMAA treatment and this may be due to a functional interaction or incorporation into 

other molecular species.  
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6.6 General future directions  
This thesis has investigated the incorporation effects of three NPAAs by proteomic approaches. 

Besides the three studied herein, there are several other NPAAs of potential significance to human 

health including the NPAAs norvaline, canavanine, homoarginine, homolysine and several other 

modified amino acids that have been shown to be toxic [228]. An analysis of a norvaline treated 

dataset was performed and while the replacement of valine results in no mass shift and was not 

assessed, the incorporation in place of leucine/isoleucine was investigated yielding no definitive 

spectral evidence [228]. A potential method to explore its incorporation in a proteomic manner would 

be to analyse peptides by mass spectrometry while using ion mobility separation, with synthesised 

peptides to understand the isomeric effect on collisional cross section/drift time. The use of amino 

acid analysis with derivatisation may also allow the separation of the norvaline isomer from valine, 

which would justify the costs involved in synthesising norvaline containing standards.  

6.6.1 Technologies that can be applied non-protein amino acid proteomics studies 
The use of targeting methods using large in silico generated inclusion lists is a powerful method that 

could be used for identifying possible low abundant species peptides containing a misincorporated 

NPAA, working by only accumulating ions of interest from the ion beam and selectively monitoring 

reactions for diagnostic ions of interest. A program created by the Aebersold lab called SuperHirn 

[279] was able to generate iterative inclusion and exclusion lists on an LTQ orbitrap mass spectrometer 

and this program was trialled in this work but was not successful due to incompatibilities in software 

versioning. A similar line of enquiry was undertaken through the utilisation of MaxQuant Live [377] 

generated inclusion-exclusion-lists which were readily able to identify several thousand new peptides 

from sample injections, but none were positive for BMAA incorporation. Modifying the Xcalibur based 

AcquireX program used in Tribrid based Orbitrap mass spectrometers (also included in the Exploris 

series) may be feasible, as this program is utilised for metabolic experiments in the exact way that 

Superhirn was employed whereby iterative analyses generate inclusion and exclusion lists. By 

modifying AcquireX and forcing the program to dynamically load inclusion and exclusion lists for 

peptides, the depth of acquisition on NPAA containing samples would be unparalleled and would likely 

offer an advance to ultra-depth proteomics in itself. Proteomic analysis is quoted to be incompatible 

with the AcquireX software due to the large amount of precursor ions that elute during 

chromatographic runs, but this does not consider the use of fine-tuned FAIMS to include inclusion lists 

of only the charge state of interest. As such, previously identifying peptides of high abundance and 

subsequently creating retention time aligned targeting windows for modified ions based on this will 

decrease the limits of detection possibly leading to identification. 
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Given that low abundance of modified peptides is an inherent problem in any mis-

translational/misincorporation analysis, use of larger mass spec ion beam capture (fill 

times/accumulation times) and higher resolutions may provide a better chance of detection. With the 

sensitivity of the latest generation of both the Bruker systems (TIMS-TOF series) and the Thermo 

Fisher Scientific systems (Exploris 480 Orbitrap and Eclipse Tribrid), it becomes possible to analyse 

proteomes with less than 200 pg of starting material [272]. Strategies to modify methods, and 

utilization of ion mobility separations, can increase the ability to resolve out novel species, as is 

exemplified by the use of FAIMS in phosphoproteomics experiments [378].  

The use of antibody-based affinity pull downs for targets is routinely performed across the field of 

proteomics as it enables identification of target species that would otherwise be undetectable and as 

such this should be performed on the NPAAs that are the subject of this thesis [379]. The use of 

antibody-based affinity methods is possible, but raising highly specific antibodies to the side chain of 

the NPAA would be cost-prohibitive and time consuming for routine use. The exploratory generation 

of a metal-chemical affinity method for the NPAA L-DOPA was performed using radioactively labelled 

L-DOPA resulting in good initial data (data not shown). Enrichment resulted in the increase of 

detectable L-DOPA by several hundred-fold, and subsequently this was applied to a Parkinson's plasma 

sample set and analysed. Unfortunately, issues with sample acquisition and storage led to extreme 

sample degradation and confounding results. The results of this investigation were originally slated to 

be a published chapter of this thesis. As such, further repetition of this experiment is desirable, and 

would likely result in novel data about the incorporation of L-DOPA into the proteins present in plasma 

of Parkinson’s patients. There is also the possibility to automate the enrichment method utilising liquid 

handling robots capable of performing bead-based preparation like that of Agilent’s Bravo system 

[380] or the Thermo-Fisher platform, the KingFisher [381], which will enable processing steps to be 

carried out in a highly efficient manner, limiting storage time during intermediary processing steps.  

6.6.2 Biological experiments that should be performed to investigate each NPAA in order to 

identify misincorporation  
Each NPAA comes with its own unique challenges in the exploration of its role in a wider biological 

context and as such, experiments that should be performed that would better capture the 

misincorporation status of samples are outlined herein. The NPAA L-DOPA should be explored in well 

annotated in vivo experiments involving patients with and without L-DOPA supplementation and age 

matched controls, the specific goals being to quantify the amount of PB-DOPA and other oxidative 

markers. Ideally, sample numbers should be in the hundreds and consist of post-mortem tissues, 

plasma obtained over a time course of years and properly stored, and possibly CSF samples to 

adequately investigate the propagation of PB-DOPA through the brain. The analysis of such a 
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comprehensive dataset via proteomics would allow for not only the investigation of the MiPome but 

also metrics that may either reinforce or refute its involvement in neurodegeneration.  For the NPAA 

AZE, experiments covering several avenues should be explored in parallel, including 

immunopeptidomic analysis performed using proteins created in vitro. Ideally the use of high myelin 

expressing cell lines should be used and subsequently, the treatment of animal models. The ideal 

models for AZE treatment would be either murine or primate, and a chronic model of AZE exposure is 

of paramount importance. All biological fluids should be investigated for AZE incorporation by amino 

acid analysis and proteomic methods, while nerve potential studies alongside these data may also 

offer insight into the breakdown of the myelin sheath. 

6.7 Concluding Remarks 
The results presented in this thesis provide evidence that certain NPAAs can incorporate into the 

human proteome in vitro at detectable levels. The exploration into the effects of these NPAAs via 

proteomics is a feasible undertaking, with many tools already established that can help explore their 

role in the wider context of human disease [228].  The application of proteomics to exploring biological 

problems is accelerating and has become ubiquitous with most forms of system-wide analysis 

endeavours, revolutionising research, with its tools developed by the day. As neurodegeneration 

continues to increase alongside longevity of humans, the study of these diseases/proteinopathies will 

continue to advance with the exploration by proteomics at the foreseeable forefront. NPAAs are 

pervasive and distributed through our diet and their links to neurological and even immunological 

disease has been established but not fully explored. With the advent of more advanced protein 

sequencing technologies coinciding with the quantum leap of protein structure prediction offered by 

Alpha Fold, a dramatic increase in the capacity to accurately predict proteoform structures is possible 

[382]. The pieces are beginning to fall into place to understand how the integration of NPAAs into the 

human proteome may result toxic proteoforms and ultimately negatively impact on human health, 

and the promise of proteomic enabled precision medicine may offer a therapeutic horizon. 
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Appendices  

Alongside this thesis there are several large datasets and supplementary files, the organisation of 

these appendices are numbered according to the chapters of the thesis.  

A_1: General files and installers 
Software installers are archived within this repository to enable reproduction of analyses; 

https://drive.google.com/drive/folders/1D9wk41QFNpV8SWIyiU-6k62_mNs8V1Q2?usp=sharing. 

Within this folder the indexed human proteome can be found, which was used for all analyses named 

“Human Proteome PhD indexed 3.9.17.fasta”.  

A_2: No associated data 
 

A_3: Chapter 3 
All data generated by this chapter can be accessed at PRIDE DB under the identifier: PXD02575. 

Furthermore, biological analyses can be accessed at: https://app.massdynamics.com/p/dfbb55e9-0a6d-

450e-8e8e-3f0c070e5bf9  

 

A_4: Chapter 4  

Hyperlink to chapter files: 

https://drive.google.com/drive/folders/1RBV9QAC7sbvi5OUJjl7VBS89vaT1UfH0?usp=sharing  

Appendix 4_1_1 Human brain proteome Peaks project 

The complete Peaks Studio project file can be accessed by this hyperlink: 

https://drive.google.com/drive/folders/1RC09GlSVnwVFBKpRt2GOjGT_7hWLbrzn?usp=sharing. This 

project file can be opened freely by Peaks Studio by activating the viewer mode, versions past 10.5 

will be able to open this project. Files size is 30GB uncompressed. 

  

https://drive.google.com/drive/folders/1D9wk41QFNpV8SWIyiU-6k62_mNs8V1Q2?usp=sharing
https://app.massdynamics.com/p/dfbb55e9-0a6d-450e-8e8e-3f0c070e5bf9
https://app.massdynamics.com/p/dfbb55e9-0a6d-450e-8e8e-3f0c070e5bf9
https://drive.google.com/drive/folders/1RBV9QAC7sbvi5OUJjl7VBS89vaT1UfH0?usp=sharing
https://drive.google.com/drive/folders/1RC09GlSVnwVFBKpRt2GOjGT_7hWLbrzn?usp=sharing
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Appendix 4_1_2 Human brain proteome outputs and supplementary files 

A) Peaks outputs: Outputs for protein and peptide Level  

“PXD000561 Human Brain Proteome_Complete PTM Search_134pep25pro20_1” 

 The files within this folder are:  

  peptide features.csv 

peptide.csv 

Supplementary file 1; used to perform peptide modification analysis. 

protein-peptides.csv 

proteins.csv 

DB search psm.csv 

de novo only peptides.csv 

B) Analysis files for each modification (L-DOPA and Ox-Phe). “A” denotes Ascore threshold 

applied to each file, “wAcsn” are peptides with an accession. The “Worked” excel documents 

are the final steps in analysis. 

DOPA_peptides_500A.csv 

DOPA_Peptides_A500_wAcsn.csv 

DOPA_Peptides_A500_wAcsn_Worked.xlsx 

OXPhe_peptide_A500.csv 

OXPhe_peptide_A500_wAcsn.csv 

OXPhe_peptide_A500_wAcsn_worked.xlsx 

Venn_Diagram_IDs.xlsx 

  

https://drive.google.com/drive/folders/1RC09GlSVnwVFBKpRt2GOjGT_7hWLbrzn?usp=sharing
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Appendix 4_2_1 Substantia nigra TMT (PXD000427) Peaks project file 

The complete Peaks Studio project file can be accessed by this hyperlink: 

https://drive.google.com/drive/folders/1owelINsLvgxdqTO5tYjibF31qjjpPRh5?usp=sharing. This 

project file can be opened freely by Peaks Studio by activating the viewer mode, versions past 10.5 

will be able to open this project. Files size is 9GB uncompressed. 

 Appendix 4_2_2 Substantia nigra TMT (PXD000427) outputs and supplementary files 

A) Peaks outputs and associate analyses: Outputs for PTM search and Quantitation. 

“PXD000427 PD Substantia Nigra_QUANTITATION_28”. The key files are 

“Quant_PSM_Analysis.xlsx” which was the end product of PSM level quantitation and the 

Graphpah prism file: “Graphpad_PDsn_PSM_AQUant.pzfx” used to generate Figure 8. 

 

B) “PXD000427 PD Substantia Nigra_QUANTITATION_28_non_sig_for_albumin” Used to 

determine the presence of Albumin and its quantitative ratio found in “proteins.csv”. 

 

C) “PXD000427 PD Substantia Nigra_PEAKS PTM_27_1FDR”, this output-set was used to perform 

peptide centric analysis for the modifications of interest. The key file within this analysis is 

“Supplementary file 1”. 

  

Appendix 4_3_1 Olfactory proteome (PXD008036) Peaks project file  

The complete Peaks Studio project file can be accessed by this hyperlink: 

https://drive.google.com/drive/folders/1JgV-TPRluur9RxJ9jmhVSw8Azz3lODLr?usp=sharing. This 

project file can be opened freely by Peaks Studio by activating the viewer mode, versions past 10.5 

will be able to open this project. Files size is 22.8GB uncompressed. 

Appendix 4_3_2 Olfactory proteome (PXD008036) outputs and supplementary files 

A) Peaks outputs and associated analyses: “PXD008036_190714_PEAKS PTM_28_01FDR”. The 

key files include; Graphpad prism file used for the generation of Figures 13-17 named 

“Data_analysis_Olfactory.pzfx” along with the excel file used in the analysis of modification 

sites named “Supplementary file 1”. 

B) An indexed version of the R-analysis code used to generate data, this file has been created 

using the zipping program 7zip. “PXD008036_190714_PEAKS PTM_28_01FDR_Ranalyses.7z” 

https://drive.google.com/drive/folders/1owelINsLvgxdqTO5tYjibF31qjjpPRh5?usp=sharing
https://drive.google.com/drive/folders/1JgV-TPRluur9RxJ9jmhVSw8Azz3lODLr?usp=sharing
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A_5:Chapter 5 

The hyperlink to chapter appendix: 

https://drive.google.com/drive/folders/1o9fMqDh545A82SgS_mKInkZZw4bCXwLa?usp=sharing.  

Appendix 5_1 Peaks project file 

The complete Peaks Studio project file can be accessed by this hyperlink: 

https://drive.google.com/drive/folders/1pF0PJD0vbkKgGV65qNyqg0VoXFxGBC3h?usp=sharing. This 

project file can be opened freely by Peaks Studio by activating the viewer mode, versions past 10.5 

will be able to open this project. Files size is 28.5gb uncompressed. 

Appendix 5_2 Outputs and supplementary files 
A) Peaks PTM search outputs containing the complete set of files: “NPAA Experiment Ctrl BMAA 

AZE AZ+PRO_1_PEAKS PTM_83_fullCSV” 

B) Peaks LFQ search outputs containing the complete set of files: “NPAA Experiment Ctrl BMAA 

AZE AZ+PRO_1_LABEL FREE_85csvs” 

C) Peaks PTM search analysis files for peptide centric analyses: “NPAA Experiment Ctrl BMAA 

AZE AZ+PRO_1_PEAKS PTM_83_AZE_csv”, the two worked files include an intensity analysis 

used to generate Figure 18  (“Intensity analysis of AZE peptides.xlsx”) and the peptide centric 

analysis with manually verified spectra (“Peptide_centric_analysis.xlsx”, sheet: Final filtered 

contains all spectra validated). The GraphPad prism project file can also be found within this 

appendix.  

 

 

  

https://drive.google.com/drive/folders/1o9fMqDh545A82SgS_mKInkZZw4bCXwLa?usp=sharing
https://drive.google.com/drive/folders/1pF0PJD0vbkKgGV65qNyqg0VoXFxGBC3h?usp=sharing
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