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Abstract 

Non-protein amino acids are a group of small molecules with structural similarities to the 

canonical amino acids used in protein synthesis. Many of these molecules are produced by 

plants, animals, bacteria, and fungi, and are ubiquitous within our environment.  A number of 

non-protein amino acids have been linked to human pathologies, including a number of 

neurodegenerative diseases.  

β-methylamino-L-alanine (BMAA) is a cyanobacterial-derived non-protein amino acid that has 

been linked to the development of amyotrophic lateral sclerosis, as well as Parkinson’s disease 

and dementia. Following its discovery in the 1960s, BMAA has been shown to be produced by a 

number cyanobacteria, and more recently other phytoplankton species including diatoms and 

dinoflagellates. BMAA is found globally in freshwater, saltwater, and terrestrial environments. 

While BMAA has been identified in samples sourced from a huge variety of global ecosystems, 

its presence in Australian waterways has remained largely unexplored. For this study, sixteen 

mixed population algal surface bloom samples were collected from a number of sites in urban 

and rural New South Wales. The presence of BMAA, and its isomers L-2,4-Diaminobutyric acid 

(2,4-DAB) and N-(2-Aminoethyl) glycine (AEG) was determined using reverse phase liquid 

chromatography – tandem mass spectrometry. Ten of the samples were found to contain BMAA, 

while 2,4-DAB was found in all sixteen. The presence of these suspected toxins in urban areas, 

as well as in waterways critical for agriculture, suggests Australians may be exposed to BMAA 

and 2,4-DAB regularly.  

The ability of BMAA to associate strongly with proteins has been well reported. To investigate 

this relationship, radio labelled BMAA was incubated with both human neuroblastoma cells and 

Escherichia coli. Protein-bound BMAA increased in a linear fashion over time in neuroblastoma 

cells but not in E. coli suggesting that prokaryotes and eukaryotes may manage the presence of 
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BMAA differently. Protein bound BMAA was only observed in live cells and not in protein lysates 

indicating that some form of biological processing is required for protein binding to occur. 

Protein bound BMAA was also found to distribute across fractionated cell proteins in the same 

manner as 3H leucine, suggesting both share similar binding properties.  

The potential for synergistic toxicity between BMAA and its structural isomers, 2,4-DAB and AEG, 

was also explored. Cell viability was significantly reduced in cells exposed to BMAA or 2,4-DAB 

in concentrations as low as 250 μM, and similar toxicity was only observed in AEG treated cells 

at concentrations of 1000 μM or higher. Cells exposed to BMAA, or combinations of BMAA and 

other isomers, resulted in increased expression of a number of markers of endoplasmic 

reticulum (ER) mediated proteotoxic stress, a phenomenon that was not observed in cells 

exposed to 2,4-DAB or AEG on their own. Significant increases in caspase 3 and cathepsin activity 

were only observed in cells incubated with a combination of BMAA and 2,4-DAB, suggesting that 

while 2,4-DAB does not share the same mechanism of toxicity as BMAA, it may contribute to its 

cytotoxicity.  

We observed that neuroblastoma cells exposed to BMAA produced a number of markers of 

proteotoxic stress, including increases in caspase 3 and cathepsin activity as well as increased 

expression of the ER stress marker CCAAT/-enhancer-binding protein homologous protein 

(CHOP). Co-incubation with low concentrations of L-serine resulted in complete inhibition of this 

toxicity, supporting the hypothesis that BMAA is misincorporated into proteins in place of L-

serine or that L-serine can counteract the cytotoxicity associated with BMAA through other 

mechanisms. These results also suggest that the effects of BMAA exposure may be mitigated 

through the use of L-serine, providing a possible pharmacological intervention for 

neurodegenerative disease sufferers affected by BMAA exposure.  

The sporadic nature of a number of neurodegenerative diseases strongly indicates the presence 

of environmental factors in their aetiology. This project has demonstrated that algal non-protein 
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amino acids are neurotoxic and may play a role as an environmental factor in the onset of 

disease. The formation of aberrant protein structures is a hallmark of neurodegeneration; the 

affinity of BMAA to bind to proteins, as well as its ability to induce ER-stress, is a strong indication 

that BMAA may be misincorporated into proteins. This is supported by the evidence that BMAA 

toxicity is mitigated through co-exposure to L-serine. Moving forward, robust and ongoing 

monitoring of these toxins in rural and urban waterways is critical to our understanding of the 

risk of human exposure, as well as the identification of potential exposure routes.
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Chapter One: Introduction and Overview. 

1.1 Amyotrophic Lateral Sclerosis  

Amyotrophic lateral sclerosis (ALS), also commonly known as motor neurone disease (MND), is 

a debilitating neurodegenerative disease that affects approximately 1.9 in 100,000 people 

globally (Arthur et al. 2016). ALS is characterised by the progressive weakening, and eventual 

loss of voluntary muscle function, caused by the degradation and death of associated motor 

neurons. The rapid deterioration of function in ALS patients means that they are typically given 

a life expectancy of around 3 years from diagnosis (Turner et al. 2003); this number however is 

highly variable with around 10% surviving ten years or more after diagnosis. While ALS remains 

a relatively well-known disease, in part due to the public profile of patients such as former 

baseball player Lou Gehrig and Professor Stephen Hawking, as well as fundraising efforts like the 

‘ice bucket challenge’, there is little understanding of the underlying causes of the disease. 

ALS presents with progressive degradation of both the upper and lower motor neurons, 

however the name ALS can be used to describe a family of motor neurone diseases including 

progressive muscular atrophy (PMA), primary lateral sclerosis (PLS) and progressive bulbar palsy 

(PBP) (Rowland and Shneider 2001). Motor neuron degeneration in PMA and PLS is restricted to 

the lower motor neurons (LMN) and upper motor neurons (UMN) respectively (Cervenakova et 

al. 2000; Watanabe et al. 1997), while in PBP degradation is seen in the brain-stem and motor 

neurons responsible for control of facial muscles (Kühnlein et al. 2008). Traditional ALS is by far 

the most common of these disorders, and patients diagnosed with PMA, PLS and PBP are often 

re-diagnosed with ALS following progression of their disease into other motor neuron sections 

(Rowland and Shneider 2001).  

Diagnosis of ALS is difficult as patients will present with different symptoms depending on the 

initial area affected by neuron degradation (Gupta et al. 2012). The majority of patients initially 
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present with ‘limb onset’ ALS (Kiernan et al. 2011); these patients have a combination of UMN 

and LMN symptoms, including muscle weakness and wastage, limb stiffness, and loss of fine 

motor skills. In comparison, ‘bulbar onset’ ALS patients will present with facial weaknesses, 

difficulty speaking and swallowing, as well as fasciculation of the tongue (Mitchell and Borasio 

2007). Despite the initial differences in presentation, ALS patients will typically rapidly progress 

to full body paralysis, making any delay in initial diagnosis particularly concerning. Currently, the 

only widely approved pharmaceutical treatment option for ALS patients is the drug Riluzole; a 

pre-synaptic glutamate release inhibitor that can, in some cases, extend the life span of ALS 

patients by months (Festoff et al. 2003). The United States of America (USA) Food and Drug 

Administration (FDA) approved Edaravone, marketed as Radicava, a free radical scavenging drug 

developed for the treatment of stroke, for the treatment of ALS in 2017. Clinical trials showed 

that Edaravone decreased disease progression as measured by the ALS Functional Rating Scale 

(ALSFRS-R) in the treatment group, as well as decreasing the oxidative stress marker 3-

nitrotyrosine in cerebrospinal fluid (CSF) (Sawada 2017).  

ALS is divided into two distinct categories, sporadic ALS (sALS) and familial ALS (fALS), the 

defining factor between them being whether the presenting patient has a family history of the 

disease. The vast majority of patients with ALS are classed as sALS, with fALS only making up 5-

10% of known cases (Deng et al. 2011). A number of distinct genetic mutations have been 

identified in patients with fALS, the most common of which occurs in the superoxide dismutase 

1 (SOD1) gene. SOD1 mutations make up 20% of all diagnosed fALS cases, or 2% of all known 

cases of ALS, and are characterised by the presence of SOD1 protein aggregate build up within 

affected motor neurons (Ray et al. 2004).  

Historically, there has been a division between research into genetic and non-genetic causes for 

ALS, however with less than 10% of ALS patients having familial history of the disease (Pasinelli 

and Brown 2006), an environmental cause is being increasingly viewed as a critical factor in 



 

 

7 

 

sporadic cases (Pablo et al. 2009). There is increasing evidence that ALS and other related 

neurodegenerative disorders are caused not by a single factor, but instead by a combination of 

genetic susceptibilities and environmental exposures (Al-Chalabi and Hardiman 2013).  

Analysis of European ALS incidence data using epidemiological modelling found that ALS is a 

multistage disease, with as many as six distinct molecular steps required for disease onset (Al-

Chalabi et al. 2014). It is likely that one or more of these molecular steps are exposure to 

environmental factors. The shift in hypothesis from a purely genetic to a multi-factorial aetiology 

has resulted in increased interest in environmental triggers. The non-protein amino acid (NPAA) 

β-methylamino-L-alanine (BMAA) had drawn interest as one such environmental trigger.  

1.2 ALS, BMAA and the Western Pacific 

The Western Pacific ALS foci consist of three separate Pacific communities located in Guam, the 

Kii Peninsula of Japan, and West Papua (Bradley and Mash 2009). These communities have 

historically shown an unusually high prevalence of neurodegenerative conditions similar to ALS. 

The first of these neurodegenerative disease foci was observed in 1945 among the native 

Chamorro people of Guam. Sufferers displayed symptoms consistent with a number of 

neurodegenerative conditions; thus the disease was characterised as ALS – Parkinson’s 

Dementia Complex (ALS-PDC) (Hirano et al. 1961). Shortly after the initial discovery on Guam, 

researchers recognised the symptoms in communities on the Kii Peninsula and in West Papuan 

tribes. Despite being completely geographically and genetically separate, at its peak these 

groups had prevalence rates of ALS up to 100 times greater than other populations (Kurland and 

Mulder 1954).  
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The discovery of these foci led to a search for causes of the disease among the affected 

populations. One proposed cause was identified when a link was drawn between the diet and 

neurological symptoms of the Chamorro People and 

the diet and symptoms of people who suffered the 

neurological disease neurolathyrism (Bell 2009). 

Neurolathyrism, a disorder resulting in weakening 

and irreversible paralysis of muscles of the lower 

body, is caused by oxalyldiaminopropionic acid 

(ODAP), also known as β-N-oxalylamino-L-alanine (BOAA), an amino acid and neurotoxin found 

in various legumes of the species Lathyrus Sativus consumed by sufferers (Rao et al. 1964). While 

legumes are not part of the Chamorro diet, it was hypothesised that cycad seed flour, a staple 

part of the Chamorro diet, may contain ODAP. Chromatographic testing of cycad flour found no 

ODAP, however a compound characterised as α-amino-β-methylaminopropionic acid or β-

methylamino-L-alanine was identified (Fig. 1) (Vega 1967).  

1.3 β-Methylamino-L-Alanine in the Environment 

BMAA shares structural similarity with a number of canonical (protein) amino acids (Fig. 2), 

including possessing both amine and 

carboxylic acid functional groups. However, 

unlike canonical amino acids BMAA is not 

used in protein synthesis, making it a NPAA. 

NPAAs are produced by a number of plants, 

bacteria, and fungi and appear to play roles 

in defence, storage and as metabolic 

intermediates (Bell 2003). A number of 

NPAAs have been shown to impact human 

Figure 1: β-methylamino-L-alanine 
(BMAA) 

Figure 2: Structural similarity between BMAA 
and protein amino acids. (A) Serine (0.5), (B) 
Alanine (0.4884), (C) Cysteine (0.449), (D) 
Leucine (0.3902). A higher number indicates 
increased similarity to BMAA.  
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health through a diverse range of mechanisms including metal chelation, excitotoxicity, 

nephrotoxicity and metabolic disturbances (Rodgers et al. 2015).   

 While BMAA was initially believed to be derived from cycads, Cox et al. demonstrated that the 

compound is instead produced by cyanobacteria of the genus Nostoc, which reside within the 

roots of cycads in a symbiotic relationship (Cox et al. 2003). BMAA is produced by the 

cyanobacteria and distributed throughout its host cycad, accumulating in varying concentrations 

throughout the plant, with the highest concentrations occurring in the reproductive tissue 

(Banack and Cox 2003b). 

 A number of animal studies have concluded that BMAA shows varying levels of toxicity in 

laboratory animals (Seawright et al. 1990). The most prominent of these is a study in 1987 by 

Spencer et al. that concluded that BMAA induced ALS-PDC like symptoms in primates when 

supplied to them over a period of 13 weeks by gavage (Spencer et al. 1987). The Spencer study 

was criticised however, due to the large amount of flour that Chamorro’s would need to eat to 

obtain the BMAA dose that was used to induce ALS-like symptoms in the primate study. It has 

since been suggested that the high nutrient diet fed to the macaques alongside BMAA may have 

provided some protection from toxicity (Karamyan and Speth 2008). A recent primate study by 

Cox et al. (2016) showed chronic dietary exposure of BMAA in conjunction with a low protein 

chow resulted in the formation of neurofibrillary tangles (NFT) and β-amyloid plaques within 

brain tissue of vervets; both of these structures are hallmarks of neurodegenerative diseases 

such as Alzheimer’s disease. 



 

 

10 

 

Further testing of other aspects of the Chamorro 

diet found that BMAA was present in the tissue of 

flying foxes, an animal that is considered a delicacy 

among Chamorro People (Banack and Cox 2003a). 

Banack et al. concluded that while levels of BMAA 

in cycad flour are lower than that required to 

produce ALS symptoms, BMAA is biomagnified in 

animals who consume cycad plant material. This 

biomagnification resulted in BMAA levels in a single bat that were equivalent to up to 1,014 kg 

of cycad flour, an amount that had the potential to cause ALS-PDC symptoms (Fig. 3).  

Analysis of brain tissue from Chamorro ALS-PDC patients found BMAA in both a free amino-acid 

and a protein bound form, whereas BMAA was not present in the brain tissue of patients with 

Huntington’s or non-neurodegenerative diseases (Murch et al. 2004b; Pablo et al. 2009). BMAA 

was also found in the brain tissue of Canadians who had died of Alzheimer's disease (Murch et 

al. 2004b), suggesting that BMAA may be involved in neurodegenerative disease outside of 

Guam and the Western Pacific. 

 The role of BMAA in neurodegenerative disease on a global scale is further supported by Cox et 

al. who demonstrated that BMAA is produced by 95% of tested terrestrial and aquatic 

cyanobacteria species (Cox et al. 2005). BMAA has since been found in environmental samples 

from Qatar (Cox et al. 2009), Peru (Johnson et al. 2008), Sweden (Jiang et al. 2014b), France 

(Masseret et al. 2013), North America (Banack et al. 2015; Caller et al. 2009), China (Li et al. 

2010), and the Baltic Sea (Jonasson et al. 2010). Interestingly, production of  BMAA also does 

not appear to be limited to cyanobacteria; both diatoms (Jiang et al. 2014a) and dinoflagellates 

(Lage et al. 2014) produce the NPAA in significant concentrations. The apparent ubiquity of 

Figure 3: Biomagnification of BMAA in 
Guam. (Cox et al., 2003) 
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BMAA in a number of environments combined with its ability to biomagnify dramatically 

increases the potential of human exposure to significant concentrations.  

Cyanobacteria are predominately found in aquatic environments, with large blooms being 

common in both salt and fresh water ecosystems; it is therefore of little surprise that BMAA is 

found in a number of aquatic species. BMAA has been identified in organisms ranging from 

zooplankton to invertebrates and fish, many of which are commonly consumed as food by 

humans and animals (Jonasson et al. 2010). The biomagnification of BMAA means it is often 

found in higher concentrations in the upper members of the food chain, including bottom 

dwelling fish (Jonasson et al. 2010) and sharks (Mondo et al. 2012; Mondo et al. 2014). 

While more prominent in aquatic environments, cyanobacteria are also present in terrestrial 

ecosystems. Large amounts of cyanobacteria are present in desert crusts, such as those found 

throughout the Persian Gulf. An investigation by Cox et al. into the desert crusts of Qatar found 

that up to 56% of the crust tested contained cyanobacteria (Cox et al. 2009). Cox et al. also found 

these crusts contained significant concentrations of BMAA, which could be a hazard if inhaled. 

Inhalation of the BMAA containing dust has been proposed as the possible cause for increased 

incidence of ALS seen in veterans of the first Gulf War (Cox et al. 2009; Horner et al. 2003; Haley 

2003).  
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1.4 β-Methylamino-L-Alanine Detection and Analysis 

Detection of BMAA in environmental and patient samples has been carried out using a number 

of analytical techniques. Early analysis by Cox et al. was conducted using 6-aminoquinolyl-N-

hydroxysuccinimidyl carbamate (AQC) derivatisation, and high performance liquid 

chromatography  coupled to fluorescence detection (HPLC-FD) as the primary analysis method 

(Banack and Cox 2003a). HPLC-FD relies on the interaction of the analyte with a chromatographic 

column stationary phase, causing elution of the target molecule at a specific and reproducible 

retention time (RT), as well as the level of fluorescence detected, to differentiate between 

molecules. HPLC-FD has been criticised for overestimating the concentration of BMAA, likely due 

to the inability to differentiate BMAA from co-occurring and co-eluting structural isomers 

(Faassen et al. 2012). Alternative techniques using various forms of mass spectrometry have 

attempted to address these criticisms by allowing more sensitive and specific analyte 

identification. Initial mass spectrometry techniques largely employed pre-column derivatisation 

coupled with liquid chromatography – mass 

spectrometry (LC-MS) (Murch et al. 2004b), or gas 

chromatography – mass spectrometry (GC-MS) (Guo et 

al. 2007).  

Similar to HPLC-FD, LC-MS and GC-MS rely on RT to 

differentiate between analytes of the same mass, such 

as BMAA and its structural isomers, N-(2-Aminoethyl) 

glycine (AEG) and 2,4-DAB (Fig. 4) (Faassen et al. 2012). 

Both AEG and 2,4-DAB are commonly detected in the same samples as BMAA, making 

differentiation between the isomers critical for accurate quantification (Jiang et al. 2012). To 

address the need for accurate differentiation between BMAA, AEG, and 2,4-DAB, the majority 

of current analytical methods use liquid chromatography – tandem mass spectrometry (LC-

Figure 4: Chemical structure of 2,4 
- DAB and AEG 
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MS/MS). LC-MS/MS allows isomer differentiation using RT, the intact or parent ion mass to 

charge ratio (m/z), the m/z of  a fragment or product ion resulting from collision induced 

dissociation of the parent ion, and the ratio of parent to product m/z, significantly improving 

isomer identification (Faassen et al. 2012).   

The vast majority of analytical publications have employed some form of derivatisation of BMAA 

and other cyanobacterial NPAAs to improve analyte detectability. Post column derivatisation 

with ninhydrin was favoured in earlier BMAA papers, however this was quickly superseded by 

HPLC-FD techniques employing pre-column derivatisation with fluorenylmethyloxycarbonyl 

chloride (FMOC) which proved to be significantly more sensitive (Kisby et al. 1988). Sample 

derivatisation  has been employed by a number of gas chromatography – mass spectrometry 

(GC-MS) methods; ethyl-chloroformate derivatisation with GC-MS (Snyder et al. 2009), and 

trimethylsilylation derivatisation with two-dimensional gas chromatography time-of-flight mass 

spectrometry (GC-TOFMS) (Snyder et al. 2010) have shown limited ability to detect BMAA in 

samples.  

Success in BMAA detection has been seen with protocols using AQC derivatisation coupled with 

HPLC-FD (Banack and Cox 2003b), LC-MS (Murch et al. 2004b), and LC-MS/MS (Metcalf et al. 

2008). AQC derivatisation and LC-MS/MS using a triple quadrupole instrument was employed 

by Glover et al. (2015) in a BMAA isolation and analysis method validated to AOAC International 

standards; this remains the gold standard for BMAA detection. Propyl-chloroformate (PCF) 

derivatisation (commonly using the Phenomenex EZ:faastTM free amino acid derivatisation kit) 

has also seen significant use in existing literature (Esterhuizen and Downing 2008; Esterhuizen-

Londt et al. 2011). Analysis of un-derivatised BMAA using hydrophobic interaction liquid 

chromatography (HILIC) separation has also seen extensive use (Kubo et al. 2008; Rosen and 

Hellenas 2008; Beach et al. 2015; Faassen et al. 2009). However HILIC-MS/MS has been criticised 

for an increased possibility of false negatives due to lower column efficiencies and matrix effects 
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(Banack et al. 2010). A comparison of BMAA analysis methods using AQC, PCF, and HILIC found 

little difference between the three different methods for the majority of samples analysed. Both 

PCF and HILIC failed to detect BMAA in at least one known positive, highlighting that lack of 

detection is not an indication of lack of presence (Baker et al. 2017). 

Despite there being a large body of literature on BMAA detection, there is a significant variation 

in published data on both detection and quantification of BMAA in samples. This variation has 

been attributed to imprecise mechanisms of detection and a lack of detail in method 

descriptions (Faassen 2014). The development of a consistent and precise method of detection 

and quantification of BMAA is required to accurately determine its presence within the 

environment. 

1.5 Acute Versus Chronic Toxicity 

Early theories on the mechanism of BMAA induced neurotoxicity focussed on acute toxicity 

through interaction with glutamate receptors (Spencer et al. 1987). BMAA is able to form two 

stable carbamate adducts in the presence of bicarbonate (Zimmerman et al. 2016), the α-

carbamate exhibiting little activity on N-methyl-D-aspartate (NMDA) receptors. However, the β-

carbamate form has striking structural similarity to glutamate, the physiological ligand of NMDA 

and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Diaz-Parga et al. 

2018). The β-carbamate form of BMAA appears to be capable of mimicking glutamate, activating 

these receptors (Myers and Nelson 1990; Nunn and O'Brien 1989). The carbamate theory gained 

support when in vitro research demonstrated that when exposed to BMAA, cultured murine 

cortical cells showed no evidence of cell death, however the addition of bicarbonate for 1 hr 

resulted in substantial cell death within 24 hrs (Weiss et al. 1989).  

The role of amino acid analogues in acute pathology is well demonstrated in conditions such as 

neurolathyrism, where neuroexcitation from ODAP is the direct mechanism of the disease 
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(Kumar et al. 2011). Prolonged dietary exposure to ODAP from the seeds of L. sativus causes the 

distinct symptoms of lathyrism which include irreversible lower limb paralysis as well as muscle 

tremors and atrophy. ODAP is structurally similar to L-glutamate, and able to act as an agonist 

to non-NMDA receptors resulting in excitotoxicity (Warren et al. 2004). Disease progression 

following exposure is where ODAP and BMAA toxicity differ; while patients with lathyrism often 

develop symptoms within months of exposure to ODAP, patients with ALS-PDC have a delay of 

up to 20 years between exposure to BMAA and development of disease symptoms (Murch et al. 

2004a).  

As early as 1986, Spencer et al observed that BMAA elicited two different forms of toxicity in 

exposed primates, the acute glutamate receptor activation observed previously, and another 

unidentified chronic mechanism (Spencer et al. 1986). Whilst in vivo exposure to high 

concentrations of BMAA does result in acute ALS-like symptoms such as jerky movement and 

partial paralysis, the effects quickly decline after BMAA treatment is halted (Rakonczay et al. 

1991). This in vivo progression is not consistent with the long latency period seen in the onset 

of ALS-PDC in patients from Guam, suggesting a secondary chronic mechanism may be the cause 

of ALS-PDC. 

1.6 Incorporation of Non-Protein Amino Acids into Proteins 

Murch et al. noted that BMAA existed in two forms within cycad flour; as a free amino-acid and 

as a protein associated form that required acid hydrolysis to liberate (Murch et al. 2004a). This 

observation was mirrored in brain tissue of ALS-PDC and Alzheimer’s patients where once again 

BMAA was present in both forms, suggesting that it is both incorporated into proteins and 

capable of crossing the blood brain barrier (Murch et al. 2004b). Brain perfusion experiments by 

Smith et al. demonstrated that BMAA is readily transported across the blood brain barrier by 

the L-type amino acid transporter 1 (LAT1) membrane transport protein (Smith et al. 1992). LAT1 
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transport proteins are multi-substrate transmembrane transporters that facilitate the 

movement of a number of amino acids and amino acid like compounds across membranes 

(Kanai and Endou 2003). LAT1 and LAT2 transporters have also been implicated in the transport 

of BMAA into milk, presenting another form of dietary exposure (Andersson et al. 2016; 

Andersson et al. 2013).  

While commonly referred to as protein associated or protein bound, the precise nature of the 

interaction between BMAA and proteins is not clear. Dunlop et al. demonstrated BMAA is 

incorporated into proteins by a mechanism dependent upon protein synthesis (Dunlop et al. 

2013). Multiple cell types including fibroblasts, neuroblastoma cells, and primary coronary 

artery cells, showed increased BMAA-protein association as the concentration of BMAA in the 

culture media increased. BMAA-protein association was prevented in the presence of 

cycloheximide, a eukaryotic protein synthesis inhibitor. In vitro experiments using tritiated (3H) 

BMAA showed that 3H BMAA could not be dissociated from proteins with sodium dodecyl sulfate 

(SDS), dithiothreitol (DTT), or SDS and DTT combined; only proteolysis, or acid hydrolysis, could 

liberate BMAA from proteins. These results are consistent with the incorporation of the amino 

acid into proteins during synthesis, opposed to passive binding of BMAA to existing proteins.  

The observation that BMAA is protein associated and may be incorporated into proteins is 

supported by research that shows that L-3,4-dihydroxyphenylalanine (L-DOPA), an oxidative 

modification of tyrosine (3-hydroxytyrosine) and also a NPAA, is incorporated into human 

neuroblastoma cells in vitro (Ozawa et al. 2005; Rodgers et al. 2006; Rodgers and Shiozawa 

2008). This incorporation results in the formation of autofluorescent bodies in the cell, 

accumulation of degradation resistant aggregates, and eventually cell death via apoptosis 

(Dunlop et al. 2011; Dunlop et al. 2008). Although DOPA is a more reactive compound, owing to 

2 redox active hydroxyl groups at positions 3 and 4 on the phenolic ring, it could be hypothesised 

that exposure to BMAA may also lead to the accumulation of toxic BMAA-containing aggregates. 
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The effect of aggregate build up in neurons may be exacerbated by the long life and low turnover 

of neurological cells, increasing the potential for aggregates to accumulate to a level where they 

become toxic and induce cells to undergo apoptosis. 

Protein misincorporation is not a unique property of BMAA and L-DOPA. Azetidine-2-carboxylic 

acid (AZE) is a plant derived NPAA that is misincorporated in place of proline into proteins 

(Bessonov et al. 2010). AZE is commonly found in a number of members of the Beta vulgaris 

plant family, including table and sugar beets, and has been detected in a number of sugar beet 

by-products used as livestock dietary supplements. There is evidence to suggest that use of AZE 

containing feed in agriculture may be the primary pathway for human exposure to the toxin 

(Rubenstein et al. 2009). The misincorporation of AZE into myelin basic protein (MBP) has been 

proposed to be a trigger for the apparent immunogenicity of the protein in multiple sclerosis 

(MS) patients (Rubenstein 2008). 

A number of other plants also produce amino acid analogues which can be misincorporated into 

proteins during synthesis. L-canavanine is a NPAA produced by a number of plant species 

including alfalfa and is structurally closely related to the amino acid L-arginine. Canavanine has 

been shown to misincorporate in place of arginine following dietary exposure in insects, and is 

proposed to be produced by plants as an insecticide (Rosenthal et al. 1989a; Rosenthal et al. 

1989b). Consumption of alfalfa has also been shown to increase the severity of the symptoms 

of systemic lupus erythematosus (SLE), and this may be due to canavanine containing proteins 

interrupting the action of antigen presentation (Akaogi et al. 2006).  

1.7 The Fidelity of Protein Synthesis  

Protein synthesis has a number of intrinsic error checking mechanisms; however, errors do occur 

at a rate of approximately 1 incorrect amino acid incorporated during protein synthesis for every 

10,000 translated (Yadavalli and Ibba 2013). While the error rate during translation is low, 
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changes to even a single amino acid during protein synthesis can result in dramatic change in 

phenotype.  

The result of minor errors during protein synthesis is well demonstrated in mice with the ‘sticky 

mouse’ mutation. These mice have been shown to have a defective alanyl-tRNA synthetase; this 

mutation results in the inability of the synthetase to clear mischarged amino acids, causing L-

serine to be substituted for alanine approximately once per 500 reactions (Lee et al. 2006). The 

misincorporation of L-serine into proteins during synthesis results in the formation of misfolded 

proteins that appear to seed aggregates within the Purkinje neurons of the mice causing the 

neurons to die. The death of these neurons is believed to cause the distinctive ataxia that 

characterises the sticky mouse mutation.  

The presence of misfolded and aggregated proteins in people suffering from a range of 

neurodegenerative diseases has been known for some time. These diseases fall into a larger 

category of conditions known as proteopathies that are characterised by the presence of 

unusual, misfolded or aggregated proteins (Walker and LeVine 2000). Cognitive proteopathies 

such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and ALS remain some of 

the most poorly understood and debilitating diseases found in humans. The cause of the protein 

aggregation seen in these proteopathies can be genetic, as seen in Huntington’s disease, or 

environmental such as in Kuru, however the triggers for protein aggregation in diseases like ALS 

still remain largely unknown. It is possible that minor mistakes in protein synthesis, such as those 

demonstrated in the “sticky mouse” mutation, may be the trigger responsible for onset of this 

disease. 

While the presence of misfolded proteins within a cell may seem largely innocuous, post mitotic 

cells such as motor neurons are particularly susceptible to their presence (Lee et al. 2006). 

Where rapidly dividing cells are able to spread misfolded proteins amongst daughter cells, post 

mitotic cells are left with an increasingly large build-up of atypical proteins. The presence of 
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misfolded proteins within a cell can in turn serve to ‘seed’ the aggregation of other proteins, 

resulting in an amplification of the effect of a misfolded or structurally aberrant protein (Wood 

et al. 1999; Murphy 2002).   

Examples of aggregated proteins implicated in neurodegenerative disease include: amyloid-β 

and tau in Alzheimer’s disease, α-Synuclein in Parkinson’s disease, Huntingtin in Huntington’s 

disease, and Prion protein in Prion diseases such as Creutzfeldt–Jakob disease and Kuru (Jucker 

and Walker 2011). Both TAR DNA-binding protein 43 (TDP-43) and SOD1 aggregates have been 

shown in ALS patients, with SOD1 mutations specifically identified in approximately 20% of 

people suffering from familial ALS (Ross and Poirier 2004). Interestingly, while TDP-43 

aggregates are present in a large number of both sporadic and familial ALS patients, they are 

not present in patients with SOD1 mutations (Robertson et al. 2007). The involvement of 

different protein aggregates in different cases of ALS suggests that while protein aggregates play 

a role in the disease pathway, no single protein is responsible for its onset. The apparent ability 

for BMAA to induce the formation of aberrant protein structures in primate models is further 

evidence that it may play a role in the development of neurodegenerative disease (Cox et al. 

2016). 

Current literature on the role of protein aggregates in neurodegeneration offers little insight 

beyond stating their presence in patients suffering from a wide range of diseases, however the 

presence of these aggregates in such a large number of conditions suggests that they may play 

a significant role in neurodegeneration and warrant further investigation. Studies focusing on 

the role of aggregated proteins in tauopathies, a category of proteopathy characterised by the 

presence of tau aggregates,  directly implicated the activation of the endoplasmic reticulum (ER) 

mediated unfolded protein response (UPR) in these disorders (Hoozemans and Scheper 2012). 

The UPR plays a key role in ER stress and the cellular response to the presence of misfolded and 

aggregated proteins. Initially, the UPR is engaged in down regulation of protein translation 
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through phosphorylation of Eukaryotic Initiation Factor 2 (eIF2α) to ease the burden on the ER 

(Wek and Cavener 2007). This is complimented by increased expression of folding chaperones 

in an attempt to refold misfolded proteins (Brown and Naidoo 2012). Under prolonged ER stress, 

the UPR changes focus away from protecting the cell and towards apoptosis (Haynes and Ron 

2010). This appears to be primarily achieved through increased expression of CHOP, which in 

turn promotes pro-apoptotic proteins and down regulates anti-apoptotic proteins such as B-cell 

lymphoma 2 (Bcl-2) (Nishitoh 2012). The result of prolonged UPR activation and upregulation of 

CHOP is the initiation of intrinsic apoptosis pathways (Matus et al. 2008; Chakrabarti et al. 2011).  

While there is a large body of evidence to suggest that protein aggregation and activation of the 

UPR play a role in the progression of neurodegeneration, the majority of that evidence is largely 

correlative (Matus et al. 2008). Preliminary investigations have suggested that stress due to 

protein aggregation and activation of the UPR may have a causal role in these disorders, 

however the identification of the agent behind the protein aggregation in disorders like ALS 

proves to be the most reliable yet elusive way to demonstrate whether aggregation of proteins 

is the driving factor in the progression of the disease.  

1.8 BMAA & Neurodegeneration  

As previously mentioned, the longevity and slow turnover of neuronal cells make them 

especially vulnerable to protein aggregate build-up, which can result in apoptosis. While 

previous literature has demonstrated that BMAA can induce ALS-like symptoms in animal 

models (Cox et al. 2016; Scott and Downing 2017), and that it is present in the brains of people 

who suffer from neurodegenerative disease (Murch et al. 2004a; Murch et al. 2004b), the 

mechanism of toxicity for BMAA is largely unknown. The observation that BMAA can be 

misincorporated into proteins resulting in misfolding and aggregation presents a viable 

hypothesis that the progressive loss of motor neuron function seen in ALS patients is the result 
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of cell stress mediated apoptosis of the motor neuron. This hypothesis is supported by findings 

that demonstrate increased expression of pro-apoptotic UPR related genes following in vitro 

BMAA treatment (Okle et al. 2013). Misincorporation provides a practical explanation for why 

we find NPAAs such as BMAA so strongly associated with proteins.  

Over the past four decades, research into the role of NPAAs in neurodegeneration has suffered 

from a lack of understanding behind the mechanisms of toxicity, and the methods of detection. 

BMAA research in particular has been stunted by imprecise techniques and poorly described 

methods. Improving detection techniques and further development of the mechanism of BMAA 

toxicity is vital in understanding how it and other NPAAs may play a role in the development of 

diseases like ALS. The lack of understanding into the mechanism of ALS is one of the key reasons 

that treatment for the disease has remained elusive for so long. Continued research into the 

genetics of ALS has implicated a number of genes in the progression of the disease, all of which 

are associated with misfolded proteins, however this only reveals a partial picture of the 

pathogenesis of ALS. With 90% of ALS sufferers showing no genetic history or predisposition to 

ALS, it is highly probable that the majority of sufferers are victims of an aetiological mix of 

genetics and single or multiple environmental triggers, including BMAA. If these triggers can be 

identified, and the mechanism of their action characterised, it may unlock new methods to 

prevent or treat ALS. 
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1.9 Thesis Aims and Overview 

 There has been limited analysis for the presence of BMAA and other algal NPAA toxins in the 

Australian environment prior to this project. Cox et al. (2005) remains the only publication to 

have analysed an Australian cyanobacterial species, where it was reported that a laboratory 

maintained isolate of Cylindrospermopsis raciborskii was positive for the presence of BMAA. The 

susceptibility of Australian rivers to persistent algal blooms (Davis and Koop 2006; Bowling and 

Baker 1996), and the reliance on these rivers for agriculture and recreation (ABS 2008) make the 

absence of analysis of algal NPAA toxins in Australia particularly concerning. Chapter Two of this 

thesis aims to address these issues through the development of a robust method for NPAA toxin 

analysis of Australian environmental samples, and to determine if the agriculturally important 

waterways of south eastern Australia were prone to contamination from BMAA and its isomers.  

The presence of a protein bound fraction of BMAA in environmental and patient samples was 

first described by Murch et al. (2004a). Here, Murch suggested that BMAA may build up in a 

protein bound form within patients, slowly releasing over time causing reoccurring neurological 

tissue damage. The role of protein bound BMAA was further explored by Dunlop et al. (2013), 

where it was reported that BMAA was misincorporated into proteins during protein synthesis, 

resulting in the formation of toxic protein aggregates within cells. Alternative studies have 

suggested that BMAA is not incorporated into proteins, but instead post-translationally bound 

to them (van Onselen et al. 2017; van Onselen et al. 2015; van Onselen and Downing 2018). 

Chapter Three explores the relationship between BMAA and proteins, and aims to determine 

whether BMAA is incorporated during synthesis or superficially bound to proteins. This chapter 

also explores the differences between BMAA incorporation in prokaryotes and eukaryotes. 

While a number of studies have previously explored BMAA in eukaryotes and prokaryotes 

separately, this is the first direct comparison of the two.  
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The detection of BMAA in environmental and patient samples has been a topic of robust debate 

for a number of years. One of the major focuses of this debate is whether BMAA is reliably 

separated from its co-occurring structural isomers, 2,4-DAB and AEG (Faassen et al. 2012). 

Interestingly, while there is a significant body of literature exploring the analytical implications 

of the co-occurrence of these three NPAAs, there has been little exploration of the toxicological 

implications.  

AEG has previously been proposed to function as the backbone of ancient peptide nucleic acids 

(Banack et al. 2012). It has however, only been the subject of preliminary toxicological 

assessment which found it was toxic to brine shrimp (Artemia salina) at high concentrations 

(Metcalf et al. 2015). 2,4-DAB however, has been the topic of a number of toxicological 

investigations, in which it was demonstrated that 2,4-DAB produced marked neurotoxicity in 

rodents (Chen et al. 1972). Chapter Four aims to identify the presence of potential synergistic 

toxicity between BMAA and its co-occurring isomers, as well as the potential mechanisms 

underlying any observed toxicity.  

A common feature of misincorporation is the ability to outcompete NPAA misincorporation 

through increased concentration of the canonical amino acid it is being mistaken for (Rodgers 

and Shiozawa 2008). This effect is likely due to the tRNA synthetase having a higher binding 

affinity for the canonical amino acid versus the NPAA that it is mistakenly binding. BMAA has 

previously been shown to upregulate a number of proteins associated with the UPR; this is 

consistent with the formation of structurally aberrant proteins (Okle et al. 2013).  It has been 

proposed that the formation of these misfolded proteins may be driven by the misincorporation 

of BMAA in place of L-serine during protein synthesis (Dunlop et al. 2013).  Chapter Five aims to 

determine if the toxic effect of BMAA on human neuroblastoma cells can be reduced or 

prevented through co-incubation with L-serine.  
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Chapter Two: Detection of the suspected neurotoxin β-Methylamino-L-

alanine (BMAA) in cyanobacterial blooms from multiple water bodies in 

Eastern Australia. 

Chapter Overview 

The Murray-Darling basin in south eastern Australia has historically struggled with frequent, 

large, and persistent algal blooms. The warm climate and slow moving water, coupled with 

agricultural run-off and nutrient rich water from impoundments provides perfect conditions for 

cyanobacterial species to flourish. While the waterways that form the basin are regularly tested 

for cyanotoxins such as microcystins and saxitoxins, a significant survey of the emerging 

cyanobacterial toxins BMAA and 2,4-DAB in Australian water had not been undertaken prior to 

this study.  

In the studies described in this chapter, sixteen surface algal samples collected from rural sites 

within the Murray-Darling basin and urban sites in Sydney, New South Wales were analysed. 

BMAA was present in ten of the tested samples, while 2,4-DAB was present in all sixteen 

samples. The results presented here confirm that BMAA and 2,4-DAB are present in Australian 

algal blooms, and that blooms within the Murray-Darling basin may be a significant source of 

human BMAA and 2,4-DAB exposure. 
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Chapter Three: Investigation of the interaction of β-methylamino-L-

alanine with eukaryotic and prokaryotic proteins. 

Chapter Overview 

The previous chapter confirmed the presence of BMAA and 2,4-DAB in a number of Australian 

cyanobacterial blooms, and critically that these non-protein amino acids were present in algal 

blooms collected from the agriculturally important Murray-Darling basin. The ability of BMAA to 

bioaccumulate and biomagnify has been well documented, with increasing ‘protein associated’ 

BMAA often seen in higher trophic levels. While the presence of protein bound, or associated 

BMAA is well described, the exact mechanism underlying this binding has been a topic of 

significant debate.  

The studies presented in this chapter aimed to further investigate the interaction between 

BMAA and both prokaryotic and eukaryotic proteins. E. coli and cultured human neuroblastoma 

cells, as well as isolated proteins from both, were incubated with radiolabelled BMAA. The rate 

of binding and distribution of bound BMAA was compared to that of 3H leucine, a protein amino 

acid. The use of radiolabelled BMAA increased the sensitivity of the system and avoided the 

extensive sample processing required for mass spectrometric analysis.  

Both BMAA and leucine were unable to bind to a range of pure proteins, or to eukaryotic and 

prokaryotic whole protein lysate.  BMAA was found to bind to eukaryotic proteins in live cells in 

a linear, time dependent fashion, and distribute across cell proteins similar to leucine. In E. coli, 

protein bound BMAA rapidly increased in concentration then decreased after 1 hour of 

exposure. These results suggest that BMAA or a BMAA derivative may be incorporated into 

eukaryotic proteins during synthesis.  

 

  



 

 

38 

 

Certificate of authorship and originality 

This paper was published in Amino Acids © Springer Ltd. I certify that the work presented in this 

chapter has not previously been submitted as part of the requirements for a degree. I also certify 

that I carried out the majority of the work presented in this paper. 

- Brendan J Main: Conducted experiments and wrote the manuscript. 

- Carly J Italiano: Aided with experiments  

- Kenneth J. Rodgers: Proof-read and edited the manuscript, conceived project idea, and 

provided guidance on experiments. 

 

Primary Author 

Brendan James Main 

 

Signature           

Date: 2nd October 2018 

Production Note:
Signature removed prior to publication.



 

 

39 

 

 

 



 

 

40 

 



 

 

41 

 

 

 



 

 

42 

 



 

 

43 

 

 

 



 

 

44 

 



 

 

45 

 



 

 

46 

 



 

 

47 

 



 

 

48 

 

 



 

 

49 

 



 

 

 

 

Chapter Four 

Assessing the combined toxicity of BMAA 

and its isomers 2,4-DAB and AEG in vitro 

using human neuroblastoma cells 

 

  



 

 

51 

 

Chapter Four: Assessing the combined toxicity of BMAA and its isomers 

2,4-DAB and AEG in vitro using human neuroblastoma cells. 
Chapter Overview 

Early toxicological assessments of BMAA largely focused on the excitotoxicity of BMAA and its 

β-carbamate derivative on various glutamate receptors. While this mechanism explains the 

acute toxicity seen in high doses of BMAA, it does not explain the long latency seen between 

exposure to lower concentrations of BMAA and onset of neurodegenerative symptoms seen in 

patients from Guam.  As discussed in the previous chapter, the binding of BMAA to proteins in 

eukaryotes is consistent with incorporation during protein synthesis. The misincorporation of 

BMAA during protein synthesis raises the possibility of an alternative form of toxicity, mediated 

by proteotoxic stress. 

To investigate the possibility of BMAA induced proteotoxic stress, cultured neuroblastoma cells 

were treated with BMAA as well as AEG and 2,4-DAB. BMAA treated cells had increased 

expression of a number of genes associated with ER-stress and ER associated protein 

degradation, consistent with cells under proteotoxic stress.  While AEG and 2,4-DAB treatment 

did not result in ER stress, 2,4-DAB alone did reduce cell viability, and combined treatments of 

2,4-DAB and BMAA resulted in increased expression of the pro-apoptotic protein caspase-3. The 

results from this chapter suggest that BMAA could cause proteotoxic stress, and that combined 

exposure to BMAA and 2,4-DAB may have a synergistic or additive toxicity. 
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Chapter Five: The use of L-serine to prevent β-methylamino-L-alanine 

(BMAA)-induced proteotoxic stress in vitro. 

Chapter Overview 

The data presented in chapter four demonstrated that BMAA can induce ER stress, well as other 

indicators of proteotoxic stress in vitro. This proteotoxic stress is consistent with what we would 

expect from protein aggregates formed from misincorporation, and lends strength to the 

hypothesis that misincorporation is an underlying mechanism of chronic BMAA toxicity. One of 

the features commonly observed in non-protein amino acid misincorporation is the ability to 

outcompete the non-protein amino acid with its canonical amino analogue. This competition 

mechanism provides a novel treatment possibility for BMAA toxicity through co-treatment with 

L-serine, which has been proposed to be a structural analogue to BMAA. 

In this chapter, neuroblastoma cells were treated with BMAA or co-treated with both BMAA and 

L-serine. A number of markers of ER-stress, protein aggregation, and apoptosis were measured 

to determine if L-serine was able to prevent BMAA toxicity. Significant increases in all of the 

measured markers following BMAA treatment were observed; these effects were prevented 

when the cells were co-treated with L-serine at one tenth the concentration of BMAA. These 

results suggest that L-serine may be a novel treatment for BMAA induced toxicity and a potential 

intervention for neurodegenerative diseases. 
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Chapter Six: Concluding Remarks and Future Directions 

6.1 Concluding Remarks 

In 1967, the isolation of a novel non-protein amino acid, later characterised as BMAA, was 

reported by Vega and Bell (1967). The five decades of research that followed its characterisation 

have built a compelling body of evidence implicating BMAA exposure in the development of 

neurodegenerative diseases. This project aimed to address a broad set of questions regarding 

the presence of BMAA in Australia, the interaction of BMAA with proteins, and the mechanisms 

underlying chronic BMAA toxicity. These aims represented significant gaps in existing literature 

critical for progressing our understanding of the role cyanobacterial non-protein amino acids 

play in neurodegenerative diseases both in Australia and globally.  

The discovery that BMAA was produced by cyanobacteria in 2003 (Cox et al. 2003) was arguably 

the pivotal moment in BMAA research. Up to that point, BMAA was seen as a possible causative 

agent in Guamanian ALS-PDC, with little relevance to global neurodegenerative disorders. The 

presence of BMAA in a number of cyanobacterial symbionts vastly expanded the potential reach 

of BMAA as a toxin and was followed by an outbreak of research looking for BMAA in 

cyanobacterial, environmental, and patient samples across the globe (Nunn 2017). Prior to the 

studies presented in this thesis, Australian samples remained a conspicuous omission from the 

growing list of publications analysing cyanobacterial non-protein amino acids worldwide, and 

thus one of the key aims of this project was to develop a pipeline for LC-MS/MS analysis of local 

samples; the results of which are presented in Chapter Two.  

Before this project commenced, the only Australian sample tested for BMAA in the published 

literature was a single laboratory maintained isolate of Cylindrospermopsis raciborskii. This was 

one of a number of cyanobacterial isolates tested by Cox et al. (2005) in a wide ranging survey 

that employed HPLC-FD to quantify BMAA concentrations. The absence of tested samples 
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directly collected from Australian waters made it difficult to draw conclusions about the 

concentration of BMAA and its isomers within the local environment, or the likelihood of human 

exposure, either directly through contaminated water or indirectly through contaminated food.  

As part of this project, a sample preparation pipeline and LC-MS/MS method was developed and 

validated (Chapter Two). Sixteen algal scum samples collected from fourteen sites around 

eastern Australia were tested for the presence of BMAA and its isomers, 2,4-DAB and AEG. Ten 

of the tested samples were positive for BMAA, while 2,4-DAB was found in all sixteen, 

representing the first reported identification of either toxin in samples collected directly from 

Australia. Critically, the majority of the samples tested were collected from sites within the 

agriculturally important Murray-Darling Basin region of New South Wales. The presence of 

BMAA and 2,4-DAB in waterways used for the irrigation of approximately 40% of Australian 

agricultural land has potential implications for public health and food security in Australia.   

The 1967 Vega and Bell paper represented not only the first isolation of BMAA, but also the first 

assessment of toxicity of the compound; the authors concluding that the synthetic BMAA was 

“markedly” neurotoxic when administered to chicks. Publications following this one largely 

focused on the excitotoxic nature of BMAA, with a particular interest in the β-carbamate formed 

from BMAA in the presence of bicarbonate (Weiss et al. 1988). However, the presence of a 

significant concentration of protein-bound BMAA in multiple trophic levels of the Guam 

environment, as well as in the brains of neurodegenerative disease sufferers (Murch et al. 

2004a; Murch et al. 2004b) raised the possibility of an alternative form of BMAA toxicity. This 

was explored further by Dunlop et al. (2013) who concluded that BMAA was misincorporated 

into proteins during synthesis, possibly in place of L-serine, resulting in the formation of 

structurally aberrant proteins.  

The exact nature of BMAA ‘binding’ has remained controversial, with some groups suggesting 

that BMAA is post-translationally bound to proteins as opposed to being misincorporated during 
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synthesis. van Onselen et al. (2015) was unable to detect bound BMAA in proteins produced by 

an E. coli based cell free expression system spiked with BMAA after both sodium dodecyl 

sulphate polyacrylamide gel electrophoresis, and immobilised metal affinity chromatography 

purification.  This lead to the conclusion that prokaryotes do not incorporate BMAA into proteins 

and therefore previously observed protein bound BMAA was superficially associated with the 

protein.  

The present project sought to clarify the interactions between BMAA and both prokaryotic and 

eukaryotic proteins by exposing purified proteins, E. coli and human neuroblastoma cell lysates, 

and live E. coli and human neuroblastoma cells, to both 3H and 14C enriched BMAA, and 

quantifying free and protein bound BMAA (Chapter Three). Using radiolabelled amino acids has 

a number of benefits over analytical mass spectrometry; lower treatment concentrations can be 

used, reducing the amount of washing required to remove unbound amino acid, and significantly 

less sample preparation is required prior to analysis. In neuroblastoma cells, a linear increase in 

BMAA concentration was observed, as well as a distribution of BMAA across cellular proteins 

consistent with an incorporated amino acid. Interestingly, this was not observed in E. coli, where 

instead the concentration of bound BMAA peaked within an hour of treatment before 

decreasing over the next eight hours. We also observed no binding to cell lysate or to pure 

proteins, suggesting that binding may require biological intervention.  

This project’s findings strengthen the argument for misincorporation playing a significant role in 

the interaction between BMAA and eukaryotic proteins, as well as the possibility that chronic 

BMAA toxicity could be mediated by this misincorporation. The differences observed between 

eukaryotic and prokaryotic protein binding could have a number of important implications as 

well. The rapid uptake of BMAA into a protein associated form and its subsequent clearing by E. 

coli warrants further investigation, and may provide insights into the role BMAA plays in 

cyanobacteria and other prokaryotes. From a technical standpoint the differences observed 
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between prokaryotes and eukaryotes highlight the importance of using mammalian cells and 

mammalian cell free protein expression systems for BMAA, and potentially other, NPAA 

research. The non-linear incorporation observed in E. coli suggests that using a prokaryotic 

model is unlikely to yield results relevant to eukaryotic exposure.  

The key hypothesis underlying this project was that misincorporation of BMAA into proteins 

during synthesis could result in the formation and subsequent build-up of misfolded proteins. 

Aggregated proteins are hallmark features of a number of neurodegenerative diseases, and the 

presence of these aberrant protein structures can be acutely toxic. The formation of misfolded 

and aggregated proteins within the cell is closely monitored, a process largely focused around 

the ER unfolded protein response. In reaction to the presence of misfolded proteins within the 

lumen of the ER, the UPR upregulates protein folding chaperones, decreases proteins synthesis, 

and finally initiates mitochondrial mediated apoptosis (Chakrabarti et al. 2011).  

The relationship between ER stress and ALS has been explored using cell culture, as well as 

human pathological samples, and genetically modified mouse models such as various 

superoxide dismutase-1 (SOD1) mutant mice. Nishitoh et al. (2008) observed increased 

induction of CHOP and 78 kDa glucose-regulated protein (Grp78) in NSC34 motor neuron like 

cells expressing mutant SOD1.  Overexpressed Grp78 has been reported in spinal cord motor 

neurons of SOD1 mutant transgenic mice when compared to wild type motor neurons (Tobisawa 

et al. 2003), indicating that ER-stress undergoes significant activation in SOD1 related ALS. ER-

stress and UPR activation has also been shown to be present in patients with sporadic ALS, with 

significant up-regulation of CHOP observed in spinal sections from sporadic ALS patients 

compared to sections from controls (Ito et al. 2009).  

Okle et al. (2013) was the first to report increased ER-stress and UPR mediated apoptosis in 

human neuroblastoma cells in response to in vitro exposure to BMAA. ER stress was measured 

via increased expression of the pro-apoptotic protein CHOP, and apoptosis measured using 
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caspase 3/7. Okle and colleagues concluded that low doses of BMAA interacted with proteins 

resulting in protein homeostasis dysregulation and ER-stress.  

 A similar increase in CHOP gene expression was observed in this work, as well as an increase in 

the expression of two ER-associated degradation (ERAD) genes in SH-SY5Y cells treated with 

BMAA. Increased CHOP and ERAD gene expression was also seen in cells co-treated with BMAA 

and 2,4-DAB, as well as BMAA and AEG. While 2,4-DAB treatment did decrease cell viability as 

measured by the alamarBlue assay, BMAA was the only cyanobacterial NPAA tested that caused 

UPR and ERAD gene upregulation on its own (Chapter Four). The large number and diversity of 

toxins produced by cyanobacteria underscores the importance of investigating their 

mechanisms in the presence of each other. It is possible that BMAA undergoes synergistic or 

additive toxicity when combined with other NPAAs or cyanotoxins. These results suggest that 

while 2,4-DAB may contribute to cyanobacterial toxicity in vitro, it does not share the same 

mechanism of toxicity as BMAA.  

A number of non-protein amino acids have been shown to act as amino acid analogues. 

Canavanine, AZE, L-DOPA, o-tyrosine, and m-tyrosine have all been shown to misincorporate in 

place of various protein amino acids (Rodgers and Shiozawa 2008). While these amino acid 

analogues have enough similarity to a canonical amino acid to be mischarged by the 

corresponding aminoacyl-tRNA synthetase, they are often out competed by their respective 

protein amino acids due to their lower binding efficiency (Rodgers and Shiozawa 2008). Dunlop 

et al. (2013) hypothesised that BMAA was misincorporated in place of L-serine during protein 

synthesis, and demonstrated that increasing doses of L-serine blocked radiolabelled BMAA 

incorporation proportionally.  

This project expanded on the findings of Dunlop et al., demonstrating that treatment of SH-SY5Y 

cells with 500 μM BMAA resulted in increased CHOP expression, as well as increased cathepsin 

and caspase 3 activity. Co-incubation of cells with 50 μM L-serine as well as BMAA negated the 
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toxicity of the BMAA resulting in no significant difference between the co-treated cells and 

untreated controls (Chapter Five). A primate study by Cox et al. (2016) supported our finding 

that L-serine co-treatment reduced BMAA toxicity, showing that neurofibrillary tangles present 

in vervets treated with dietary BMAA were not present in those co-treated with L-serine. It is 

also important to note that a recent phase I clinical trial investigating the use of L-serine for the 

treatment of ALS has had promising results, with a dose dependent decrease in disease 

progression in those individuals in the high dose L-serine treatment group (Bradley et al. 2017).  

The aims of this project were to address shortfalls in our knowledge in regards to the presence 

of BMAA within the Australian environment, as well as to explore the interaction of BMAA with 

proteins, and the possible mechanisms underlying BMAA toxicity. This project was successful in 

the development and validation of a method for BMAA analysis, and identification of BMAA and 

its isomers from a number of blooms in key waterways within Eastern Australia. In addition, this 

work provides evidence to show that BMAA is incorporated into eukaryotic proteins during 

protein synthesis and is not just superficially bound to them. We have identified a mechanism 

by which misincorporated BMAA may result in significant ER-stress leading to apoptosis through 

activation of the unfolded protein response. Finally, we demonstrated that BMAA toxicity could 

be negated through co-incubation with L-serine, providing a promising future treatment for ALS. 
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6.2 Future Directions  

While the time dependent increases in BMAA binding that were observed in this project are 

indicative of incorporation, it is still only circumstantial evidence. The most convincing evidence 

for misincorporation of NPAAs into proteins remains proteomic identification of single amino 

acid substitutions. Currently the low incorporation rate, and likely random nature of 

misincorporation make identifying misincorporated BMAA in peptides a difficult proposition. 

Proteomic detection using mass spectrometry requires relatively high amounts of NPAA 

incorporation at the same site within a peptide. A cell free expression system over producing a 

single protein is therefore the most reliable option for detection. It should be noted that the 

evidence from this project suggests that a eukaryotic expression system would be the most 

appropriate option due to the non-linear incorporation of BMAA observed in prokaryotes. 

Targeted proteomic analysis of protein aggregates that play key roles in neurodegenerative 

diseases may also provide key insights into BMAA misincorporation. Aggregates and plaques of 

proteins such as α-synuclein, amyloid precursor protein, and tau protein are hallmark features 

of neurodegeneration, and have been found in brain tissue from primates exposed to BMAA 

(Cox et al. 2016). It is possible that these proteins are susceptible to amino acid 

misincorporation, or misfolding and aggregation following misincorporation. Using high 

resolution accurate mass (HRAM) analysis to quantify peptides with predicted mass shifts due 

to misincorporation would allow us to confirm the presence of BMAA in these aggregated 

proteins. 

With the growing interest in L-serine as a treatment for ALS, a more focused study on the effect 

of BMAA on the ER unfolded protein response, and the mechanism behind the ability of L-serine 

to prevent BMAA toxicity would be appropriate. The UPR in particular is a complex system, with 

three separate pathways and multiple effects (Chakrabarti et al. 2011). One key area for future 

interest would be the effect of BMAA on the downregulation of protein synthesis, a side effect 
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of UPR activation. It is possible that long term exposure to BMAA may result in the cell having 

chronically depressed protein production resulting in cell death.  

While these studies explored the effect of BMAA and its isomers on the ER UPR, the cytosol and 

mitochondria also have independent mechanisms to rectify interruptions to proteostasis. 

Proteotoxic stress within the cytosol is managed by the heat shock response (HSR) and regulated 

by the transcription factor heat shock factor 1 (HSF1). When activated, HSF1 up-regulates 

transcription of a number of chaperones called heat shock proteins (HSPs) in an attempt to 

refold misfolded proteins (Vabulas et al. 2010). If misfolded cytosolic proteins are unable to be 

refolded they are ubiquitinated, resulting in proteasomal degradation (Houck et al. 2012). The 

ubiquitin-proteasomal degradation and cytosolic protein stress pathways remain an under 

explored area of research that should be further pursued.  

The unique evolution of mitochondria, from bacterial endosymbionts to eukaryotic organelles, 

means that mitochondrial proteins derive from both the mitochondrial and nuclear genomes 

(Calvo and Mootha 2010). This unique evolution also means mitochondria has a distinct 

unfolded protein response. This response manages misfolded proteins that are produced within 

the mitochondria, as well as those imported from the cytosol (Jovaisaite et al. 2014). Parallel to 

the ER UPR the mitochondrial UPR also upregulates the pro-apoptotic transcription factor CHOP 

in times of proteotoxic stress (Zhao et al. 2002). The mitochondrial UPR is also able to attenuate 

global cellular protein synthesis through a similar pathway to the ER UPR (Pellegrino et al. 2013).  

The reported lack of editing activity in a number of mitochondrial tRNA-synthetases may mean 

that mitochondrial proteins are particularly susceptible to BMAA misincorporation (Hilander et 

al. 2018). This lack of editing combined with the parallels between the mitochondrial and ER 

responses to misfolded proteins, means that the mitochondrial UPR is of particular interest in 

BMAA toxicity. Both the cytosolic and mitochondrial stress responses are key mechanisms in 
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maintaining cellular proteostasis. These responses should be further investigated in the context 

of BMAA exposure to elucidate whether BMAA toxicity is unique to ER-regulated proteins. 

One of the aims of this project was to determine if BMAA and its isomers are indeed in the 

Australian environment, and this was achieved through analysis of surface scum samples that 

contained multiple species of cyanobacteria. Moving forward, analysis of agricultural products 

produced in areas shown to have high BMAA contamination, as well as direct monitoring of 

contaminated water, would provide a more accurate assessment of the current level of BMAA 

exposure to the Australian population. Long-term monitoring of BMAA and 2,4-DAB in 

waterways chronically contaminated with cyanobacteria would also provide vital understanding 

of how concentrations vary overtime and in different environmental conditions. 

Australia has a number of suspected ALS patient clusters, the most prominent of which is in the 

Riverina region of south-west NSW. This region is largely agricultural land, served by a series of 

irrigation canals and rivers which are often contaminated with algal blooms. Analysis of patient 

clusters in the United States has found that they were often located in close proximity to 

waterbodies with poor water quality, including persistent algal blooms (Caller et al. 2009b; Caller 

et al. 2012; Torbick et al. 2014). Replicating this spatial clustering analysis would allow us to 

identify if a similar correlation between ALS patient location and proximity to low water quality 

exists in Australia. 

Detection of BMAA and other NPAAs remains a developing field; small analyte mass and 

inherently complex matrices makes analysis difficult. Analysis of four different sample matrices 

by Baker et al. (2017) highlights the differences in analyte detection between different amino 

acid derivatisation and detection techniques. Baker found that HILIC preparation was unable to 

detect BMAA in blue-crab samples that were strongly positive using PCF or AQC derivatisation. 

Similarly, PCF was unable to detect BMAA in Spirulina samples that HILIC and AQC reported as 
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positive. All three sample preparations agreed with the presence of BMAA in cyanobacteria, and 

its absence in human brain samples.  

 The variation in detection reliability between methods highlights that a failure to detect a NPAA 

via a single method is not necessarily an indication that the NPAA is not present in the sample. 

Assuming mass spectrometry methods are correctly designed and validated, variations in 

analyte detection are likely due to matrix effects on either derivatisation or detection. Employing 

either AQC or PCF derivatisation alongside HILIC would reduce the chance of type II errors as 

well as the variability in BMAA detection currently seen between different laboratories. Current 

inconsistencies in BMAA detection between laboratories using different techniques has often 

been one of the fundamental complaints for critics of BMAA research. Reducing this variability 

is vital to instituting long term monitoring of BMAA and other algal NPAAs in the environment.  
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