
ABSTRACT 

BERI, JOSHUA JAY. Studies to Investigate β-N-Methylamino-L-Alanine, an Environmental 

Trigger Linked to Amyotrophic Lateral Sclerosis (Under the direction of Drs. Michael S. 

Bereman & David C. Muddiman). 

 

Amyotrophic lateral sclerosis (ALS) is a devastatingly fatal motor neuron disease 

characterized by the loss of both upper and lower motor neurons. Individuals diagnosed with 

ALS experience progressive loss of voluntary motor function, including the ability to eat, drink, 

and eventually breathe. The average survival time from symptom onset of ALS patients is 

typically between 3 and 5 years. Though many causative genes for ALS have been identified, 

only 5-10% of ALS cases have been shown to be familial, or attributable to genetic causes. The 

other 90-95% of ALS incidence is classified as sporadic, or random.  

Ample evidence has emerged within the literature which links environmental exposure to 

development of ALS. Perhaps the strongest link between ALS and the environment emerged on 

the island of Guam in the 1950’s, when the prevalence of ALS was found to be 100 times greater 

than the global baseline. Epidemiological data and subsequent studies found that the high ALS 

incidence on the island was likely due to exposure to β-N-Methylamino-L-Alanine (BMAA) 

through preference for the traditional diet of the indigenous Chamorro people. Various taxa of 

cyanobacteria worldwide have been shown to produce BMAA, a neurotoxin, thus escalating the 

need for improved understanding of its environmental presence. However, controversy has 

surrounded the BMAA hypothesis because of concerns of false positive environmental 

detections and overestimations due to both inability of analytical methods to resolve BMAA 

from confounding structural isomers as well as a lack of proper analytical standards. 

Furthermore, the specific mechanisms of action of BMAA leading to ALS development remain 

outstanding. 



Herein, novel materials and methods are presented for detection and quantification of 

BMAA within the environment, including a chip based capillary electrophoresis tandem mass 

spectrometry analytical platform combined with a novel stable isotope labeled 13C3,
15N2-BMAA 

standard. This integrated strategy for BMAA detection and quantification is used to show 

presence of BMAA within locally obtained seafood and compared against other available 

methods for BMAA detection and quantification, including a commercially available ELISA 

assay. Furthermore, mass spectrometry based proteomics is leveraged to elucidate the molecular 

mechanisms perturbed by cellular exposure to BMAA as well as their overlap with molecular 

processes perturbed during ALS development. Throughout, these results are reinforced through 

introduction and use of novel tools for statistical process control in mass spectrometry based 

experiments both for small and large molecule analysis. 
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CHAPTER 1  

GENERAL INTRODUCTION 

1.1 Amyotrophic Lateral Sclerosis 

Amyotrophic Lateral Sclerosis (ALS) is a debilitating, relentlessly progressive motor 

neuron disease which affects, as of November 2011, approximately 4 out of every 100,000 

people living in the USA.1 There are currently no effective therapeutics to treat ALS, and the 

etiology of the disease is still largely uncharacterized. While 5-10% of ALS cases are known to 

be caused by genetic mutations (i.e., familial ALS), the vast majority (>90%) are referred to as 

sporadic ALS and occur seemingly at random. It has therefore been suggested that local 

environment plays a major role in increasing the risk of ALS development. 

ALS is characterized by the progressive loss of upper and lower motor neurons in the 

motor cortex, bulbar region, and spinal cord, leading to loss of voluntary muscle function and 

atrophy.2 Patients afflicted with the disease gradually lose their ability to contribute to society 

and their ability to perform basic everyday functions, including their ability to eat, drink, and 

breathe. Eventually, patients require 24-hour care and succumb to a variety of causes.  Amongst 

these, respiratory failure resulting from deterioration of the muscles that govern breathing is the 

most frequent, representing over 75% of ALS related death, followed by heart failure (9%) and 

pulmonary embolism (4%).3  

It is estimated that there are as many as 20,000 Americans living with ALS at any given 

time, and a new person is diagnosed with ALS every 90 minutes in the US. The average survival 

time starting from onset of symptoms in ALS patients is widely considered to be only 3-5 

years.4-6 Furthermore, ALS is a difficult disease to diagnose owing to the fact that there are no 

existing molecular biomarkers allowing for a simple diagnostic test for the disease, meaning that 



   

2 

 

formal diagnosis can only be achieved by exclusion.7 Coupled with this fact, ALS is difficult to 

distinguish from other motor neuron diseases including Kennedy’s disease, with the result that 

the median time from symptom onset to formal diagnosis is estimated to be more than one year. 

As a consequence of long diagnosis times and the stringent criteria used to qualify patients for 

clinical trials, many individuals diagnosed with ALS die without qualifying for a therapeutic 

trial.8 

Historical Background 

The first description and naming of ALS was carried out by Jean-Martin Charcot in 

1874.9 The discovery was made as part of a case study of Charcot’s self-developed research 

method, “méthode anatomoclinique”. Charcot’s work indicated that several neurological 

disorders including primary amyotrophy and primary lateral sclerosis, which were considered 

separate disorders at the time, were in fact the same disease. Because of Charcot’s contributions, 

ALS is frequently referred to internationally as “Charcot’s Disease”. 

ALS was thrust into a much greater prominence when baseball player Lou Gehrig 

announced his retirement from Major League Baseball following his diagnosis with the disease. 

Gehrig played 17 seasons for the New York Yankees, setting a variety of league records during 

his career. However, Gehrig began to report weakness during the 1938 baseball season which 

progressively worsened, culminating in a diagnosis of ALS and retirement from baseball in June 

1939.  Gehrig died on June 2, 1941.  Due to the surge in awareness of the disease surrounding 

Gehrig’s diagnosis and death, ALS is now commonly known as “Lou Gehrig’s Disease”. 

Another notable ALS patient is Stephen Hawking, who was diagnosed in 1963.  This is 

especially notable due to the fact that it is generally regarded that only 20% of ALS patients live 

past five years after diagnosis, and only up to 10% will live for more than up to 10 years.10 
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Evidence that ALS is linked to genetic defects was first introduced in the late 1980’s.  In 

1987, Plaitakis and Caroscio reported a significant increase in plasma glutamate levels of ALS 

patients compared to control patients.11 At that time, Plaitakis and Caroscio postulated that a 

systematic defect in the metabolism of glutamate, an excitotoxic amino acid, was a possible 

underlying cause of ALS. In 1994, the drug Riluzole, a compound which acts to block 

presynaptic release of glutamate as well as inhibit postsynaptic effects of excitatory amino acids, 

underwent a clinical trial and was shown statistically to increase the survival of ALS patients by 

between 3-8 months.12 Riluzole remained the only FDA-approved drug therapy for ALS until 

2017, when it was joined by Edaravone13, an antioxidant which was previously developed for 

treatment of stroke14. The mechanism of action of Edaravone is presently not fully understood, 

but it is presumed that the drug serves to deter oxidative stress in motor neurons at risk for 

deterioration due to ALS. Though Edaravone treatment was shown to slow progression of ALS 

in a relatively small cohort of Japanese patients15, it is delivered via 60-minute IV infusion once 

daily. Aside from the inconvenience of daily injection over a 60-minute time period, Edaravone 

treatment requires installation of an intravenous port during the period of treatment which places 

patients at increased risk for infection. 

In the early 1990’s, the first genetic defect proven to cause ALS was identified.  Rosen 

and coworkers found 13 missense mutations (mutations which result from a point mutation of a 

single nucleotide resulting in a codon coding for a different amino acid during protein synthesis) 

in the gene encoding Cu/Zn-binding Superoxide Dismutase, SOD-1.16 Mutations in the SOD-1 

gene have been found to cause over 10% of familial ALS cases, or 1% of all ALS cases. Since 

then, over 30 genes have been identified as causative to ALS. Among these is an expansion of a 
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GGGGCC hexanucleotide repeat in the C9ORF72 gene has been found to be the most common 

genetic ALS mutation, causing over 23% of fALS cases.17,18 

Recently, ALS has again experienced an increase in media exposure due to the viral 

phenomenon known as the ALS Ice Bucket Challenge, which took place in the summer of 

2014.19 In addition to increasing awareness for ALS, the ice bucket challenge also assisted in 

fundraising over $130 million for ALS research over the course of only a few months. Thus far, 

funding provided by the Ice Bucket Challenge has been used to identify at least one new gene, 

NEK1, which thought to play a role in some ALS incidence when mutated.20,21 

Symptom Development and Disease Progression 

The motor system, a subsystem of the central nervous system, is comprised of a two-

tiered system of upper motor neurons (UMN) and lower motor neurons (LMN).22  UMNs 

originate in the motor cortex of the brain and extend downward through a distance of over 12 cm 

to innervate LMNs.  LMNs receive signal from UMNs and generally originate in the brainstem.  

From there, LMNs travel over a distance of 45 cm and transmit signal either to LMNs that are 

located further downstream or directly to muscle tissue. Thus, signal is transmitted from the 

brain to affect muscle activity. A subset of motor neurons, known as bulbar motor neurons, are 

those which originate in the bulbar region of the brain, which is comprised of the medulla, pons, 

and cerebellum.  The bulbar motor neurons are responsible for control of the muscles of the head 

and throat, including those controlling the lips, tongue, palate, larynx, and pharynx.23,24 Figure 

1.1A shows a simple schematic of motor neuron layout throughout the motor system.  
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Amyotrophic Lateral Sclerosis is a progressive disease which is characterized by the loss 

of UMN, LMN, or a combination of the two.  In most patients, symptoms are first experienced as 

weakness in the limbs, which is referred to as spinal-onset ALS and accounts for approximately 

80% of ALS cases.2,23 Further examination in these cases typically reveals a host of other 

symptoms which may result from loss of either upper or lower motor neurons. Loss of UMN 

function (Figure 1.1B) typically results in hypertonia, or an increase in muscle tension and 

decrease in muscle flexibility, and hyperreflexia, or overresponsive reflexes.  Loss of LMN 

function (Figure 1.1C) typically results in muscle weakness and atrophy as well as muscle 

fasciculations. In the remaining 20% of ALS cases, weakness begins in the bulbar muscles, 

characterized by jaw jerking and tongue fasciculations.23,24 Because of the fact that bulbar 

muscles are closely related to those which control breathing function, patients presenting with 
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onset of bulbar symptoms typically experience a worse prognosis than those with spinal-onset 

ALS, with a mean survival time of only two years, given that they are prone to aspiration.24 

Initially, symptoms in most cases are weak but relentlessly spread over time, and it is 

hypothesized that the growth of severity and spread of symptoms is reflective of UMN and LMN 

loss at the cellular level.22  

Classical neurology teaches that ALS is a fatal neurodegenerative disease that affects 

both upper and lower motor neurons, suggesting that ALS is a heterogeneous disease. However, 

the fact that there are a large number of genes whose mutations are known to cause ALS,25 the 

diverse number of ALS phenotypes which emerge as a function of upper, lower, or bulbar motor 

neuron onset of the disease (Figure 1.226), the wide variety in age of ALS onset, and the 

variability of survival time after diagnosis suggest that ALS is an extremely heterogeneous 

disease.  In addition, approximately 90% of ALS cases remain classified as sporadic, suggesting 

that the actual complexity of ALS pathogenesis is much more complicated than what is now 
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known. In fact, ALS is now thought to be part of a spectrum disorder, much like autism, in which 

it forms a continuum with frontotemporal dementia (FTD).27,28  FTD is a syndrome that is 

marked by progressive change in behavior and language due to loss of neuronal function in the 

frontotemporal lobe. In some cases of ALS, the onset of motor neuron degradation symptoms is 

preceded by cognitive problems.29 The prognosis of ALS patients also experiencing FTD 

symptoms is generally worse than those experiencing pure ALS, with a survival expectancy that 

has been shortened by approximately one year (average 2.4 years).30 

Mechanisms of Motor Neuron Death in ALS 

The topic of cellular mechanisms of motor neuron death in motor neuron disease patients 

is an extensively studied topic. Though much effort has been expended in an attempt to fully 

understand the molecular pathways which underlie ALS disease progression, the responsible 

mechanisms remain poorly understood.  The heterogeneous nature of ALS implies that multiple 

avenues of motor neuron death in cases of ALS are likely to exist.  Interestingly, it has been 

noted that individuals suffering from sporadic ALS show little clinical difference from 

individuals diagnosed with familial ALS.31-33 As a result, it is considered possible that all ALS 

cases share common underlying cellular mechanisms. With this in mind, transgenic models, 

usually mice, expressing mutant human SOD-1 have been utilized to investigate some of the 

pathogenic causes of ALS that may be common to other forms of the disease. These mutant 

SOD-1 models have been reviewed34, and their use has helped to elucidate ALS-related 

mechanisms of motor neuron death including glutamate-mediated excitotoxicity due to loss of 

expression of excitatory neurotransmitter reuptake transporter (EAAT2)35-38, protein misfolding, 

agglomeration, and oligomerization35,39,40, impaired axonal transport41-44, and mitochondrial 
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dysfunction.41,45-47 A graphic depiction of these molecular mechanisms of cell death is shown in 

Figure 1.3. 

EAAT2 is a neurotransmitter reuptake transporter located in astrocyte cells and is 

responsible for reuptake of glutamate from the synapse. Excessive glutamate within the synapse 

can cause overstimulation of glutamate receptors on the neuron, which leads to an influx of Ca2+ 

ions into the cell.48 Excess Ca2+ within the cell results in a number of detrimental effects, 

including initiation of apoptosis through caspase activation49 and release of reactive oxygen 

species from the mitochondria due to the opening of the mitochondrial permeability transition 

pore.50 

Formation of extra- and intracellular protein aggregates is a hallmark of many 

neurodegenerative diseases, including Alzheimer’s51 and ALS.35,39,40,52 In cases of SOD-1 related 

ALS, SOD-1 containing intracellular protein inclusions, which are often highly ubiquitinated, 

have been identified35 and found to contain high molecular weight oligomers of SOD-1.39,40 

These inclusions have been found to accumulate selectively in neuromuscular tissue as a 



   

9 

 

function of patient age53,54, suggesting that accumulation of these insoluble mutant protein 

granules is related to cellular toxicity in ALS. The mechanisms relating accumulation of 

misfolded protein to cell death are not well elucidated. However, it is thought that, because of 

high occurrence of ubiquitination within the insoluble aggreagates55, cell death may be related to 

failure of proteasome degradation mechanisms56 which leads to activation of the unfolded 

protein response which results in cell apoptosis.57,58 Furthermore, it is possible that protein 

aggregates are transmitted between neuronal cells through the exosomal machinery.59 Once they 

are located within a new host cell, these protein aggregates are thought to cause further protein 

misfolding within the new host cell, thus propagating neuronal death. 

Despite the fact that axons comprise more than 99% of the volume of a typical motor 

neuron, protein and lipid synthesis are conducted almost exclusively within the cell body.60 The 

cell relies upon cellular transport processes to supply synthesized protein to the axon and remove 

damaged organelles from the axon to the cell body.61-63 Disruption of cellular transport processes 

is known to cause buildup of neurofilaments in the axon64-67 and mutations in neurofilaments 

cause assembly and aggregation of neurofilaments protein in cells.68,69 Mitochondria are known 

to accumulate in the axons of spinal motor neurons of fALS and sALS models70-73 which is 

thought to be a result of impaired transport of organelles from the axon. However, there are 

conflicting reports about whether it is impaired mitochondrial mobility or mitochondrial 

dysfunction within the axon that is more important in terms of cellular toxicity.74,75 

The mitochondrion is a critical organelle that is responsible for ATP production, 

maintaining calcium homeostasis, has a role in calcium signaling, and helps to regulate cellular 

apoptosis. Wild type SOD-1 is known to be found within the mitochondria in the presence of the 

copper chaperone for SOD-176,77.  It is postulated that SOD-1 that is not bound to metal ions is 
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able to enter the mitochondrion where it matures in the presence of the copper chaperone. Mutant 

SOD-1 is thought to fail to fold properly and disrupt the regulation of mitochondrial activity.78 

Negative effects of mutant SOD-1 upon mitochondria include impaired respiratory function79-81, 

disrupted calcium homeostasis82,83, and activation of cellular apoptosis.84,85 

Evidence for an Environmental Role in ALS Pathogenesis 

Only approximately 10% of ALS cases are classified as familial ALS which requires that 

an individual diagnosed with ALS have at least two first or second-degree relatives also 

diagnosed with ALS.86 Among familial ALS cases, there is a body of evidence which suggests 

that the environment may play a role in ALS development. Studies have shown that individuals 

from within the same family and diagnosed with the same genetic ALS-causing mutation have 

experienced a wide range of disease onset ages and survival times.87 The remaining 90% of cases 

are classified as sporadic, or occurring at random. Most disturbing about sALS is the tendency 

for the disease to strike otherwise healthy middle aged individuals seemingly at random. There 

exists a large body of evidence that suggest that nongenetic factors play a major role in the 

development of sALS. Proposed environmental factors include participation in professional 

sports88, immune response to bacteria89, military service90, and geographical location of ALS 

patients.91 

In the time period between 1960 and 1997, there were 24,000 Italian soccer players, eight 

of whom died from ALS.92  This reflected a 10-fold increase of incidence compared to the 

number of expected ALS cases in this cohort, which was only 0.64. A number of theories have 

arisen to explain the high incidence of ALS cases in these soccer players. Repeated head trauma 

has been widely investigated as a possible cause of ALS93-95, and it was shown that patients with 

ALS from the Italian case study had a history of more frequent trauma compared to their healthy 
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peers.96 Exercise was also suggested as a cause, and has been investigated as a risk factor for 

ALS97 due to proposed increases in oxidative stress.98 Finally, exposure to pesticides has been 

investigated as a cause for these ALS cases, due to the fact that pesticides used in agriculture 

have been linked with ALS development.99 

It has been postulated that immune response against Borrelia burgdorferi, the bacterium 

responsible for Lyme disease, may be a cause for ALS. This is due to a study conducted in 1990 

in which 9 of 19 ALS patients living in Suffolk County, NY showed evidence of exposure to the 

bacteria.89 During the study, three patients showed improvement when treated with an antibiotic 

against the bacteria.  However, the topic remains one of contention, with many scientists denying 

a connection between Lyme disease and ALS. The ALSUntangled group reviewed the potential 

link in a 2009 study during which no evidence for an increased frequency of Lyme disease in a 

cohort of 4000 ALS patients was found.100,101 

There exists a much stronger link between ALS and military service. The connection was 

first proposed in relation to the Persian Gulf War from 1990-1991.  Multiple studies were 

conducted between 2000 and 2005 that reported an increased rate of ALS incidence among 

veterans who had been deployed in the Gulf War compared to those who were deployed 

elsewhere.102-104 Factors that have been proposed to potentially cause this link include increased 

physical activity during military service, trauma, transmissible reagents, and environmental 

exposure during deployment.105 

Geographical location has also had a long standing link to incidence of ALS. The first 

clue of an environmental link to ALS came on the island of Guam during the 1940’s, when 

Zimmerman discovered an incidence of ALS-like symptoms that was increased by over a factor 

of 100 compared to the global baseline average of ALS incidence.106 A case of increased ALS 



   

12 

 

incidence was also observed in three unrelated school teachers who taught in the same classroom 

for 2-5 years and then developed ALS.91 In this study, it was suggested that something within the 

school environment was the likely source of exposure, as random development of ALS in the trio 

would be highly unlikely. Furthermore, there have been a number of reports of conjugal ALS 

development in the literature.107,108 Though these cases of co-development of ALS by people 

who are not genetically related are arguably coincidental, clusters of conjugal ALS cases have 

been reported within geographical proximity suggest a likely environmental factor.109 Finally, an 

increased incidence of ALS has been identified in individuals living within close proximity of a 

lake in New Hampshire that contains a cyanobacterial bloom.110 It is thought that beta-

methylamino-L-alanine (BMAA), a neurotoxin produced by cyanobacteria, is the most likely 

toxin exposure causing both the increased ALS incidence in Guam and New Hampshire.  BMAA 

and its potential role in ALS pathogenesis are discussed further below. 

1.2 Beta-N-methylamino-L-alanine (BMAA) 

BMAA is a non-protein amino acid that was first isolated from seeds of cycad trees by 

Vega and Bell111, and is thought to be an environmental trigger for ALS.112,113 Known to be 

produced by as many as 95% of cyanobacteria worldwide114 in both free and protein-bound 

forms115, BMAA is thought to either be produced in order to serve as either a nitrogen storage 

function116 or as a deterrent to herbivores to protect the bacteria from consumption. Discovered 

on the island of Guam in the 1960s, it is believed that BMAA is the most likely cause of the high 

incidence of ALS-like Lytico-Bodig disease on Guam in the 1940s (see Section 1.2.1). Since 

then, BMAA has gained additional attention due to its ubiquitous production by 95%-97% of all 

cyanobacterial strains and because of the noted increase in blue-green algal growth throughout 



   

13 

 

the world117-119, coupled with the knowledge that proximity to algal blooms is known to be 

associated with an increased incidence of ALS.110 

History of Guam Disease and Its Relation to BMAA 

In the 1950s, the peak prevalence on the island of Guam of an ALS-like disease was 

found to be 200 cases per 100,000 people per year.  At the time, this was 100 times greater than 

the global prevalence of ALS.  In some villages on the island, one third of adult deaths in the 

indigenous people called the Chamorro were found to be caused by the disease, which was 

described as ALS combined with Parkinson’s disease and dementia, or ALS-PDC for 

amyotrophic lateral sclerosis-Parkinson dementia complex.120 The indigenous Chamorro people 

call amyotrophic lateral sclerosis ‘lytico’ and Parkinson-dementia complex ‘bodig’. ALS-PDC is 

therefore known to the Chamorro as lytico-bodig disease. 

The first descriptions of lytico-bodig on Guam were found in death certificates dating 

back to the early 1900s. After the American recapture of the island from the Japanese after 

World War II in 1944, H. Zimmerman, a member of the U.S. Navy and a neurologist, came to 

the island and provided the first description of the high incidence of ALS on the island.106 This 

information was brought to light in the western world by Kurland and Mulder121,122, and the 

search for the environmental factor responsible began. At first Cycas micronesica, a plant whose 

seeds the Chamorro people used to create and consume tortillas, was considered the likely cause 

of high ALS incidence. The Chamorro people knew that the seeds of the plant were toxic, and 

therefore washed the flour created from the seeds to allow for consumption.123 In 1967, Vega and 

Bell serendipitously discovered BMAA in the seeds of the cycad plants while searching for beta-

N-oxalyl-L-diaminopropionic acid111, which had recently been discovered as the cause of 

lathyrism.   
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In 1987, an epidemiological study was performed that examined 23 variables potentially 

linked to elevated risk for ALS-PDC on Guam.124 Of the variables studied, only the preference 

for traditional Chamorro food was significantly related to an increased risk in ALS-PDC 

development. However, multiple studies wherein cycad material was fed to animals failed, 

coupled with the fact that only extremely low concentrations of free BMAA were found in 

washed cycad flour125,126, which caused a general rejection of the hypothesis that BMAA in 

cycad flour was responsible for ALS-PDC for a time. In 2002, additional evidence supporting 

that BMAA is likely to have been the toxin responsible for lytico-bodig was produced by Cox 

and coworkers, who found the following facts regarding BMAA: 1) BMAA is produced by 

symbiotic cyanobacteria located within coralloid roots of the cycad tree115, 2) BMAA is 

biomagnified up the food chain by animals which also consume cycad seeds such as the flying 

fox and pig127,128, 3) BMAA may be found at much higher levels within the protein-bound 

fraction of cycad flour than as free BMAA129, and 4) that BMAA was found within the brains of 

patients with ALS/PDC but not in patients without the disease. It is therefore thought that the 

diet of Chamorro people on Guam consisted of a high amount of BMAA from not only cycad 

flour, but also the meat of pigs and flying foxes. The meat of flying foxes was found to contain 

as much as 3 mg BMAA/1 g meat.130 Furthermore, BMAA was found in the protein bound 

fractions of the brains of patients from the University of Miami Brain Endowment Bank who had 

died of Alzheimer’s disease and ALS (i.e., diseases thought to be significantly influenced by the 

environment) but not in patients who died of Huntington’s (a purely genetic disease) nor non-

disease control patients.113 

Proposed Mechanisms of BMAA Neurotoxicity in ALS 
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There are several putative mechanisms of BMAA toxicity. One theory is that BMAA 

becomes included in cellular protein in place of L-Serine by misincorporation by tRNA 

synthetases (Figure 1.4A). These cellular proteins are then thought to become misfolded and 

exhibit toxicity through a set of cellular mechanisms similar to that of misfolded mutant SOD-

1.131-133 Dunlop and coworkers showed that in-vitro exposure to BMAA results in 

misincorporation of BMAA into cellular protein.  This effect was shown to be most inhibited by 

increased concentrations of L-serine within the cellular media, suggesting that BMAA is 

misincorporated into cellular protein in the place of L-serine. Furthermore, Glover and 

coworkers showed that limiting a wide range of amino acids, including phenylalanine, proline, 

alanine, glutamate, and serine in cell-free protein synthesis resulted in a statistically significant 
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increase in the percent of BMAA incorporated into protein, suggesting that BMAA may become 

misincorporated into cellular protein in place of a number of amino acids.134 Interestingly, the 

study by Glover showed an increase in BMAA incorporation when the template DNA provided 

with the protein synthesis kit was replaced with human genomic DNA, and then another increase 

when healthy human genomic DNA was replaced with human genomic DNA supplied by ALS 

or Parkinson’s disease patients.  This suggests a possible gene × environment (G×E) interaction 

that makes motor neuron disease patients more susceptible to BMAA incorporation compared to 

healthy individuals. However, the Glover study is limited by the fact that protein content was 

measured as a whole rather than direct measurement of newly created protein within the sample. 

Also covalent BMAA misincorporation is reported, though measured only indirectly (i.e., 

BMAA detected after protein hydrolysis).  Other mechanisms of interaction between BMAA and 

cellular protein have been proposed, including the hypothesis that BMAA is capable of 

noncovalently binding to protein rather than misincorporating.135 The emergence of multiple 

hypotheses related to BMAA-protein interaction, combined with lack of data showing intact 

incorporation of BMAA into cellular protein and studies utilizing higher BMAA concentrations 

than is physiologically feasible have resulted in controversy with respect to the reliability of the 

BMAA-protein interaction hypothesis.136 However, proteomic data collected as a result of both 

in-vitro137 and in-vivo138 BMAA exposure have shown perturbation of cellular mechanisms 

related to protein homeostasis supporting the BMAA-protein interaction hypothesis. Though no 

data which directly observes protein misincorporation in intact proteins or peptides yet exists, it 

is well documented that mistakes in protein misincorporation as low as 1/10,000 residues can 

lead to in-vivo neurodegeneration.139,140 It is possible, therefore, that evidence for protein 
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misincorporation is currently unavailable due to limitations in the dynamic range of currently 

available MS instrumentation. 

It has also been suggested that free BMAA in the brain is able to exhibit a neurotoxic 

effect by acting on glutamate receptors similar to that of elevated glutamate within the synapse 

(Figure 1.4B). Mouse spinal cord motor neurons showed neurotoxicity at a dosage as low as 30 

µM141,142.  The level of free BMAA found within the brains of Guam ALS/PDC patients was 

found to be approximately 7 µg/g, or 60 µM, and the protein-bound level of BMAA was found 

to be much higher, at 0.8-5 mM.112,129  It is therefore thought that the concentrations of BMAA 

within the brains of ALS/PDC patients was high enough to elicit an excitotoxic response strong 

enough to affect motor neuron death. Furthermore, many in-vitro studies of BMAA effect upon 

various cell lines have noted that the presence of bicarbonate within cellular media is required 

for observation of excitotoxic effect.143 It is hypothesized that bicarbonate interacts with BMAA 

at physiological pH to allow for generation of a β-carbamate adduct that is more structurally 

similar to glutamate, and is therefore able to act upon glu receptors.143,144 Pharmacological data 

have confirmed this finding,145 which explain the observation of negative results in primary 

isolations of tissues maintained in media not containing bicarbonate. 

Environmental Significance of BMAA Toxicity and Routes of Human Exposure 

There is now little doubt that BMAA is an environmental toxin capable of producing 

ALS-like symptoms through chronic exposure. As noted above the growth of blue-green algae, a 

form of cyanobacteria, is becoming notably more pronounced on a world-wide scale117-119, which 

makes the threat of BMAA exposure perhaps even more disturbing. It is generally accepted that 

the cause of increased cyanobacterial prominence is due to eutrophication stemming from a 

combination of rising water temperatures and increased human-generated nutrient runoff from 
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fertilizer, animal waste, and sewage.146-148 Increased levels of cyanobacteria have become 

problematic especially in the U.S., where cyanobacterial toxin levels in California have increased 

from approximately 20 µg/L to more than 150,000 µg/L in the summer of 2016. 

Still more concerning is the increase in BMAA content in seafood that has been found 

thriving near cyanobacterial blooms in both fresh and seawater. Seafood in Swedish markets, 

including mussels, oysters, shrimp, char, and herring were found in 2014 to have BMAA levels 

as high as 0.90 µg/g. 149 Coastal Florida is known for its high levels of cyanobacterial growth. 

The extremely high level of blue-green algal growth in south Florida has gained widespread 

media attention over the summers of 2016-2018, due to blooms which blanketed Florida coastal 

beaches, prompting declaration of a state of emergency and closure of several beaches.  This 

increase in cyanobacterial activity has caused both disruption of marine life and Florida’s typical 

tourism industry.  Shark fin from sharks collected in south Florida has shown detectable levels of  

BMAA with concentrations as high as 1,836 ng/mg wet weight.150 As of 2010, pink shrimp 

sampled in Florida Bay, FL were found to contain levels of BMAA of nearly 2000 µg/g151, 

which is comparable to the levels of BMAA found in the fruit bats of Guam in the 1950s, which 

was found to be as high as 3556 µg/g.  Continued growth of cyanobacterial blooms is expected 

only to further increase the marine biomagnification of BMAA. Given this information, it is not 

unreasonable that dietary exposure through consumption of seafood and other dietary 

supplements containing cyanobacteria (e.g., Spirulina and similar products) is considered the 

main vector of human exposure to BMAA.152 

Aerosolization of both cyanobacteria and BMAA from bodies of water containing blue-

green algae has been postulated as a potential route of exposure to BMAA and increased risk of 

neurodegenerative disease development. In 2017, Henegan and coworkers surveyed a sample of 
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26 individuals deemed at high risk (living within ¼ mile from a water body containing 

cyanobacteria) and low risk (further than ¼ mile from a water body containing cyanobacteria). 

Their postmortem results showed that of the high risk patients, 84.6% showed the presence of 

cyanobacteria within the lung tissue compared to only 7.7% of low risk patients.153 With respect 

to aerosolized BMAA, Scott and coworkers recently published a study wherein adult male rats 

were exposed to concentrations of aerosolized BMAA well in excess of the maximum recorded 

environmental levels of BMAA aerosol load. Analysis of the rat tissues showed the presence of 

several metabolites (e.g., 2,3 diaminopropanoic acid) were found to be present throughout the 

body confirming uptake and distribution of BMAA.154 However, intact BMAA was not found 

within the lung, brain, or liver tissue of the rats, and the rats did not show any signs of toxicity 

despite the exposure. 

It has also recently been postulated that BMAA exposure in ALS patients is the result of 

cyanobacteria contained within the microbiome. Cyanobacteria have, indeed, been located within 

the gut microbiome of both humans155 and other mammals such as horses.156 Within the past few 

years, cyanobacteria contained within the gut microbiome have been suggested as a potential 

source of BMAA within the body, and therefore linked with ALS disease progression.156 

Research in this field is ongoing; the NIH has awarded a grant to researchers at the University of 

California Los Angeles to investigate the contribution of BMAA from cyanobacteria located 

within the human microbiome in ALS patients. Alarmingly, cyanobacteria has been shown to 

grow through photosynthesis driven merely by infrared irradiation under both anoxic and 

hyperoxic conditions lacking visible light, thus supporting this hypothesis.157 
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Environmental Detection of BMAA 

A number of methods for the detection and quantification of BMAA within the 

environment have been attempted using a variety of combinations of chemical separations 

methods coupled with multiple detection methods. These include reversed-phase liquid 

chromatography (RPLC) coupled with fluorescence detection(FD),158 gas chromatography(GC) 

coupled with mass spectrometry after derivatization with volatilizing agents,159,160 RPLC coupled 

with mass spectrometry after derivatization with agents for better RP separation,137,161 

hydrophilic interaction liquid chromatography coupled with mass spectrometry,162,163 and 

capillary electrophoresis (CE) separation coupled with mass spectrometry.164  However, the use 

of such a wide array of detection and quantification strategies has resulted in irreproducible 

measurement of BMAA within environmental samples, with some organisms showing BMAA 

concentrations which span several orders of dynamic range.162,165 This variability is due, in part, 

to use of substandard traditional methods of detection. UV-vis and fluorescence based 

measurement of BMAA are not ideal due to their lack of analyte specificity. MS-based detection 

and quantification of BMAA, though preferable to UV-VIS and FD methods, remain vulnerable 

to the possibility of chemical interference from isomers within the analyte solution. This is a 

particularly prescient issue due to the fact that BMAA is produced in cyanobacteria alongside its 

structural isomers, including 2,4-diaminobutyric acid (2,4-DAB), N-(2-aminoethyl)glycine 

(AEG), and β-amino-N-methylamine (BAMA) (Figure 1.5), which have been demonstrated to 

be difficult to separate from one another via both HILIC and RP-LC methods.166-168 Furthermore, 

methods relying upon RPLC for chemical separations to detect and quantify BMAA require 

chemical derivatization to prevent early analyte elution, either using 6-aminoquinolyl-N-

hydrosysuccinimidyl carbamate (AQC),169 dansyl chloride,170 or dabsyl chloride.137. 
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Shortcomings of such methods include increased variability through additional sample handling, 

as well as the fact that dabsyl and dansyl chloride react with both primary and secondary amines, 

which are especially prevalent in biological samples. Failure to separate BMAA with its 

structural isomers likely produces results that are false positives or erroneously high reporting of 

BMAA content. Recently, however, capillary electrophoresis coupled with tandem mass 

spectrometry (CE-MS/MS) measurement of BMAA has shown promise with respect to both 

separation of BMAA from its isomers as well as selective detection of BMAA within samples, 

does not require sample derivatization, and has a relatively low (0.8 ng/mL) limit of detection.164 

However, this method has only achieved separation of BMAA from its isomers in 30 minutes of 

experimental time, providing a relatively low throughput for environmental BMAA detection. 

Reduction of this analysis time would be ideal to meet the high demand for BMAA analysis 

within the environment. 
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1.3 Analytical Methods 

Reversed-Phase Liquid Chromatography 

Liquid chromatography serves to concentrate and separate analytes, thus improving 

detection of low abundance species, reducing charge competition during electrospray ionization, 

as well as providing more time for sampling of as many molecules as possible. LC separations 

typically consist of injection of an analyte or mixture onto a stationary phase with which the 

analyte or analytes interact through a number of mechanisms, including pH, size exclusion, anion 

or cation exchange (i.e., electrostatic interaction), hydrogen bonding, and van der Waals 

interactions. A liquid mobile phase is then flowed through the column containing the analyte and 

stationary phase. Separation of analytes is achieved as the affinity of each analyte with the 

mobile phase exceeds its affinity for the stationary phase.171 This can be carried out either using 

a constant (static, or isocratic) or variable (gradient) composition of mobile phase. 

Within the context of bottom-up (shotgun) proteomics, separation of peptides prior to 

MS/MS analysis is crucial for identification of as many peptides, and therefore proteins, as is 

possible within the parameters of a single experiment. To this end the hydrophobic nature of 

biomolecules including peptides and proteins is leveraged by employing a hydrophobic 

stationary phase consisting of beads derivatized with carbon chains, most commonly C18, for 

which peptides have affinity. Peptides then are eluted from the column in order of increasing 

hydrophobicity as a gradient mobile phase consisting of an increasing percentage of organic 

(e.g., acetonitrile) in water is increased. The proteomic experiments herein utilize RP-LC 

separation using nanoflow UHPLC, which is compatible with high pressures (~1000 bar) and 

small stationary phase particle sizes (e.g., 3 µm). Typically, these parameters result in peak 

widths of 15-20 seconds. 
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Small, more polar analytes (e.g., amino acids) may also be analyzed using RP-LC. 

Typically, small polar analytes do not have high affinity for C18 derivatized stationary phase, and 

thus elute extremely early within the gradient, along with salts and other non-analyte 

contaminants that do not have high affinity for the stationary phase. However, derivatization of 

amino acids as described above, either through use of AQC, dabsyl chloride, or dansyl chloride 

increases the hydrophobicity of these analytes, thus allowing retention and separation on RP-LC 

stationary phase. However, due to separation based on hydrophobic interaction of analyte with 

stationary phase alone, RP-LC resolution of small molecule isomers (e.g., BMAA, 2,4-DAB, 

BAMA) is extremely difficult. 

Capillary Electrophoresis 

Unlike liquid chromatography, capillary electrophoresis utilizes differences in ion 

mobility in an electric field in the aqueous phase in order to achieve separation of analytes. CE 

separations are carried out first by filling the capillary with an electrolyte solution (BGE) of high 

conductivity compared to the analyte solution and each end of the capillary is given access to a 

reservoir of BGE. A plug of analyte solution may then be introduced into the capillary, either 

hydrodynamically (i.e., insertion of capillary inlet into a sample solution and applying pressure) 

or electrokinetically (i.e., insertion of capillary inlet into sample solution and applying a low 

voltage difference across the capillary). A high voltage is then applied across the capillary to 

generate an electric field, thus beginning the process of electrophoretic separation based on 

differences in electrophoretic mobility amongst sample constituents, at which point mobile 

positively charged particles migrate within the capillary toward the cathode and mobile 

negatively charged particles migrate toward the anode. Mobility of an ion in an electric field 

(electrophoretic mobility, µep) is governed by parameters including particle charge (q) and size. 
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Size dictates mobility due to the fact that particles experience frictional drag while migrating 

through the BGE, which is proportional to particle radius (r), and solution viscosity (η). 

Therefore, µep can be expressed as in Equation 1, where υ is ionic velocity, and E is electric 

field strength. Electrophoretic mobility of a given particle is therefore proportional to the charge-

to-size ratio of the particle. Due to this phenomenon, capillary electrophoretic separation allows 

for much easier separation of small structural isomers (e.g., BMAA, 2,4-DAB, BAMA, AEG) 

compared to LC. 

However, migration of ions in capillary electrophoresis is not solely dictated by 

electrophoretic mobility. Typically capillaries used for CE are comprised of fused silica, the 

inside walls of which are covered with silanol groups. When performing CE in a BGE solution 

with a pH greater than 4, the inside walls of the capillary become negatively charged due to 

ionization of the silanol groups. Cations within the solution are attracted to the negatively 

charged capillary walls, thus forming a double layer of cationic charge at the capillary wall. The 

outermost layer of cations is tightly bound to the negatively charged capillary wall, the inner 

layer is mobile and is drawn toward the cathode upon application of the electric field. This 

movement of ions within the capillary creates a plug flow, called electroosmotic flow (EOF) 

which draws both background electrolyte and analyte molecules with it toward the cathode. 

Mobility due to electroosmotic flow (Electroosmotic mobility, μEO) is dictated by the dielectric 

constant of the solution, zeta potential of the interface between the capillary wall and the 

solution, viscosity of the buffer, and strength of the electric field. This flow is easily measured by 

injection of neutral analytes into the capillary. However, in applications of capillary 

electrophoresis where separation of positively charged analytes (e.g., amino acids, peptides, 
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proteins, etc.) is desired, negative charge on the capillary wall becomes problematic in that 

positively charged analyte molecules become drawn by and interact with the negatively charged 

wall causing band broadening during separation as well as retention of analyte within the 

capillary. To combat this phenomenon, capillaries used for these purposes are frequently coated 

with polymers or other materials (e.g., polyamines such as PolyE-323) which adheres to the 

inside surface of the capillary through interaction with free silanol groups, resulting in a net 

positive charge on the inside wall of the capillary. This positive charge serves to repel positively 

charged analyte molecules and also results in reversal of electroosmotic flow toward the anode. 

Recent advances in fabrications of chip based microfluidic devices have led to 

development of small scale chip-based systems for capillary electrophoresis separations.172,173 In 

2008, Mellors and coworkers developed a glass microfluidic device which allowed for capillary 

electrophoresis coupled with electrospray ionization for mass spectrometry platforms.174 This 

technology has since become commercially available through 908Devices. In short, the 

908Devices ZipChip device (Figure 1.6) is comprised of a glass substrate into which channels 

have been photolithographically etched to create channels for CE separation. A glass cover plate 

is then installed over the substrate, and an electrospray tip is cut into the edge of the device. 

Coatings are applied to the separations channels to control EOF and prevent binding of analyte to 

the capillary walls. Four reservoirs are created in the device, a sample (S), sample waste (SW), 
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buffer (B), and side channel (SC) reservoirs. Two chip designs are available: the HS chip with a 

shorter separation channel length (10 cm) designed for high speed separations, and the HR chip 

with a longer channel length (20 cm) designed for higher resolution separations over a longer 

period of time.  Sample is placed into the sample well, and a small volume (~10 nL or less) of 

sample is hydrodynamically injected into the separations channel. Voltage is applied between the 

injection T and the side channel reservoirs to generate the electric field (default 1000 V/cm for 

HS chip, 500 V/cm for HR chip) for CE separations such that positive analyte ions are mobilized 

toward channel SC. The channel space between the ESI tip and the junction between the side 

channel and separations channel observes no voltage. Therefore, pressure is applied to the SC 

well to produce flow to the ESI tip. During separation, an electrospray voltage of approximately 

3 kV is observed at the electrospray tip, allowing for sufficient electrospray of analyte ions into 

the mass spectrometer. 

Mass Spectrometry 

Many biological problems demand instrumentation that is able to rapidly characterize and 

quantify biomolecules with a high degree of selectivity, accuracy, and sensitivity while providing 

broad coverage within complex mixtures and biological systems. The field of mass spectrometry 

has developed within the last 20 years to provide high resolving power instrumentation to 

provide high mass measurement accuracy detection and information with respect to molecular 

structure through MS/MS based measurement.  
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In 2000, Alexander Makarov invented the orbitrap mass analyzer,175 which provides the 

benefit of high resolution and accurate mass measurement without the need for expensive and 

high-maintenance superconducting magnets, in contrast to previously existing high resolution 

accurate mass (HRAM) instrumentation at the time such as the FT-ICR.176,177 The orbitrap 

(Figure 1.7) operates by trapping ions in a three dimensional space between two electrodes, one 

a central spindle electrode and the second an outer barrel electrode. Oscillation of analyte ions 

within the electric field around the central spindle occurs in three directions (x, y, z), however, 

only the frequency of oscillation on the z axis (traversing the length of the central spindle) is 

recorded and used for mass analysis due to the fact that it does not depend on kinetic energy. 

Time domain data collected by the orbitrap is converted to the frequency domain by fast Fourier 

transform. The frequency of z-directional oscillation is inversely proportional to the square root 

of the mass-to-charge (m/z) of the ion, which is calculated using Equation 2, thus producing a 

mass spectrum. 
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Typically, orbitrap instrumentation currently used to carry out global, untargeted 

proteomics and metabolomics based measurements are hybrid instruments which combine the 

use of quadrupole mass filters with the orbitrap detector.178-180 In such instruments, ions entering 

the mass spectrometer are first guided through an S-lens and then into a bent flatapole, where 

collisional cooling and removal of neutrals is carried out. Ions then pass through a quadrupole 

mass filter, where they may be subjected to m/z-based selection for targeted MS/MS analysis. 

Ions are then injected into the C-trap, where they may either be transferred to orbitrap directly 

for mass analysis, or to the higher-energy collisional dissociation (HCD) cell for fragmentation 

and then back through the C-trap to the orbitrap for MS/MS analysis. 

For untargeted, large scale proteomic analyses, the quadrupole mass spectrometer is 

typically operated in Data Dependent Acquisition (DDA) mode. Ions in a given m/z window 

introduced into the mass spectrometer at a given point during the LC gradient will be transmitted 

through the quadrupole mass filter into the orbitrap where an intact mass spectrum of ions will be 

obtained. Based upon the relative intensities of these intact ions, the instrument will select the 

most abundant peptide signal for isolation by the quadrupole into the C-trap. The intact ions in 

the C-trap are then sent to the HCD cell where they are fragmented collisionally using nitrogen 

gas, and sent back to the C-trap, and then into the orbitrap for collection of targeted MS/MS data. 

While this fragment spectrum is being collected in the orbitrap, the next most abundant ion is 

collected and fragmented in preparation for the next MS/MS analysis. In this way, intact mass 

measurement is performed, followed by MS/MS of the most abundant ion, then MS/MS of the 

second most abundant ion, and so forth. Speed of analysis of contemporary hybrid quadrupole 

orbitrap instrumentation typically allow for a single intact mass measurement scan followed by 
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as many as 12-20 MS/MS scans within one second. This allows for extremely broad proteome or 

metabolome coverage from complex biological samples. 

Statistical Process Control in the Mass Spectrometry Laboratory 

Assurance of proper and reproducible instrument performance during large scale mass 

spectrometry experiments is of paramount importance for conservation of precious samples as 

well as ensuring that instrument time is not wasted. Most frequently, system suitability 

workflows with in MS based experiments offer information about the ways that instrument 

performance varies within an experiment as well as between experiments. In order to do so, it 

becomes necessary to choose a system suitability standard that is appropriate for the experiment 

(e.g., simple mixture of peptides or complex digest for shotgun proteomics experiments or small 

molecule standard or mixture for metabolomics experiments) and often may vary depending on 

whether the experimental outcome is dependent upon targeted or discovery mass spectrometry. 

The quality control standard is then analyzed at fixed intervals over the duration of the 

experiment and data is collected longitudinally and analyzed as appropriate. The user must then 

select metrics appropriate for monitoring system suitability. These metrics most often fall into 

two categories; those requiring database searching of the data (i.e., identification-based metrics) 

and those which do not require database searching (i.e., identification-free metrics) such as 

chromatographic peak width, mass measurement accuracy, and analyte peak area. Selection of 

appropriate metrics for system performance is especially important, as some metrics such as 

number of peptide or metabolite identifications may provide general feedback about system 

performance, whereas other metrics such as chromatographic retention time provide more 

targeted feedback about potential unsuitability of instrumental performance at a specific point 

during the experimental pipeline. Once the data are collected, visualization and analysis take 
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place. Most frequently, statistical process control makes use of the Shewhart or Levey-Jennings 

control chart to track performance output from quality control analysis as a function of time and 

allow for time-resolved identification of instrumental performance failure. In addition, Pareto 

charts, a combination of bar and line graphs displaying the number of outlying data points (non-

conformers) and their cumulative percentage, may be used to summarize control data across 

multiple metrics. 

1.4 Summary of Completed Work 

The research described herein is themed by use of mass spectrometry as a platform to 

improve our understanding of BMAA, its environmental prevalence, and link to human risk of 

development of amyotrophic lateral sclerosis, as well as to provide improvement upon existing 

methods for statistical process control for both large and small molecule data workflows within 

the mass spectrometry laboratory. 

Chapter 2 describes the development of a novel integrated strategy for the detection and 

quantification of BMAA within environmental samples. This chapter focuses on the combination 

of the 908Devices ZipChip platform for chip-based capillary electrophoresis separations with a 

novel 13C3,
15N2 stable isotope labeled BMAA (SIL-BMAA) standard. This novel integrated 

strategy is first qualified for its ability to separate BMAA from its structural isomers 2,4-DAB 

and AEG, then evaluated for figures of merit including limit of detection (LoD) and limit of 

quantification (LoQ). This strategy is then applied to detection and quantification of BMAA 

within samples of seafood obtained from a local farmer’s market in Raleigh, NC, and BMAA is 

shown to be detected within a scallop sample. Finally, the integrated strategy is compared with a 

commercially available ELISA method for BMAA detection for quantitative accuracy in both 

simple (water) and complex (fish protein hydrolysate) samples. The method is found to be a 
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major advancement in BMAA detection and quantification, allowing for separation of BMAA 

from its structural isomers in less than one minute, thus allowing for much higher throughput 

analysis of BMAA within environmental samples. 

In chapter 3 methods for quality control in the mass spectrometry laboratory are 

discussed. First, the Panorama AutoQC platform for fully automated longitudinal analysis of 

figures of merit of LC-MS/MS experiments over long periods of time is introduced. The utility 

of Panorama AutoQC is demonstrated for its ability to detect suboptimal performance, evaluate 

new technologies, and evaluate major sources of variation in LC-MS/MS experiments using 

several years’ worth of proteomic quality control data. Subsequently, a quality control strategy 

for evaluation of system suitability and signal reproducibility for BMAA detection and 

quantification within a large sample set of human plasma samples. Using this quality control 

strategy, signal reproducibility with respect to BMAA analysis across multiple CE-MS/MS chips 

(inter-chip variability), signal reproducibility with respect to analysis across the lifetime of a 

single CE-MS/MS chip (intra-chip variability), and signal reproducibility with respect to sample 

preparation carried out on multiple days (inter-day variability) are evaluated. 

Chapter 4 introduces a new reagent, the 6×5 LC-MS/MS peptide reference mixture, for 

monitoring LC-MS/MS performance in bottom-up proteomic experiments. The 6×5 peptide 

reference mixture, a mixture of six different peptides designed to span a single LC-MS gradient 

with each peptide spiked into the solution across four orders of dynamic range in the form of five 

isotopologues per peptide, is novel for its ability to evaluate dynamic range of an LC-MS/MS 

experiment within a single experimental injection. The reagent is evaluated for dynamic range 

linearity across four orders of dynamic range, MMA as a function of dynamic range, LC peak 
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area stability both as a function of time and as a function of dynamic range, and comparison of 

dynamic range of MS1 profiling compared to that of targeted MS2. 

Finally, chapter 5 discusses the effect of a 72-hour exposure of 500 µM BMAA upon a 

mouse motor neuron-like cell line, NSC-34 within the context of contemporary 

toxicoproteomics. The SILAC spike-in strategy for label-based proteomic quantitation is 

evaluated, and then applied to determine proteins significantly differentially regulated within the 

NSC-34 cell line due to BMAA exposure. Based upon these significant proteins, pathways 

perturbed by BMAA exposure are identified using Cytoscape as well as the Ingenuity database 

for pathway enrichment. Pathways found to have been perturbed include many that are also 

typically reported as perturbed during development of ALS, including those pertaining to 

mitochondrial dysfunction, oxidative phosphorylation, TCA cycle, NRF2 oxidative stress 

response, unfolded protein response, protein ubiquitination, and EIF2 signaling pathways. The 

hypothesis that BMAA is misincorporated into proteins is then evaluated using an in-vitro 

protein synthesis kit. 



   

33 

 

1.5 References 

(1) Mehta, P.; Antao, V.; Kaye, W.; Sanchez, M.; Williamson, D.; Bryan, L.; Muravov, O.; 

Horton, K. Prevalence of Amyotrophic Lateral Sclerosis - United States, 2010-2011. 

Mmwr Surveill Summ 2014, 63, 1-13. 

(2) Rowland, L. P.; Shneider, N. A. Medical progress: Amyotrophic lateral sclerosis. New Engl J 

Med 2001, 344, 1688-1700. 

(3) Corcia, P.; Pradat, P. F.; Salachas, F.; Bruneteau, G.; Le Forestier, N.; Seilhean, D.; Hauw, J. 

J.; Meininger, V. Causes of death in a post-mortem series of ALS patients. Amyotrophic 

Lateral Scler 2008, 9, 59-62. 

(4) Chancellor, A. M.; Slattery, J. M.; Fraser, H.; Swingler, R. J.; Holloway, S. M.; Warlow, C. 

P. The Prognosis of Adult-Onset Motor-Neuron Disease - a Prospective-Study Based on 

the Scottish Motor-Neuron Disease Register. J Neurol 1993, 240, 339-346. 

(5) Norris, F.; Shepherd, R.; Denys, E.; Mukai, K. U. E.; Elias, L.; Holden, D.; Norris, H. Onset, 

Natural-History and Outcome in Idiopathic Adult Motor-Neuron Disease. J Neurol Sci 

1993, 118, 48-55. 

(6) Logroscino, G.; Traynor, B. J.; Hardiman, O.; Chio', A.; Couratier, P.; Mitchell, J. D.; 

Swingler, R. J.; Beghi, E.; Eurals. Descriptive epidemiology of amyotrophic lateral 

sclerosis: new evidence and unsolved issues. J Neurol Neurosur Ps 2008, 79, 6-11. 

(7) Rowland, L. P. Diagnosis of amyotrophic lateral sclerosis. J Neurol Sci 1998, 160, S6-S24. 

(8) Traynor, B. J.; Codd, M. B.; Corr, B.; Forde, C.; Frost, E.; Hardiman, O. M. Clinical features 

of amyotrophic lateral sclerosis according to the El Escorial and Airlie House diagnostic 

criteria - A population-based study. Arch Neurol 2000, 57, 1171-1176. 

(9) Goetz, C. G. Amyotrophic lateral sclerosis: Early contributions of Jean-Martin Charcot. 

Muscle Nerve 2000, 23, 336-343. 

(10) Haverkamp, L. J.; Appel, V.; Appel, S. H. Natural-History of Amyotrophic-Lateral-

Sclerosis in a Database Population - Validation of a Scoring System and a Model for 

Survival Prediction. Brain 1995, 118, 707-719. 

(11) Plaitakis, A.; Caroscio, J. T. Abnormal Glutamate Metabolism in Amyotrophic-Lateral-

Sclerosis. Ann Neurol 1987, 22, 575-579. 

(12) Bensimon, G.; Lacomblez, L.; Meininger, V.; Bouche, P.; Delwaide, C.; Couratier, P.; Blin, 

O.; Viader, F.; Peyrostpaul, H.; David, J.; Maloteaux, J. M.; Hugon, J.; Laterre, E. C.; 

Rascol, A.; Clanet, M.; Vallat, J. M.; Dumas, A.; Serratrice, G.; Lechevallier, B.; Peuch, 

A. J.; Nguyen, T.; Shu, C.; Bastien, P.; Papillon, C.; Durrleman, S.; Louvel, E.; Guillet, 

P.; Ledoux, L.; Orvoenfrija, E.; Dib, M. A Controlled Trial of Riluzole in Amyotrophic-

Lateral-Sclerosis. New Engl J Med 1994, 330, 585-591. 



   

34 

 

(13) Rothstein, J. D. Edaravone: A new drug approved for ALS. Cell 2017, 171, 725. 

(14) Miyaji, Y.; Yoshimura, S.; Sakai, N.; Yamagami, H.; Egashira, Y.; Shirakawa, M.; Uchida, 

K.; Kageyama, H.; Tomogane, Y. Effect of Edaravone on Favorable Outcome in Patients 

with Acute Cerebral Large Vessel Occlusion: Subanalysis of RESCUE-Japan Registry. 

Neurologia medico-chirurgica 2015, 55, 241-247. 

(15) Cruz, M. P. Edaravone (Radicava): A Novel Neuroprotective Agent for the Treatment of 

Amyotrophic Lateral Sclerosis. Pharmacy and Therapeutics 2018, 43, 25-28. 

(16) Rosen, D. R.; Siddique, T.; Patterson, D.; Figlewicz, D. A.; Sapp, P.; Hentati, A.; 

Donaldson, D.; Goto, J.; Oregan, J. P.; Deng, H. X.; Rahmani, Z.; Krizus, A.; 

Mckennayasek, D.; Cayabyab, A.; Gaston, S. M.; Berger, R.; Tanzi, R. E.; Halperin, J. J.; 

Herzfeldt, B.; Vandenbergh, R.; Hung, W. Y.; Bird, T.; Deng, G.; Mulder, D. W.; Smyth, 

C.; Laing, N. G.; Soriano, E.; Pericakvance, M. A.; Haines, J.; Rouleau, G. A.; Gusella, J. 

S.; Horvitz, H. R.; Brown, R. H. Mutations in Cu/Zn Superoxide-Dismutase Gene Are 

Associated with Familial Amyotrophic-Lateral-Sclerosis. Nature 1993, 362, 59-62. 

(17) …; Peuralinna, T.; Jansson, L.; Isoviita, V.; Kaivorinne, A.; ... A hexanucleotide repeat 

expansion in C9ORF72 is the cause of chromosome 9p21-linked ALS-FTD; Elsevier, 

2011. 

(18) DeJesus-Hernandez, M.; Mackenzie, I. R.; Boeve, B. F.; Boxer, A. L.; Baker, M.; 

Rutherford, N. J.; Nicholson, A. M.; Finch, N. A.; Flynn, H.; Adamson, J.; Kouri, N.; 

Wojtas, A.; Sengdy, P.; Hsiung, G. Y.; Karydas, A.; Seeley, W. W.; Josephs, K. A.; 

Coppola, G.; Geschwind, D. H.; Wszolek, Z. K.; Feldman, H.; Knopman, D. S.; Petersen, 

R. C.; Miller, B. L.; Dickson, D. W.; Boylan, K. B.; Graff-Radford, N. R.; Rademakers, 

R. Expanded GGGGCC hexanucleotide repeat in noncoding region of C9ORF72 causes 

chromosome 9p-linked FTD and ALS. Neuron 2011, 72, 245-256. 

(19) Vaidya, M. Ice bucket challenge cash may help derisk ALS drug research. Nat Med 2014, 

20, 1080-1080. 

(20) Cirulli, E. T.; Lasseigne, B. N.; Petrovski, S.; Sapp, P. C.; Dion, P. A.; Leblond, C. S.; 

Couthouis, J.; Lu, Y. F.; Wang, Q. L.; Krueger, B. J.; Ren, Z.; Keebler, J.; Han, Y. J.; 

Levy, S. E.; Boone, B. E.; Wimbish, J. R.; Waite, L. L.; Jones, A. L.; Carulli, J. P.; Day-

Williams, A. G.; Staropoli, J. F.; Xin, W. W.; Chesi, A.; Raphael, A. R.; McKenna-

Yasek, D.; Cady, J.; de Jong, J. M. B. V.; Kenna, K. P.; Smith, B. N.; Topp, S.; Miller, J.; 

Gkazi, A.; Al-Chalabi, A.; van den Berg, L. H.; Veldink, J.; Silani, V.; Ticozzi, N.; Shaw, 

C. E.; Baloh, R. H.; Appel, S.; Simpson, E.; Lagier-Tourenne, C.; Pulst, S. M.; Gibson, 

S.; Trojanowski, J. Q.; Elman, L.; McCluskey, L.; Grossman, M.; Shneider, N. A.; 

Chung, W. K.; Ravits, J. M.; Glass, J. D.; Sims, K. B.; Van Deerlin, V. M.; Maniatis, T.; 

Hayes, S. D.; Ordureau, A.; Swarup, S.; Landers, J.; Baas, F.; Allen, A. S.; Bedlack, R. 

S.; Harper, J. W.; Gitler, A. D.; Rouleau, G. A.; Brown, R.; Harms, M. B.; Cooper, G. 

M.; Harris, T.; Myers, R. M.; Goldstein, D. B.; Consortium, F. S. Exome sequencing in 

amyotrophic lateral sclerosis identifies risk genes and pathways. Science 2015, 347, 

1436-1441. 



   

35 

 

(21) Brenner, D.; Muller, K.; Wieland, T.; Weydt, P.; Bohm, S.; Lule, D.; Hubers, A.; Neuwirth, 

C.; Weber, M.; Borck, G.; Wahlqvist, M.; Danzer, K. M.; Volk, A. E.; Meitinger, T.; 

Strom, T. M.; Otto, M.; Kassubek, J.; Ludolph, A. C.; Andersen, P. M.; Weishaupt, J. H. 

NEK1 mutations in familial amyotrophic lateral sclerosis. Brain 2016, 139, Cp14-Cp17. 

(22) Ravits, J. M.; La Spada, A. R. ALS motor phenotype heterogeneity, focality, and spread 

Deconstructing motor neuron degeneration. Neurology 2009, 73, 805-811. 

(23) Amato, A. R., J. Neuromuscular Disorders; McGraw-Hill, 2008. 

(24) Chio, A.; Calvo, A.; Moglia, C.; Mazzini, L.; Mora, G.; Grp, P. S. Phenotypic heterogeneity 

of amyotrophic lateral sclerosis: a population based study. J Neurol Neurosur Ps 2011, 

82, 740-746. 

(25) Renton, A. E.; Chio, A.; Traynor, B. J. State of play in amyotrophic lateral sclerosis 

genetics. Nat Neurosci 2014, 17, 17-23. 

(26) Swinnen, B.; Robberecht, W. The phenotypic variability of amyotrophic lateral sclerosis. 

Nature Reviews Neurology 2014, 10, 661-670. 

(27) Strong, M. J.; Yang, W. C. The Frontotemporal Syndromes of ALS. Clinicopathological 

Correlates. Journal of Molecular Neuroscience 2011, 45, 648-655. 

(28) Lillo, P.; Hodges, J. R. Frontotemporal dementia and motor neurone disease: Overlapping 

clinic-pathological disorders. J Clin Neurosci 2009, 16, 1131-1135. 

(29) Phukan, J.; Pender, N. P.; Hardiman, O. Cognitive impairment in amyotrophic lateral 

sclerosis. Lancet Neurol 2007, 6, 994-1003. 

(30) Olney, R. K.; Murphy, J.; Forshew, D.; Garwood, E.; Miller, B. L.; Langmore, S.; Kohn, M. 

A.; Lomen-Hoerth, C. The effects of executive and behavioral dysfunction on the course 

of ALS. Neurology 2005, 65, 1774-1777. 

(31) Bruijn, L. I.; Miller, T. M.; Cleveland, D. W. Unraveling the mechanisms involved in motor 

neuron degeneration in ALS. Annu Rev Neurosci 2004, 27, 723-749. 

(32) Andersen, P. M.; Nilsson, P.; Keranen, M. L.; Forsgren, L.; Hagglund, J.; Karlsborg, M.; 

Ronnevi, L. O.; Gredal, O.; Marklund, S. L. Phenotypic heterogeneity in motor neuron 

disease patients with CuZn-superoxide dismutase mutations in Scandinavia. Brain 1997, 

120, 1723-1737. 

(33) Hand, C. K.; Khoris, J.; Salachas, F.; Gros-Louis, F.; Lopes, A. A. S.; Mayeux-Portas, V.; 

Brown, R. H.; Meininger, V.; Camu, W.; Rouleau, G. A. A novel locus for familial 

amyotrophic lateral sclerosis, on chromosome 18q. Am J Hum Genet 2002, 70, 251-256. 

(34) Turner, B. J.; Talbot, K. Transgenics, toxicity and therapeutics in rodent models of mutant 

SOD1-mediated familial ALS. Progress in Neurobiology 2008, 85, 94-134. 



   

36 

 

(35) Bruijn, L. I.; Becher, M. W.; Lee, M. K.; Anderson, K. L.; Jenkins, N. A.; Copeland, N. G.; 

Sisodia, S. S.; Rothstein, J. D.; Borchelt, D. R.; Price, D. L.; Cleveland, D. W. ALS-

linked SOD1 mutant G85R mediates damage to astrocytes and promotes rapidly 

progressive disease with SOD1-containing inclusions. Neuron 1997, 18, 327-338. 

(36) Alexander, G. M.; Deitch, J. S.; Seeburger, J. L.; Del Valle, L.; Heiman-Patterson, T. D. 

Elevated cortical extracellular fluid glutamate in transgenic mice expressing human 

mutant (G93A) Cu/Zn superoxide dismutase. J Neurochem 2000, 74, 1666-1673. 

(37) Trotti, D.; Rolfs, A.; Danbolt, N. C.; Brown, R. H.; Hediger, M. A. SOD1 mutants linked to 

amyotrophic lateral sclerosis selectively inactivate a glial glutamate transporter. Nat 

Neurosci 1999, 2, 427-433. 

(38) Boston-Howes, W.; Gibb, S. L.; Williams, E. O.; Pasinelli, P.; Brown, R. H.; Trotti, D. 

Caspase-3 cleaves and inactivates the glutamate transporter EAAT2. Journal of 

Biological Chemistry 2006, 281, 14076-14084. 

(39) Johnston, J. A.; Dalton, M. J.; Gurney, M. E.; Kopito, R. R. Formation of high molecular 

weight complexes of mutant Cu,Zn-superoxide dismutase in a mouse model for familial 

amyotrophic lateral sclerosis. P Natl Acad Sci USA 2000, 97, 12571-12576. 

(40) Okado-Matsumoto, A.; Myint, T.; Fujii, J.; Taniguchi, N. Gain in functions of mutant 

Cu,Zn-superoxide dismutases as a causative factor in familial amyotrophic lateral 

sclerosis: Less reactive oxidant formation but high spontaneous aggregation and 

precipitation. Free Radical Res 2000, 33, 65-73. 

(41) Wong, P. C.; Pardo, C. A.; Borchelt, D. R.; Lee, M. K.; Copeland, N. G.; Jenkins, N. A.; 

Sisodia, S. S.; Cleveland, D. W.; Price, D. L. An Adverse Property of a Familial Als-

Linked Sod1 Mutation Causes Motor-Neuron Disease Characterized by Vacuolar 

Degeneration of Mitochondria. Neuron 1995, 14, 1105-1116. 

(42) Zhang, B.; Tu, P. H.; Abtahian, F.; Trojanowski, J. Q.; Lee, V. M. Y. Neurofilaments and 

orthograde transport are reduced in ventral root axons of transgenic mice that express 

human SOD1 with a G93A mutation. Journal of Cell Biology 1997, 139, 1307-1315. 

(43) Warita, H.; Itoyama, Y.; Abe, K. Selective impairment of fast anterograde axonal transport 

in the peripheral nerves of asymptomatic transgenic mice with a G93A mutant SOD1 

gene. Brain Research 1999, 819, 120-131. 

(44) Williamson, T. L.; Cleveland, D. W. Slowing of axonal transport is a very early event in the 

toxicity of ALS-linked SOD1 mutants to motor neurons. Nat Neurosci 1999, 2, 50-56. 

(45) Dal Canto, M. C.; Gurney, M. E. Neuropathological changes in two lines of mice carrying a 

transgene for mutant human Cu,Zn SOD, and in mice overexpressing wild type human 

SOD: a model of familial amyotrophic lateral sclerosis (FALS). Brain Res 1995, 676, 25-

40. 



   

37 

 

(46) Kong, J. M.; Xu, Z. S. Massive mitochondrial degeneration in motor neurons triggers the 

onset of amyotrophic lateral sclerosis in mice expressing a mutant SOD1. J Neurosci 

1998, 18, 3241-3250. 

(47) Mattiazzi, M.; D'Aurelio, M.; Gajewski, C. D.; Martushova, K.; Kiaei, M.; Beal, M. F.; 

Manfredi, G. Mutated human SOD1 causes dysfunction of oxidative phosphorylation in 

mitochondria of transgenic mice. Journal of Biological Chemistry 2002, 277, 29626-

29633. 

(48) Manev, H.; Favaron, M.; Guidotti, A.; Costa, E. Delayed Increase of Ca2+ Influx Elicited 

by Glutamate - Role in Neuronal Death. Mol Pharmacol 1989, 36, 106-112. 

(49) Dutta, R.; Trapp, B. D. Mechanisms of neuronal dysfunction and degeneration in multiple 

sclerosis. Progress in Neurobiology 2011, 93, 1-12. 

(50) Stavrovskaya, I. G.; Kristal, B. S. The powerhouse takes control of the cell: Is the 

mitochondrial permeability transition a viable therapeutic target against neuronal 

dysfunction and death? Free Radical Bio Med 2005, 38, 687-697. 

(51) Kosik, K. S. The Alzheimers-Disease Sphinx - a Riddle with Plaques and Tangles. Journal 

of Cell Biology 1994, 127, 1501-1504. 

(52) Ross, C. A.; Poirier, M. A. Protein aggregation and neurodegenerative disease. Nat Med 

2004, 10, S10-S17. 

(53) Wang, J.; Xu, G.; Borchelt, D. R. High molecular weight complexes of mutant superoxide 

dismutase 1: Age-dependent and tissue-specific accumulation. Neurobiol Dis 2002, 9, 

139-148. 

(54) Turner, B. J.; Lopes, E. C.; Cheema, S. S. Neuromuscular accumulation of mutant 

superoxide dismutase 1 aggregates in a transgenic mouse model of familial amyotrophic 

lateral sclerosis. Neurosci Lett 2003, 350, 132-136. 

(55) Wood, J. D.; Beaujeux, T. P.; Shaw, P. J. Protein aggregation in motor neurone disorders. 

Neuropath Appl Neuro 2003, 29, 529-545. 

(56) Marino, M.; Papa, S.; Crippa, V.; Nardo, G.; Peviani, M.; Cheroni, C.; Trolese, M. C.; 

Lauranzano, E.; Bonetto, V.; Poletti, A.; DeBiasi, S.; Ferraiuolo, L.; Shaw, P. J.; 

Bendotti, C. Differences in protein quality control correlate with phenotype variability in 

2 mouse models of familial amyotrophic lateral sclerosis. Neurobiology of Aging 2015, 

36, 492-504. 

(57) Atkin, J. D.; Farg, M. A.; Turner, B. J.; Tomas, D.; Lysaght, J. A.; Nunan, J.; Rembach, A.; 

Nagley, P.; Beart, P. M.; Cheema, S. S.; Horne, M. K. Induction of the unfolded protein 

response in familial amyotrophic lateral sclerosis and association of protein-disulfide 

isomerase with superoxide dismutase 1. Journal of Biological Chemistry 2006, 281, 

30152-30165. 



   

38 

 

(58) Wang, L. J.; Popko, B.; Roos, R. P. The unfolded protein response in familial amyotrophic 

lateral sclerosis. Hum Mol Genet 2011, 20, 1008-1015. 

(59) Lim, Y.-J.; Lee, S.-J. J. A. N. C. Are exosomes the vehicle for protein aggregate 

propagation in neurodegenerative diseases? 2017, 5, 64. 

(60) Holzbaur, E. L. F. Motor neurons rely on motor proteins. Trends Cell Biol 2004, 14, 233-

240. 

(61) Chao, M. V. Retrograde transport redux. Neuron 2003, 39, 1-2. 

(62) Saxton, W. M.; Hollenbeck, P. J. The axonal transport of mitochondria. Journal of Cell 

Science 2012, 125, 2095-2104. 

(63) Hollenbeck, P. J. The pattern and mechanism of mitochondrial transport in axons. Frontiers 

in bioscience : a journal and virtual library 1996, 1, d91-102. 

(64) Laird, F. M.; Farah, M. H.; Ackerley, S.; Hoke, A.; Maragakis, N.; Rothstein, J. D.; Griffin, 

J.; Price, D. L.; Martin, L. J.; Wong, P. C. Motor neuron disease occurring in a mutant 

dynactin mouse model is characterized by defects in vesicular trafficking. J Neurosci 

2008, 28, 1997-2005. 

(65) Lee, M. K.; Cleveland, D. W. Neuronal intermediate filaments. Annu Rev Neurosci 1996, 

19, 187-217. 

(66) Xia, C. H.; Roberts, E. A.; Her, L. S.; Liu, X. R.; Williams, D. S.; Cleveland, D. W.; 

Goldstein, L. S. B. Abnormal neurofilament transport caused by targeted disruption of 

neuronal kinesin heavy chain KIF5A. Journal of Cell Biology 2003, 161, 55-66. 

(67) Koehnle, T. J.; Brown, A. Slow axonal transport of neurofilament protein in cultured 

neurons. Journal of Cell Biology 1999, 144, 447-458. 

(68) Perez-Olle, R.; Jones, S. T.; Liem, R. K. H. Phenotypic analysis of neurofilament light gene 

mutations linked to Charcot-Marie-Tooth disease in cell culture models. Hum Mol Genet 

2004, 13, 2207-2220. 

(69) Perez-Olle, R.; Lopez-Toledano, M. A.; Goryunov, D.; Cabrera-Poch, N.; Stefanis, L.; 

Brown, K.; Liem, R. K. H. Mutations in the neurofilament light gene linked to Charcot-

Marie-Tooth disease cause defects in transport. J Neurochem 2005, 93, 861-874. 

(70) Magrane, J.; Manfredi, G. Mitochondrial Function, Morphology, and Axonal Transport in 

Amyotrophic Lateral Sclerosis. Antioxid Redox Sign 2009, 11, 1615-U1618. 

(71) Bilsland, L. G.; Sahai, E.; Kelly, G.; Golding, M.; Greensmith, L.; Schiavo, G. Deficits in 

axonal transport precede ALS symptoms in vivo. P Natl Acad Sci USA 2010, 107, 20523-

20528. 



   

39 

 

(72) Collard, J. F.; Cote, F.; Julien, J. P. Defective Axonal-Transport in a Transgenic Mouse 

Model of Amyotrophic-Lateral-Sclerosis. Nature 1995, 375, 61-64. 

(73) Sasaki, S.; Iwata, M. Impairment of fast axonal transport in the proximal axons of anterior 

horn neurons in amyotrophic lateral sclerosis. Neurology 1996, 47, 535-540. 

(74) Zhu, Y. B.; Sheng, Z. H. Increased axonal mitochondrial mobility does not slow 

amyotrophic lateral sclerosis (ALS)-like disease in mutant SOD1 mice. J Biol Chem 

2011, 286, 23432-23440. 

(75) d'Ydewalle, C.; Krishnan, J.; Chiheb, D. M.; Van Damme, P.; Irobi, J.; Kozikowski, A. P.; 

Vanden Berghe, P.; Timmerman, V.; Robberecht, W.; Van Den Bosch, L. HDAC6 

inhibitors reverse axonal loss in a mouse model of mutant HSPB1-induced Charcot-

Marie-Tooth disease. Nat Med 2011, 17, 968-U986. 

(76) Okado-Matsumoto, A.; Fridovich, I. Subcellular distribution of superoxide dismutases 

(SOD) in rat liver - Cu,Zn-SOD in mitochondria. Journal of Biological Chemistry 2001, 

276, 38388-38393. 

(77) Sturtz, L. A.; Diekert, K.; Jensen, L. T.; Lill, R.; Culotta, V. C. A fraction of yeast Cu,Zn-

superoxide dismutase and its metallochaperone, CCS, localize to the intermembrane 

space of mitochondria - A physiological role for SOD1 in guarding against mitochondrial 

oxidative damage. Journal of Biological Chemistry 2001, 276, 38084-38089. 

(78) Kawamata, H.; Manfredi, G. Different regulation of wild-type and mutant Cu,Zn superoxide 

dismutase localization in mammalian mitochondria. Hum Mol Genet 2008, 17, 3303-

3317. 

(79) Jung, C. W.; Higgins, C. M. J.; Xu, Z. S. A quantitative histochemical assay for activities of 

mitochondrial electron transport chain complexes in mouse spinal cord sections. J 

Neurosci Meth 2002, 114, 165-172. 

(80) Bowling, A. C.; Schulz, J. B.; Brown, R. H.; Beal, M. F. Superoxide-Dismutase Activity, 

Oxidative Damage, and Mitochondrial Energy-Metabolism in Familial and Sporadic 

Amyotrophic-Lateral-Sclerosis. J Neurochem 1993, 61, 2322-2325. 

(81) Ferri, A.; Cozzolino, M.; Crosio, C.; Nencini, M.; Casciati, A.; Gralla, E. B.; Rotilio, G.; 

Valentine, J. S.; Carri, M. T. Familial ALS-superoxide dismutases associate with 

mitochondria and shift their redox potentials. P Natl Acad Sci USA 2006, 103, 13860-

13865. 

(82) Kruman, I. I.; Pedersen, W. A.; Springer, J. E.; Mattson, M. P. ALS-linked Cu/Zn-SOD 

mutation increases vulnerability of motor neurons to excitotoxicity by a mechanism 

involving increased oxidative stress and perturbed calcium homeostasis. Exp Neurol 

1999, 160, 28-39. 

(83) Carri, M. T.; Ferri, A.; Battistoni, A.; Famhy, L.; Gabbianelli, R.; Poccia, F.; Rotilio, G. 

Expression of a Cu,Zn superoxide dismutase typical of familial amyotrophic lateral 



   

40 

 

sclerosis induces mitochondrial alteration and increase of cytosolic Ca2+ concentration in 

transfected neuroblastoma SH-SY5Y cells. Febs Lett 1997, 414, 365-368. 

(84) Pasinelli, P.; Belford, M. E.; Lennon, N.; Bacskai, B. J.; Hyman, B. T.; Trotti, D.; Brown, R. 

H. Amyotrophic lateral sclerosis-associated SOD1 mutant proteins bind and aggregate 

with Bcl-2 in spinal cord mitochondria. Neuron 2004, 43, 19-30. 

(85) Takeuchi, H.; Kobayashi, Y.; Ishigaki, S.; Doyu, M.; Sobue, G. Mitochondrial localization 

of mutant superoxide dismutase 1 triggers caspase-dependent cell death in a cellular 

model of familial amyotrophic lateral sclerosis. Journal of Biological Chemistry 2002, 

277, 50966-50972. 

(86) Byrne, S.; Bede, P.; Elamin, M.; Kenna, K.; Lynch, C.; Mclaughlin, R.; Hardiman, O. 

Proposed criteria for familial amyotrophic lateral sclerosis. Amyotrophic Lateral Scler 

2011, 12, 157-159. 

(87) Regal, L.; Vanopdenbosch, T.; Tilkin, P.; Van Den Bosch, L.; Thijs, V.; Sciot, R.; 

Robberecht, W. The G93C mutation in superoxide dismutase 1 - Clinicopathologic 

phenotype and prognosis. Arch Neurol 2006, 63, 262-267. 

(88) Beghi, E. Are professional soccer players at higher risk for ALS? Amyotroph Lat Scl Fr 

2013, 14, 501-506. 

(89) Halperin, J. J.; Kaplan, G. P.; Brazinsky, S.; Tsai, T. F.; Cheng, T.; Ironside, A.; Wu, P.; 

Delfiner, J.; Golightly, M.; Brown, R. H.; et al. Immunologic reactivity against Borrelia 

burgdorferi in patients with motor neuron disease. Arch Neurol 1990, 47, 586-594. 

(90) Beard, J. D.; Engel, L. S.; Richardson, D. B.; Gammon, M. D.; Baird, C.; Umbach, D. M.; 

Allen, K. D.; Stanwyck, C. L.; Keller, J.; Sandler, D. P.; Schmidt, S.; Kamel, F. Military 

service, deployments, and exposures in relation to amyotrophic lateral sclerosis etiology. 

Environ Int 2016, 91, 104-115. 

(91) Hyser, C. L.; Kissel, J. T.; Mendell, J. R. Three cases of amyotrophic lateral sclerosis in a 

common occupational environment. J Neurol 1987, 234, 443-444. 

(92) Beretta, S.; Carri, M. T.; Beghi, E.; Chio, A.; Ferrarese, C. The sinister side of Italian 

soccer. Lancet Neurol 2003, 2, 656-657. 

(93) Kurland, L. T.; Radhakrishnan, K.; Smith, G. E.; Armon, C.; Nemetz, P. N. Mechanical 

Trauma as a Risk Factor in Classic Amyotrophic-Lateral-Sclerosis - Lack of 

Epidemiologic Evidence. J Neurol Sci 1992, 113, 133-143. 

(94) Armon, C. Sports and trauma in amyotrophic lateral sclerosis revisited. J Neurol Sci 2007, 

262, 45-53. 

(95) Armon, C. An evidence-based medicine approach to the evaluation of the role of exogenous 

risk factors in sporadic amyotrophic lateral sclerosis. Neuroepidemiology 2003, 22, 217-

228. 



   

41 

 

(96) Pupillo, E.; Messina, P.; Logroscino, G.; Zoccolella, S.; Chio, A.; Calvo, A.; Corbo, M.; 

Lunetta, C.; Micheli, A.; Millul, A.; Vitelli, E.; Beghi, E.; Consortium, E. Trauma and 

amyotrophic lateral sclerosis: a case-control study from a population-based registry. Eur 

J Neurol 2012, 19, 1509-1517. 

(97) Harwood, C. A.; Mcdermott, C. J.; Shaw, P. J. Physical activity as an exogenous risk factor 

in motor neuron disease (MND): A review of the evidence. Amyotrophic Lateral Scler 

2009, 10, 191-204. 

(98) McArdle, A.; Pattwell, D.; Vasilaki, A.; Griffiths, R. D.; Jackson, M. J. Contractile activity-

induced oxidative stress: cellular origin and adaptive responses. Am J Physiol-Cell Ph 

2001, 280, C621-C627. 

(99) Govoni, V.; Granieri, E.; Fallica, E.; Casetta, I. Amyotrophic lateral sclerosis, rural 

environment and agricultural work in the Local Health District of Ferrara, Italy, in the 

years 1964-1998. J Neurol 2005, 252, 1322-1327. 

(100) Bedlack, R.; Hardiman, O.; Heiman-Patterson, T.; Gutmann, L.; Bromberg, M.; Ostrow, 

L.; Carter, G.; Kabashi, E.; Bertorini, T.; Mozaffar, T.; Andersen, P.; Dietz, J.; Gamez, J.; 

Dimachkie, M.; Wang, Y. X.; Wicks, P.; Heywood, J.; Novella, S.; Rowland, L. P.; 

Pioro, E.; Kinsley, L.; Mitchell, K.; Glass, J.; Sathornsumetee, S.; Kwiecinski, H.; Baker, 

J.; Atassi, N.; Forshew, D.; Ravits, J.; Conwit, R.; Jackson, C.; Sherman, A.; Dalton, K.; 

Tindall, K.; Gonzalez, G.; Robertson, J.; Phillips, L.; Benatar, M.; Sorenson, E.; 

Shoesmith, C.; Nash, S.; Marigakis, N.; Moore, D.; Caress, J.; Boylan, K.; Armon, C.; 

Grosso, M.; Gerecke, B.; Wymer, J.; Oskarsson, B.; Bowser, R.; Drory, V.; Shefner, J.; 

Lechtzin, N.; Leitner, M.; Miller, R.; Mitsumoto, H.; Levine, T.; Russell, J.; Sharma, K.; 

Saperstein, D.; McClusky, L.; MacGowan, D.; Licht, J.; Verma, A.; Strong, M.; Lomen-

Hoerth, C.; Tandan, R.; Rivner, M.; Kolb, S.; Polak, M.; Rudnicki, S.; Kittrell, P.; 

Quereshi, M.; Sachs, G.; Pattee, G.; Weiss, M.; Kissel, J.; Goldstein, J.; Rothstein, J.; 

Pastula, D.; Grp, A. ALS Untangled No. 17: "When ALS Is Lyme". Amyotrophic Lateral 

Scler 2012, 13, 487-491. 

(101) Bedlack, R.; Hardiman, O.; Bowser, R.; Drory, V.; Shefner, J.; Heiman-Patterson, T.; 

Lechtzin, N.; Leitner, M.; Miller, R.; Mitsumoto, H.; Levine, T.; Russell, J.; Sharma, K.; 

Saperstein, D.; McClusky, L.; MacGowan, D.; Licht, J.; Verma, A.; Strong, M.; Lomen-

Hoerth, C.; Tandan, R.; Rivner, M.; Krivickas, L.; Kolb, S.; Polak, M.; Rudnicki, S.; 

Kittrell, P.; Quereshi, M.; Sachs, G.; Pattee, G.; Mozaffar, T.; Weiss, M.; Kissel, J.; 

Cudkowicz, M.; Goldstein, J.; Rothstein, J.; Traynor, B.; Pastula, D.; Grp, A. 

ALSUntangled Update 1: Investigating a bug (Lyme Disease) and a drug (Iplex) on 

behalf of people with ALS. Amyotrophic Lateral Scler 2009, 10, 248-250. 

(102) Coffman, C. J.; Horner, R. D.; Grambow, S. C.; Lindquist, J.; Studi, I. V. c. Estimating the 

occurrence of amyotrophic lateral sclerosis among Gulf War (1990-1991) Veterans using 

capture-recapture methods - An assessment of case ascertainment bias. 

Neuroepidemiology 2005, 24, 141-150. 



   

42 

 

(103) Horner, R. D.; Kamins, K. G.; Feussner, J. R.; Grambow, S. C.; Hoff-Lindquist, J.; Harati, 

Y.; Mitsumoto, H.; Pascuzzi, R.; Spencer, P. S.; Tim, R.; Howard, D.; Smith, T. C.; 

Ryan, M. A. K.; Coffman, C. J.; Kasarskis, E. J. Occurrence of amyotrophic lateral 

sclerosis among Gulf War veterans. Neurology 2003, 61, 742-749. 

(104) Smith, T. C.; Gray, G. C.; Knoke, J. D. Is systemic lupus erythematosus, amyotrophic 

lateral sclerosis, or fibromyalgia associated with Persian Gulf War service? An 

examination of department of defense hospitalization data. Am J Epidemiol 2000, 151, 

1053-1059. 

(105) Cox, P. A.; Richer, R.; Metcalf, J. S.; Banack, S. A.; Codd, G. A.; Bradley, W. G. 

Cyanobacteria and BMAA exposure from desert dust: A possible link to sporadic ALS 

among Gulf War veterans. Amyotrophic Lateral Scler 2009, 10, 109-117. 

(106) Prasad, U. K.; Kurland, L. T. Arrival of new diseases on Guam - Lines of evidence 

suggesting the post-Spanish origins of amyotrophic-lateral-sclerosis and Parkinson's 

dementia. J Pac Hist 1997, 32, 217-228. 

(107) Poloni, M.; Micheli, A.; Facchetti, D.; Mai, R.; Ceriani, F.; Cattalini, C. J. T. I. J. o. N. S. 

Conjugal amyotrophic lateral sclerosis: toxic clustering or chance? 1997, 18, 109-112. 

(108) Rachele, M. G.; Mascia, V.; Tacconi, P.; Dessi, N.; Marrosu, F.; Giagheddu, M. J. T. I. J. 

o. N. S. Conjugal amyotrophic lateral sclerosis: a report on a couple from Sardinia, Italy. 

1998, 19, 97-100. 

(109) Camu, W.; Cadilhac, J.; Billiard, M. Conjugal amyotrophic lateral sclerosis. A report on 

two couples from southern France 1994, 44, 547-547. 

(110) Caller, T. A.; Doolin, J. W.; Haney, J. F.; Murby, A. J.; West, K. G.; Farrar, H. E.; Ball, 

A.; Harris, B. T.; Stommel, E. W. A cluster of amyotrophic lateral sclerosis in New 

Hampshire: A possible role for toxic cyanobacteria blooms. Amyotrophic Lateral Scler 

2009, 10, 101-108. 

(111) Vega, A.; Bell, E. A. Alpha-Amino-Beta-Methylaminopropionic Acid a New Amino Acid 

from Seeds of Cycas Circinalis. Phytochemistry 1967, 6, 759-&. 

(112) Murch, S. J.; Cox, P. A.; Banack, S. A. A mechanism for slow release of biomagnified 

cyanobacterial neurotoxins and neurodegenerative disease in Guam. P Natl Acad Sci USA 

2004, 101, 12228-12231. 

(113) Pablo, J.; Banack, S. A.; Cox, P. A.; Johnson, T. E.; Papapetropoulos, S.; Bradley, W. G.; 

Buck, A.; Mash, D. C. Cyanobacterial neurotoxin BMAA in ALS and Alzheimer's 

disease. Acta Neurol Scand 2009, 120, 216-225. 

(114) Cox, P. A.; Banack, S. A.; Murch, S. J.; Rasmussen, U.; Tien, G.; Bidigare, R. R.; Metcalf, 

J. S.; Morrison, L. F.; Codd, G. A.; Bergman, B. Diverse taxa of cyanobacteria produce 

beta-N-methylamino-L-alanine, a neurotoxic amino acid. Proc Natl Acad Sci U S A 2005, 

102, 5074-5078. 



   

43 

 

(115) Cox, P. A.; Banack, S. A.; Murch, S. J. Biomagnification of cyanobacterial neurotoxins 

and neurodegenerative disease among the Chamorro people of Guam. P Natl Acad Sci 

USA 2003, 100, 13380-13383. 

(116) Downing, S.; Banack, S. A.; Metcalf, J. S.; Cox, P. A.; Downing, T. G. Nitrogen starvation 

of cyanobacteria results in the production of beta-N-methylamino-L-alanine. Toxicon 

2011, 58, 187-194. 

(117) Hallegraeff, G. M. A Review of Harmful Algal Blooms and Their Apparent Global 

Increase. Phycologia 1993, 32, 79-99. 

(118) Winter, J. G.; DeSellas, A. M.; Fletcher, R.; Heintsch, L.; Morley, A.; Nakamoto, L.; 

Utsumi, K. Algal blooms in Ontario, Canada: Increases in reports since 1994. Lake 

Reserv Manage 2011, 27, 107-114. 

(119) Jackson, J. B. C. Ecological extinction and evolution in the brave new ocean. P Natl Acad 

Sci USA 2008, 105, 11458-11465. 

(120) McConnel, J. Cyanobacteria, cycads, Chiroptera, and the Chamorro. The Lancet Infectious 

Diseases, 4, 391. 

(121) Kurland, L. T.; Mulder, D. W. Epidemiologic Investigations of Amyotrophic Lateral 

Sclerosis .1. Preliminary Report on Geographic Distribution, with Special Reference to 

the Mariana Islands, Including Clinical and Pathologic Observations. Neurology 1954, 4, 

355-378. 

(122) Mulder, D. W.; Kurland, L. T.; Iriarte, L. L. Neurologic diseases on the island of Guam. 

United States Armed Forces medical journal 1954, 5, 1724-1739. 

(123) Mason, M. M.; Whiting, M. G. Caudal motor weakness and ataxia in cattle in the 

Caribbean area following ingestion of cycads. The Cornell veterinarian 1968, 48, 541-

554. 

(124) Reed, D.; Labarthe, D.; Chen, K. M.; Stallones, R. A Cohort Study of Amyotrophic-

Lateral-Sclerosis and Parkinsonism-Dementia on Guam and Rota. Am J Epidemiol 1987, 

125, 92-100. 

(125) Duncan, M. W.; Kopin, I. J.; Garruto, R. M.; Lavine, L.; Markey, S. P. 2-Amino-3 

(Methylamino)-Propionic Acid in Cycad-Derived Foods Is an Unlikely Cause of 

Amyotrophic Lateral Sclerosis Parkinsonism. Lancet 1988, 2, 631-632. 

(126) Duncan, M. W.; Steele, J. C.; Kopin, I. J.; Markey, S. P. 2-Amino-3-(Methylamino)-

Propanoic Acid (Bmaa) in Cycad Flour - an Unlikely Cause of Amyotrophic Lateral 

Sclerosis and Parkinsonism-Dementia of Guam. Neurology 1990, 40, 767-772. 

(127) Cox, P. A.; Sacks, O. W. Cycad neurotoxins, consumption of flying foxes, and ALS-PDC 

disease in Guam. Neurology 2002, 58, 956-959. 



   

44 

 

(128) Banack, S. A.; Cox, P. A. Biomagnification of cycad neurotoxins in flying foxes - 

Implications for ALS-PDC in Guam. Neurology 2003, 61, 387-389. 

(129) Murch, S. J.; Cox, P. A.; Banack, S. A.; Steele, J. C.; Sacks, O. W. Occurrence of beta-

methylamino-L-alanine (BMAA) in ALS/PDC patients from Guam. Acta Neurol Scand 

2004, 110, 267-269. 

(130) Banack, S. A.; Murch, S. J.; Cox, P. A. Neurotoxic flying foxes as dietary items for the 

Chamorro people, Marianas Islands. J Ethnopharmacol 2006, 106, 97-104. 

(131) Bell, E. A. The discovery of BMAA, and examples of biomagnification and protein 

incorporation involving other non-protein amino acids. Amyotrophic Lateral Scler 2009, 

10, 21-25. 

(132) Dunlop, R. A.; Cox, P. A.; Banack, S. A.; Rodgers, K. J. The Non-Protein Amino Acid 

BMAA Is Misincorporated into Human Proteins in Place of L-Serine Causing Protein 

Misfolding and Aggregation. Plos One 2013, 8. 

(133) Cox, P. A.; Davis, D. A.; Mash, D. C.; Metcalf, J. S.; Banack, S. A. Dietary exposure to an 

environmental toxin triggers neurofibrillary tangles and amyloid deposits in the brain. P 

Roy Soc B-Biol Sci 2016, 283. 

(134) Glover, W. B.; Mash, D. C.; Murch, S. J. The natural non-protein amino acid N-beta-

methylamino-L-alanine (BMAA) is incorporated into protein during synthesis. Amino 

Acids 2014, 46, 2553-2559. 

(135) Karlsson, O.; Jiang, L.; Andersson, M.; Ilag, L. L.; Brittebo, E. B. Protein association of 

the neurotoxin and non-protein amino acid BMAA (beta-N-methylamino-L-alanine) in 

the liver and brain following neonatal administration in rats. Toxicol Lett 2014, 226, 1-5. 

(136) Chernoff, N.; Hill, D. J.; Diggs, D. L.; Faison, B. D.; Francis, B. M.; Lang, J. R.; Larue, M. 

M.; Le, T. T.; Loftin, K. A.; Lugo, J. N.; Schmid, J. E.; Winnik, W. M. A critical review 

of the postulated role of the non-essential amino acid, beta-N-methylamino-L-alanine, in 

neurodegenerative disease in humans. J Toxicol Env Heal B 2017, 20, 183-229. 

(137) Beri, J.; Nash, T.; Martin, R. M.; Bereman, M. S. Exposure to BMAA mirrors molecular 

processes linked to neurodegenerative disease. Proteomics 2017, 17. 

(138) Frøyset, A. K.; Khan, E. A.; Fladmark, K. E. Quantitative proteomics analysis of zebrafish 

exposed to sub-lethal dosages of β-methyl-amino-L-alanine (BMAA). Sci Rep 2016, 6. 

(139) Lee, J. W.; Beebe, K.; Nangle, L. A.; Jang, J.; Longo-Guess, C. M.; Cook, S. A.; Davisson, 

M. T.; Sundberg, J. P.; Schimmel, P.; Ackerman, S. L. Editing-defective tRNA 

synthetase causes protein misfolding and neurodegeneration. Nature 2006, 443, 50-55. 

(140) Delcourt, N.; Claudepierre, T.; Maignien, T.; Arnich, N.; Mattei, C. Cellular and 

Molecular Aspects of the β-N-Methylamino-l-alanine (BMAA) Mode of Action within 

the Neurodegenerative Pathway: Facts and Controversy. Toxins 2018, 10, 6. 



   

45 

 

(141) Ross, S. M.; Spencer, P. S. Specific Antagonism of Behavioral Action of Uncommon 

Amino-Acids Linked to Motor-System Diseases. Synapse 1987, 1, 248-253. 

(142) Pai, K. S.; Shankar, S. K.; Ravindranath, V. Billion-fold difference in the toxic potencies 

of two excitatory plant amino acids, L-BOAA and L-BMAA: biochemical and 

morphological studies using mouse brain slices. Neurosci Res 1993, 17, 241-248. 

(143) Weiss, J.; Choi, D. Beta-N-methylamino-L-alanine neurotoxicity: requirement for 

bicarbonate as a cofactor. 1988, 241, 973-975. 

(144) Myers, T. G.; Nelson, S. D. Neuroactive carbamate adducts of beta-N-methylamino-L-

alanine and ethylenediamine. Detection and quantitation under physiological conditions 

by 13C NMR. 1990, 265, 10193-10195. 

(145) Richter, K. E.; Mena, E. E. l-ß-Methylaminoalanine inhibits [3H]glutamate binding in the 

presence of bicarbonate ions. Brain Research 1989, 492, 385-388. 

(146) Nixon, S. W. Coastal Marine Eutrophication - a Definition, Social Causes, and Future 

Concerns. Ophelia 1995, 41, 199-219. 

(147) Richardson, K.; Jørgensen, B. B. In Eutrophication in Coastal Marine Ecosystems; 

American Geophysical Union, 2013, pp 1-19. 

(148) Moffat, A. S. Ecology - Global nitrogen overload problem grows critical. Science 1998, 

279, 988-989. 

(149) Jiang, L. Y.; Kiselova, N.; Rosen, J.; Ilag, L. L. Quantification of neurotoxin BMAA (beta-

N-methylamino-L-alanine) in seafood from Swedish markets. Sci Rep-Uk 2014, 4. 

(150) Holtcamp, W. Shark Fin Consumption May Expose People to Neurotoxic BMAA. Environ 

Health Persp 2012, 120, A191-A191. 

(151) Brand, L. E.; Pablo, J.; Compton, A.; Hammerschlag, N.; Mash, D. C. Cyanobacterial 

blooms and the occurrence of the neurotoxin, beta-N-methylamino-L-alanine (BMAA), 

in South Florida aquatic food webs. Harmful Algae 2010, 9, 620-635. 

(152) Regueiro, J.; Negreira, N.; Carreira-Casais, A.; Perez-Lamela, C.; Simal-Gandara, J. 

Dietary exposure and neurotoxicity of the environmental free and bound toxin beta-N-

methylamino-l-alanine. Food research international (Ottawa, Ont.) 2017, 100, 1-13. 

(153) Henegan, P.; Andrew, A.; Kuczmarski, T.; Michaelson, N.; Storm, J.; Atkinson, A.; 

Waters, B.; Crothers, J.; Gallagher, T.; Tsongalis, G.; Bradley, W.; Stommel, E. Aerosol 

Exposure to Cyanobacteria as a Potential Risk Factor for Neurological Disease (P5.086). 

2017, 88. 

(154) Scott, L. L.; Downing, S.; Downing, T. G. J. N. R. The Evaluation of BMAA Inhalation as 

a Potential Exposure Route Using a rat Model. 2018, 33, 6-14. 



   

46 

 

(155) Ley, R. E.; Peterson, D. A.; Gordon, J. I. Ecological and evolutionary forces shaping 

microbial diversity in the human intestine. Cell 2006, 124, 837-848. 

(156) Brenner, S. R. Blue-green algae or cyanobacteria in the intestinal micro-flora may produce 

neurotoxins such as Beta-N-Methylamino-l-Alanine (BMAA) which may be related to 

development of amyotrophic lateral sclerosis, Alzheimer’s disease and Parkinson-

Dementia-Complex in humans and Equine Motor Neuron Disease in Horses. Medical 

Hypotheses 2013, 80, 103. 

(157) Behrendt, L.; Schrameyer, V.; Qvortrup, K.; Lundin, L.; Sørensen, S. J.; Larkum, A. W. 

D.; Kühl, M. Biofilm Growth and Near Infrared Radiation-driven Photosynthesis of the 

Chlorophyll <em>d</em>-containing Cyanobacterium <em>Acaryochloris 

marina</em>. 2012. 

(158) Eriksson, J.; Jonasson, S.; Papaefthimiou, D.; Rasmussen, U.; Bergman, B. Improving 

derivatization efficiency of BMAA utilizing AccQ-Tag(A (R)) in a complex 

cyanobacterial matrix. Amino Acids 2009, 36, 43-48. 

(159) Pan, M.; Mabry, T. J.; Cao, P.; Moini, M. Identification of nonprotein amino acids from 

cycad seeds as N-ethoxycarbonyl ethyl ester derivatives by positive chemical-ionization 

gas chromatography mass spectrometry. J Chromatogr A 1997, 787, 288-294. 

(160) Guo, T.; Geis, S.; Hedman, C.; Arndt, M.; Krick, W.; Sonzogni, W. Characterization of 

ethyl chloroformate derivative of beta-methylamino-L-alanine. J Am Soc Mass Spectr 

2007, 18, 817-825. 

(161) Roy-Lachapelle, A.; Solliec, M.; Sauve, S. Determination of BMAA and three alkaloid 

cyanotoxins in lake water using dansyl chloride derivatization and high-resolution mass 

spectrometry. Anal Bioanal Chem 2015, 407, 5487-5501. 

(162) Rosen, J.; Hellenas, K. E. Determination of the neurotoxin BMAA (beta-N-methylamino-

L-alanine) in cycad seed and cyanobacteria by LC-MS/MS (liquid chromatography 

tandem mass spectrometry). Analyst 2008, 133, 1785-1789. 

(163) Combes, A.; El Abdellaoui, S.; Sarazin, C.; Vial, J.; Mejean, A.; Ploux, O.; Pichon, V.; 

Grp, B. Validation of the analytical procedure for the determination of the neurotoxin 

beta-N-methylamino-L-alanine in complex environmental samples. Analytica Chimica 

Acta 2013, 771, 42-49. 

(164) Kerrin, E. S.; White, R. L.; Quilliam, M. A. Quantitative determination of the neurotoxin 

beta-N-methylamino-L-alanine (BMAA) by capillary electrophoresis-tandem mass 

spectrometry. Anal Bioanal Chem 2017, 409, 1481-1491. 

(165) Réveillon, D.; Abadie, E.; Séchet, V.; Brient, L.; Savar, V.; Bardouil, M.; Hess, P.; Amzil, 

Z. Beta-N-methylamino-l-alanine: LC-MS/MS Optimization, Screening of 

Cyanobacterial Strains and Occurrence in Shellfish from Thau, a French Mediterranean 

Lagoon. Marine Drugs 2014, 12, 5441-5467. 



   

47 

 

(166) Reveillon, D.; Sechet, V.; Hess, P.; Amzil, Z. Systematic detection of BMAA (beta-N-

methylamino-l-alanine) and DAB (2,4-diaminobutyric acid) in mollusks collected in 

shellfish production areas along the French coasts. Toxicon 2016, 110, 35-46. 

(167) Jiang, L. Y.; Aigret, B.; De Borggraeve, W. M.; Spacil, Z.; Ilag, L. L. Selective LC-

MS/MS method for the identification of BMAA from its isomers in biological samples. 

Anal Bioanal Chem 2012, 403, 1719-1730. 

(168) Beach, D. G.; Kerrin, E. S.; Quilliam, M. A. Selective quantitation of the neurotoxin 

BMAA by use of hydrophilic-interaction liquid chromatography-differential mobility 

spectrometry-tandem mass spectrometry (HILIC-DMS-MS/MS). Anal Bioanal Chem 

2015, 407, 8397-8409. 

(169) Hammerschlag, N.; Davis, D.; Mondo, K.; Seely, M.; Murch, S.; Glover, W.; Divoll, T.; 

Evers, D.; Mash, D. Cyanobacterial Neurotoxin BMAA and Mercury in Sharks. 2016, 8, 

238. 

(170) Lampinen Salomonsson, M.; Hansson, A.; Bondesson, U. Development and in-house 

validation of a method for quantification of BMAA in mussels using dansyl chloride 

derivatization and ultra performance liquid chromatography tandem mass spectrometry. 

Analytical Methods 2013, 5, 4865-4874. 

(171) Snyder, L. R.; Kirkland, J. J.; Glajch, J. L. Practical HPLC method development, 2nd ed.; 

Wiley: New York, 1997, p xxvi, 765 p. 

(172) Castro, E. R.; Manz, A. Present state of microchip electrophoresis: state of the art and 

routine applications. J Chromatogr A 2015, 1382, 66-85. 

(173) Tycova, A.; Ledvina, V.; Kleparnik, K. Recent advances in CE-MS coupling: 

Instrumentation, methodology, and applications. Electrophoresis 2017, 38, 115-134. 

(174) Mellors, J. S.; Gorbounov, V.; Ramsey, R. S.; Ramsey, J. M. Fully Integrated Glass 

Microfluidic Device for Performing High-Efficiency Capillary Electrophoresis and 

Electrospray Ionization Mass Spectrometry. Anal Chem 2008, 80, 6881-6887. 

(175) Makarov, A. Electrostatic Axially Harmonic Orbital Trapping:  A High-Performance 

Technique of Mass Analysis. Anal Chem 2000, 72, 1156-1162. 

(176) Zubarev, R. A.; Makarov, A. Orbitrap Mass Spectrometry. Anal Chem 2013, 85, 5288-

5296. 

(177) Hu, Q.; Noll, R. J.; Li, H.; Makarov, A.; Hardman, M.; Graham Cooks, R. The Orbitrap: a 

new mass spectrometer. Journal of mass spectrometry : JMS 2005, 40, 430-443. 

(178) Michalski, A.; Damoc, E.; Hauschild, J. P.; Lange, O.; Wieghaus, A.; Makarov, A.; 

Nagaraj, N.; Cox, J.; Mann, M.; Horning, S. Mass spectrometry-based proteomics using 

Q Exactive, a high-performance benchtop quadrupole Orbitrap mass spectrometer. Mol 

Cell Proteomics 2011, 10, M111.011015. 



   

48 

 

(179) Scheltema, R. A.; Hauschild, J. P.; Lange, O.; Hornburg, D.; Denisov, E.; Damoc, E.; 

Kuehn, A.; Makarov, A.; Mann, M. The Q Exactive HF, a Benchtop Mass Spectrometer 

with a Pre-filter, High-performance Quadrupole and an Ultra-high-field Orbitrap 

Analyzer. Molecular & Cellular Proteomics 2014, 13, 3698-3708. 

(180) Kelstrup, C. D.; Bekker-Jensen, D. B.; Arrey, T. N.; Hogrebe, A.; Harder, A.; Olsen, J. V. 

Performance Evaluation of the Q Exactive HF-X for Shotgun Proteomics. J Proteome 

Res 2018, 17, 727-738. 

 

 



   

49 

 

CHAPTER 2  

DETECTION OF β-N-METHYLAMINO-L-ALANINE IN ENVIRONMENTAL 

SAMPLES 

The following work was reprinted with permission from: 

Beri, J; Kirkwood, KI; Muddiman, DC; Bereman, MS. Anal. Bioanal Chem., 2018, 410(10), 

2597-2605. 

Copyright information: Springer-Verlag GmbH Germany, part of Springer Nature 2018. 

The original publication may be accessed directly via the World Wide Web. 

 

2.1 Introduction 

β-N-methylamino-L-alanine (BMAA) is a neurotoxic noncanonical amino acid which 

was discovered to be linked to the high incidence of Amyotrophic Lateral 

Sclerosis/Parkinsonism Dementia Complex (ALS/PDC) on the island of Guam in the 1950’s1,2. 

At the time, the incidence of ALS/PDC symptoms in the indigenous Chamorro people, 200 

individuals per 100,000, was found to be 100 times greater than the global baseline3. 

Epidemiological studies connected the traditional Chamorro diet to increased risk of ALS/PDC4.  

The cycad seed, which was used to make flour, was a main staple the natives’ diet and was found 

to contain BMAA.  The hypothesis that BMAA exposure is linked to ALS/PDC symptom 

development was supported by a series of findings by Cox, including that BMAA is produced by 

symbiotic cyanobacteria living within the coralloid root of the cycad tree5, and that BMAA is 

biomagnified up the food chain in animals which also feed from the cycad tree6,7.   

These findings spurred an increase in global health concerns with regard to BMAA 

exposure. It has since been shown that BMAA is produced by diverse taxa of cyanobacteria, 

including blue-green algae8. Investigations have been conducted into the global growth of 

cyanobacteria, which has been increasing due to increased water temperatures and nutrient 

supply9,10. It is currently hypothesized that BMAA exposure may be linked to cases of sporadic 

https://link.springer.com/article/10.1007%2Fs00216-018-0930-0
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amyotrophic lateral sclerosis in a locus in New Hampshire, where individuals living within a half 

mile of bodies of water that are known to contain cyanobacteria were at a 25-fold increased risk 

for ALS11. Multiple routes of exposure to BMAA produced by cyanobacteria are thought to 

exist, including inhalation of aerosolized BMAA12, ingestion of water13, and consumption of 

seafood living in or near areas containing cyanobacterial blooms14,15. Alarmingly, pink shrimp in 

Florida Bay, Florida living within areas containing cyanobacterial blooms have been shown to 

contain BMAA levels as high as 1.5 mg BMAA/1 g dry shrimp16. These levels resemble those 

found in fruit bats, which were also part of the Chamorro diet, on the island of Guam in the 

1950’s. It is, however, important to note that many of these high levels of BMAA have been 

reported as a result of quantification using techniques that lack high specificity (e.g., FLD). 

There exists ample evidence that exposure to BMAA results in a molecular cascade of 

events which leads to development of ALS-like symptoms. Studies on the effects of BMAA 

exposure in-vivo and in-vitro are currently ongoing. Cox and coworkers recently showed that 

exposure to BMAA at low levels caused symptoms similar to those experienced by victims of 

ALS/PDC in vervet monkeys17. Additionally, BMAA exposure in zebra fish has resulted in 

activation of cellular mechanisms related to ALS development, including pathways related to 

endoplasmic reticulum stress and the unfolded protein response18. In vitro studies undertaken in 

our laboratory have shown cellular mechanisms of BMAA exposure that are similar to those 

activated in models of familial ALS, including oxidative stress pathways pertaining to TCA 

cycle and mitochondrial dysfunction, as well as those related to endoplasmic reticulum stress and 

unfolded protein response19.  Collectively, these and other studies indicate exposure to BMAA 

could provide a common mechanism underlying the etiology of sporadic ALS. However, many 

questions regarding the BMAA hypothesis have also arisen, including concerns regarding 
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selectivity and sensitivity of methods commonly used to identify and quantify BMAA within the 

environment20, unrealistic exposure levels in BMAA studies with respect to development of 

neurodegenerative disease, presence of BMAA in brain tissue, and the current evidence for 

misincorporation of BMAA into cellular proteins21. 

Exposure to BMAA will likely become more common due to the increased size and 

frequency of cyanobacteria blooms in fresh, marine, and brackish waters, catalyzed by the effects 

of climate change (elevated water temperatures, elevated CO2 levels, and eutrophication). 

Consequently, there is an urgent need for the development of sensitive and specific analytical 

techniques for detection and quantitation of BMAA in environmentally relevant samples. A 

variety of analytical methods have been attempted to measure BMAA content. These include 

reversed-phase liquid chromatography coupled with fluorescence detection22, gas 

chromatography coupled with mass spectrometry after derivatization with volatilizing agents23,24, 

RPLC coupled with mass spectrometry after derivatization with agents for better RP 

separation19,25, hydrophilic interaction liquid chromatography coupled with mass 

spectrometry26,27, as well as enzyme linked immunosorbent assays (ELISA) which are 

commercially available28.  Fluorescence and UV measurement of BMAA for detection are less 

than ideal, given difficulties with lack of analyte specificity. Common shortcomings of the 

methods that require chemical derivatization include necessitation of additional sample handling 

and introduction of additional sources of error. This is particularly notable for RPLC methods 

which utilize dabsyl chloride or dansyl chloride as derivatizing agents, due to the fact that they 

react with primary and secondary amines, which are extremely common in biological samples. A 

failure to resolve BMAA with its structural isomers including AEG and 2,4-DAB, which are also 

produced by cyanobacteria is another common shortcoming of many currently existing methods 
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for BMAA detection29,30, which results in erroneously high measurements of BMAA content in 

samples. Recently, Kerrin and coworkers developed a CE-MS/MS method for detection of 

BMAA that is able to resolve BMAA from its structural isomers in approximately 30 minutes of 

analysis time with a low limit of detection (0.8 ng/mL) and does not require sample 

derivatization31. 

Herein, we present novel materials for the separation, detection, and quantitation of 

BMAA, including a chip-based platform for separation of BMAA and 13C3,
15N2-labeled BMAA 

standard for identification and quantification of BMAA in complex samples. These technologies 

are characterized, first by demonstration of the ability of the CE-MS/MS platform to separate 

BMAA from its structural isomers AEG and 2,4-DAB within 1 minute of analysis time. Signal 

linearity is then demonstrated over 3.5 orders of dynamic range using the SIL-BMAA standard 

as an internal standard, and the lower limit of detection for the CE-MS/MS analysis is shown to 

be less than 40 nM (4.8 ng/mL) in a complex amino acid mixture as a matrix. These analytical 

techniques are then applied to detection and quantitation of BMAA within environmentally 

relevant samples. We report detection of BMAA in a sea scallop sample caught in North 

Carolina and purchased from a local market in Raleigh, NC. Semiquantitative analysis of the 

scallop sample estimates a BMAA content of approximately 820 ng BMAA/g of wet scallop 

tissue. Finally, we carry out a direct comparison of this integrated strategy with a commercially 

available ELISA method for detection of BMAA within surface waters, and find that the 

integrated strategy provides half as much percent error in quantification of water samples (12.2% 

for CE-MS/MS, 26.5% for ELISA) and that ELISA grossly overestimates BMAA content of 

complex samples. 
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2.2 Materials and Methods 

Materials 

β-N-methylamino-L-alanine (BMAA), N-2-aminoethylglycine (AEG), 2,4-

diaminobutyric acid (2,4-DAB), hydrochloric acid (HCl), sodium deoxychlolate (SDC), 

ammonium bicarbonate, formic acid, ammonium acetate, and Amicon Ultra 0.5 mL 10KDa 

centrifugal filters were obtained from Sigma Aldrich (St. Louis, MO). Stable isotope labeled 

13C3,
15N2-BMAA (SIL-BMAA) was obtained from Cambridge Isotope Laboratories (Tewksbury, 

MA, catalog # CNLM-10424-PK). Acetone, LC-MS grade methanol, and LC-MS grade water 

were obtained from VWR International (Morrisville, NC). High purity nitrogen gas was 

purchased from Machine & Welding Supply Co. Pooled human plasma was obtained from 

BioreclamationIVT (Baltimore, MD). ELISA BMAA kit was obtained from Abraxis 

(Warminster, PA). 

BMAA Isomer Separation 

A mixture of BMAA, AEG, 2,4-DAB and SIL-BMAA standard (13C3,
15N2-BMAA) was 

created by mixing 20 µL of 106 µM BMAA and 20 µL of 100 µM 2,4-DAB, AEG, and SIL-

BMAA. The mixture was then diluted 1:10 in a diluent comprised of 100 mM ammonium acetate 

and 2% formic acid in 50% methanol in water and subjected to CZE-MS/MS analysis to evaluate 

separation of BMAA and isomers. 

Preparation of Calibration Curve 

The protein concentration of pooled human plasma was determined by absorbance at 280 

nm using a NanoDrop 2000c. Aliquots of human plasma containing 250 µg of protein were 

retained into 1.5 mL Eppendorf tubes, and the protein was precipitated using a seven-fold 

volume of ice cold acetone. Samples were centrifuged at 21,000 × g for 5 minutes, and the 
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supernatant was removed. The residual acetone was allowed to evaporate, and 50 µL of 6 N 

hydrochloric acid was added to each Eppendorf tube along with 5 µL of 4.57 mM SIL-BMAA. 5 

µL of unlabeled BMAA at a range of concentrations spanning 4 orders of magnitude (8.1E-03, 

1.6E-02, 2.0E-02, 4.0E-02, 8.1E-02, 1.6E-01, 4.0E-01, 8.1E-01, 1.6, 16, 32, and 160 nM) was 

spiked into solution. The solution was allowed to hydrolyze at 95 ºC overnight. The solutions 

were then lyophilized, and then reconstituted in 50 µL of diluent comprised of 110 mM 

ammonium acetate and 2% formic acid in 50% methanol in water. Finally, the same diluent was 

used to carry out a 1:100 dilution of all samples prior to CZE-MS/MS analysis. 

Seafood Sample Collection and Preparation 

A variety of seafood purchased from a local market in Raleigh, North Carolina were 

sampled for BMAA analysis, including crab, clams, shrimp, scallops, oysters, red grouper, 

swordfish, and flounder. All seafood samples collected for this analysis were caught within 

North Carolina. The oyster and clam meat was removed from the shells and stored at -80 °C. The 

fish, shrimp, scallop, and crab meat was stored at -20 °C. 

Sample preparation and BMAA content analysis was carried out on three raw samples of 

each type of seafood. A lysis buffer comprised of 1% sodium deoxycholate in 50 mM 

ammonium bicarbonate (pH 7.5-8.0) was added to approximately 1 g of seafood. The tissue was 

homogenized, and approximately 1 mL of homogenate was centrifuged for 5 min at 21,000 × g. 

The supernatant was then probe sonicated at 20% amplitude for 20 s, twice. The sample was 

centrifuged for 5 min at 21,000 × g, and the supernatant was retained. The protein concentration 

was measured with a NanoDrop 2000c using absorbance at 280 nm. An appropriate volume of 

each sample containing 250 µg of protein was transferred to a 10 kDa MWCO-filter unit. Each 

filter unit had been previously washed with 200 µL of water and centrifuged at 14,000 × g for 15 
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minutes to remove polymers. The samples were washed with 400 µL of water and spun at 14,000 

× g and 20 ºC until less than 100 µL remained in the filter unit. This step was then repeated twice 

and the eluate was collected for free fraction analysis. The retained volume in each filter unit was 

washed with 100 µL of water, then the MWCO-filter unit was inverted and spun at 14,000 × g 

and 20 ºC for collection of the protein fraction. An appropriate volume containing 250 µg of 

each sample was added to clean vials for total sample analysis. The separated fractions were 

stored at -20 ºC until hydrolysis.  

To hydrolyze, 40 µL of 6 N hydrochloric acid was added to all total, protein and free 

fraction samples along with 5 µL of 4.7 mM SIL-BMAA which had been reconstituted in 50 µL 

of water. The samples were then incubated overnight at 95 ºC. Hydrolysates were lyophilized, 

and then reconstituted in 50 µL of diluent comprised of 110 mM ammonium acetate and 2% 

formic acid in 50% methanol in water. Finally, the same diluent was used to carry out a 1:100 

dilution of all samples prior to CZE-MS/MS analysis.  

CZE-MS/MS Analysis 

Samples were analyzed using a ZipChip™ HS chip from 908 Devices (Boston, MA) 

coupled to a Q Exactive HF mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). 

20 µL of analyte solution was placed into the sample well and subsequently injected into the chip 

using a 20 s load time. A field strength of 1000 V/cm was applied for separation over three 

minutes using a background electrolyte solution consisting of 2% formic acid in 50% methanol 

in water. Due to limited peak width (peak width at base for BMAA was approximately 1s), 

separate MS methods were applied for MS1 and MS2 analysis. For MS1 analysis, resolving 

power was 15,000 with an AGC target of 1 × 106, maximum injection time of 20 ms, and scan 
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range of 70-210 m/z. For MS2 analysis resolving power was 15,000 with an AGC target of 1 × 

105, maximum injection time of 20 ms, isolation window of 2.0 m/z, and NCE of 35.  

Data Analysis 

Both MS1 and PRM raw data files were imported into Skyline where peak areas and 

MMA data were extracted for unlabeled BMAA (precursor 119.0815, products 102.0550, 

88.0393, 76.0393, 73.0760, and 56.0495 m/z) and SIL-BMAA (precursor 124.0856, products 

106.0621, 92.0464, 79.0430, 77.0768, and 59.0532 m/z). For both BMAA and SIL-BMAA, all 

five product ions were used as qualifier ions, whereas only the four heaviest ions were used as 

quantifying ions. Peak areas were extracted to Microsoft Excel. For the calibration curve, 

quantifying ion peak areas were summed, and a ratio of unlabeled BMAA to SIL-BMAA peak 

area was obtained. Limit of detection (LoD) for the method was determined by integrating noise 

signal obtained from three blank injections and adding 3 times the standard deviation of the 

blank injections. Peak area ratios were then plotted as a function of concentration (nM) of 

BMAA injected into the CZE chip, and a best fit line was applied to the data using the LINEST 

function, omitting data points deemed to fall below the limit of detection for BMAA (20, 16, and 

8.0 nM BMAA). Limit of quantification (LoQ) was determined by identifying the lowest value 

with less than 30% error between the actual and experimentally determined BMAA 

concentration. For the scallop sample found to contain BMAA, quantifying peak areas were 

summed, and the ratio of unlabeled BMAA to SIL-BMAA peak area was obtained. A 

semiquantitative estimate of BMAA in the scallop sample was obtained using the calculated 

peak area ratio and the amount of SIL-BMAA injected on-chip for analysis. The raw data files 

referenced in this experiment have been made available on the Chorus LC-MS/MS data 
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repository under project #1421, and skyline template files for data analysis have been made 

available on www.panoramaweb.org (www.tinyurl.com/SILBMAA)32. 

2.3 Results and Discussion 

Figure 2.1 shows the overall design of this study. New technology for BMAA detection 

and quantification are introduced (Figure 2.1A), including application of a chip-based capillary 

electrophoresis platform for CZE-MS/MS analysis. We also introduce a novel 13C3,
15N2-labeled 

BMAA standard (SIL-BMAA), developed at NC State University and obtainable from 

Cambridge Isotope Laboratories (catalog # CNLM-10424-PK). These new technologies are 

characterized (Figure 2.1B), specifically with regard to separation of BMAA from its structural 

isomers N-2-aminoethylglycine (AEG) and 2,4-diaminobutyric acid (2,4-DAB) as well as 

determination of signal response and linearity over several orders of dynamic range. Finally, 

these technologies are applied for the detection of BMAA within seafood sampled from various 

areas of North Carolina and purchased locally from a market in Raleigh, NC (Figure 2.1C). 

http://www.panoramaweb.org/
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It has been well established that separation of BMAA from its potentially confounding 

structural isomers, N-(2-aminoethyl)glycine (AEG) and 2,4-diaminobutyric acid (2,4-DAB), is 

imperative for accurate identification and quantification given that they are also naturally 

occurring cyanobacterial products29,33. Thus, separation of BMAA from its structural isomers 

was demonstrated using the new technologies presented within this study (Figure 2.2). A 

mixture of 20 µL of 106 µM BMAA and 20 µL of 100 µM 2,4-DAB, AEG, and SIL-BMAA was 

created and diluted 1:10 with background electrolyte (BGE) solution to demonstrate effective 

separation using a ZipChip HS chip. Figure 2.2 shows that background resolution of BMAA, 

AEG, and 2,4-DAB was possible within one minute using this experimental system. The identity 

of the peaks were verified by migration times in separate paired isomer CE-MS experiments 

(Figure 2.3). It is worth noting that under these conditions, the order of migration of the 

structural isomers (i.e., 2,4-DAB then AEG then BMAA) was found to agree with the results 

recently presented by Kerrin and coworkers31 under their optimized conditions for CE-MS/MS 
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analysis. However, separation of BMAA from its structural isomers was carried out in a much 

more high-throughput manner in this study (<1 minute) compared to the results presented by 

Kerrin et al. (>30 minutes). 

The linearity of response of the analytical method to BMAA concentration was evaluated 

across several orders of dynamic range by spiking unlabeled BMAA into an amino acid mixture 

at decreasing concentrations. The SIL-BMAA was spiked at a constant concentration across all 

samples and used for normalization (Figure 2.4). The final concentration of SIL-BMAA after 

hydrolysis, reconstitution, and dilution prior to analysis was 4.6 µM, and the final concentration 

of unlabeled BMAA ranged between 160 µM and 8.1 nM. The fragmentation of BMAA was first 
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evaluated by PRM analysis, isolating the precursor 119.0815 m/z. All five of the fragments 

(102.0550, 88.0393, 76.0393, 73.0760, and 56.0495 m/z) in Figure 2.4A were used to 

qualitatively evaluate BMAA presence in environmental samples potentially containing BMAA. 

However, due to the fact that the fragment ion at 56.0495 m/z was not detected at BMAA 

concentrations of 40 nM and lower, only fragments A-D were retained for quantitative analysis 

of BMAA content in unknown samples. For each sample, the sum of the peak areas for the 

quantifying fragments in both unlabeled BMAA and SIL-BMAA were obtained, and the 

unlabeled BMAA signal was normalized to that of the SIL-BMAA and expressed as a peak area 

ratio. Figure 2.4B shows the plot of internal standard normalized peak area against the 
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concentration of unlabeled BMAA injected into the CE chip for analysis in nM. Figure 2.4C 

shows an expanded view of the lower end of the linear curve. The BMAA/SIL-BMAA peak area 

ratio at the lower limit of detection was determined to be 0.00068, which equates to an 

approximate LoD of 40 nM (4.8 ng/mL) BMAA in solution, approximately 6-fold higher than 
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the value reported by Kerrin and coworkers31, 0.8 ng/mL. Points falling below the LoD were not 

factored into the calibration line. The curve remained linear (R2=0.9999) for samples containing 

from 40 nM to 160 µM, constituting a linear dynamic range of measurement of at least 3.5 orders 

of magnitude. Due to the fact that the upper limits of measurement for BMAA were not probed 

as part of this study, it is extremely likely that the linear dynamic range of measurement for this 

method extends beyond 3.5 orders of magnitude. Figure 2.4D shows the integrated peak areas 

for all five fragments of BMAA, normalized to total measured peak area, at each concentration 

of BMAA injected for analysis. Robust signal was obtained for fragments A-D, but signal from 

fragment E began to deteriorate at low BMAA concentration. Therefore, fragments A-D were 

reserved as quantifying ions, keeping fragment E as a qualifying ion only in an effort to improve 

the level of qualitative confirmation. 

The effectiveness of the analytical method was next demonstrated through measurement 

of BMAA in environmentally relevant samples. Samples of various seafood were purchased at a 

local market in Raleigh, NC, having been obtained from North Carolina waterways. Table 2. 1 

describes the seafood sampled in this study, their date of purchase, area of origin, and the 

detection of BMAA. Meat from three samples of each type of seafood were subjected to tissue 

disruption and cell lysis. Protein-only, non-protein, and total lysate samples were obtained, 

spiked with SIL-BMAA, hydrolyzed, and subjected to CE-MS/MS analysis for determination of 

BMAA content. Of the seafood selected and analyzed in this study, only two of the three scallop 

samples were found to possibly contain BMAA. The scallop 2 sample was found to contain three 

of the five BMAA qualifying ions; however, the ratio of BMAA/SIL-BMAA transition peak area 

fell below the limit of detection. Figure 2.5 shows the analysis steps taken to confirm BMAA 

measurement in the total tissue fraction of the scallop 1 sample.  Figure 2.5A shows the 
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extracted ion electropherogram for intact BMAA within the scallop sample. The BMAA 

precursor peak was found to have a mass measurement accuracy of 4.2 ppm, and comigrated 

with the precursor for SIL-BMAA (Figure 2.5B), MMA = 0.8 ppm) at 0.91 min. Difference in 

BMAA peak migration between Figure 2.2 and Figure 2.5A are likely due to use of different 

chips between analyses, however BMAA identity in Figure 2.5A is assured due to comigration 

of BMAA with SIL-BMAA. Next, PRM analysis was carried out, isolating both endogenous 

BMAA and SIL-BMAA precursors, to confirm the identity of BMAA within the sample. All five 

of the BMAA qualifying ions (Figure 2.5C) were measured within the scallop sample, had 

acceptable mass measurement accuracy (MMA<10 ppm), and comigrated with the SIL-BMAA 

fragments (Figure 2.5D). Finally, the peak area percentages for the five qualifying ions were 

normalized to total fragment ion peak area, compared between the endogenous BMAA (Figure 

2.5E) and the SIL-BMAA (Figure 2.5F), and found to be similar. Taken together, these results 

confirm the presence of BMAA within the scallop sample. Interestingly, BMAA was detected 
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within the total and protein-containing fractions of scallop lysate, but not within the non-protein 

fraction. This suggests that the BMAA within the scallop sample is likely to be covalently bound 

with or incorporated into scallop protein. This hypothesis is subject to debate within the 

community, with publications suggesting that BMAA misincorporates into cellular protein34 as 

well as others which report no finding of BMAA within protein in vitro19 and in vivo35,36. 

The total fragment peak area ratio of endogenous BMAA to SIL-BMAA spiked into the 

scallop sample was found to be 0.0023, which is below the calculated limit of quantitation, but 

well above the peak area ratio at the limit of detection (0.00068). A semiquantitative analysis of 

the BMAA within this scallop sample was performed using the amount of SIL-BMAA injected 

on chip for analysis (3.1 pg) as a typical isotope dilution MS experiment. In short, the 

BMAA/SIL-BMAA peak area ratio was multiplied by the amount of SIL-BMAA injected for 

analysis to yield an amount of BMAA injected on chip (6.4 fg). This value was then divided by 

the total amount of hydrolysate injected for analysis (290 pg). Doing so yields a ratio of 

BMAA/protein hydrolysate of 2.2×10-5. This ratio was multiplied by the protein concentration of 

the scallop sample (1.87 g/L) and the volume of the scallop sample (2.0 mL) and divided by the 

amount of scallop tissue used for analysis (1.0 g) to obtain an estimate of 830 ng BMAA/g wet 

scallop tissue. Interestingly, there has been no record of significant algal blooms off the coast of 

North Carolina during the last four years, according to the National Water Quality Monitoring 

Council (www.waterqualitydata.us), which is the average scallop lifetime prior to harvesting. 

These findings suggest that BMAA accumulation within these scallop samples is likely the result 

of chronic low-level BMAA exposure over the lifetime of the organism, or else as the result of 

exposure to BMAA produced by other organisms such as diatoms37,38. It is interesting to contrast 

this finding with previous studies that have identified BMAA in seafood samples acquired from 
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bodies of water with a documented history of cyanobacteria blooms14,16. Ultimately our findings 

emphasize that human exposure to BMAA through the food chain may be more widespread and 

not only a concern for seafood consumed from bodies of water with a high prevalence of 

cyanobacteria blooms. 

Comparison with a commercially available ELISA method for Detection/Quantification 

BMAA detection and quantification in water samples and hydrolyzed seafood protein 

were compared between a commercially available ELISA BMAA kit produced by Abraxis and 

the integrated strategy for BMAA detection and quantification developed, including CE-MS/MS 

and signal normalization using 13C3,
15N2-BMAA developed as part of this project. The 

comparison was carried out in three phases: 1) Measurement of a set of calibration standards (0, 

5, 25, 100, 250, 500 ng/mL BMAA in microbiology grade water). These calibration standards 

were supplied with the Abraxis ELISA kit, reconstituted and split into two prior to analysis by 

each method individually for the preparation of calibration plots for subsequent quantitative 

analysis of BMAA samples. 2) Quantitative analysis of a range of BMAA standards (0, 2.5, 5, 

10, 25, 50, 75, 100, 250, 500 ng/mL BMAA). Standards were prepared by serial dilution of the 

500 ng/mL Abraxis BMAA standard in molecular biology grade water and then aliquots of each 

standard solution were provided to each laboratory for quantitative analysis to compare the 

accuracy of both methods. 3) Analysis of environmental samples were carried out by each 

method. Two lake water samples were obtained from High Rock Lake, and three scallop samples 

which were obtained from a local market in Raleigh, NC and were previously analyzed for 

BMAA content within this project. 

Calibration standards from the Abraxis ELISA BMAA detection kit were obtained and 

reconstituted to final concentrations of 0, 5, 25, 100, 250, and 500 ng/mL in molecular biology 
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grade water. Aliquots of each calibration standard were provided to each laboratory for analysis. 

For ELISA measurement, calibration was carried out using the manufacturer provided software 

and instructions. For CE-MS/MS, 50 µL of each calibration standard was mixed with 5 μL of 

3.75 mg/mL SIL-BMAA and 45 μL of a sample diluent solution containing 220 mM ammonium 

acetate and 4.4% formic acid such that the final concentrations of ammonium acetate  and formic 

acid were 99 mM and 1.98%, respectively. After CE-MS/MS PRM analysis, integration of 

fragment peaks corresponding to BMAA and SIL-BMAA were carried out and a BMAA/SIL-

BMAA peak area ratio was obtained as described above. Peak area ratio was plotted against 

standard BMAA concentration in ng/mL (Figure 2.6). Limit of Detection for the method was 

found by multiplying the standard deviation of a low concentration sample in which BMAA was 

detected (25 ng/mL sample) by three and dividing by the slope of the line, and was estimated to 

be 5.35 ng/mL. Limit of Quantification was found by determining the BMAA standard whose 

true concentration fell within 30% error of the calibration line, 25 ng/mL. 

A fresh aliquot of the 500 ng/mL Abraxis BMAA standard was obtained and 

reconstituted in molecular biology grade water. A series of serial dilutions were carried out on 

this standard to yield a variety of BMAA standard solutions: 0, 2.5, 5, 10, 25, 50, 75, 100, 250, 
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and 500 ng/mL. Aliquots of each standard solution were supplied to each laboratory for 

quantitative analysis. For ELISA measurement, samples were analyzed in duplicate using the 

instructions provided by the kit manufacturer using proprietary software by Abraxis. Samples 

deemed to have unacceptable covariance were excluded. For CE-MS/MS quantification, 50 µL 

of each standard was mixed with 5 µL of 3.75 mg/mL SIL-BMAA and 45 µL of a dilution buffer 

containing 220 mM ammonium acetate and 4.4% formic acid such that the final concentrations 

of ammonium acetate and formic acid were 99 mM and 1.98%, respectively. After CE-MS/MS 

analysis, BMAA/SIL-BMAA peak area was calculated for each sample as usual. BMAA 

concentration for each sample was then obtained by calculation based on the calibration curve 

line equation and expressed in ng/mL BMAA. BMAA concentration determined by CE-MS/MS 

analysis was then plotted against BMAA concentration determined by ELISA measurement for 

comparison of the two methods (Figure 2.7). Because the 25 ng/mL sample was omitted from 

the ELISA measurement due to high measurement covariance, only the samples with 

concentrations greater than 25 ng/mL (50, 75, 100, 250, and 500 ng/mL) BMAA were 

considered for the comparison of the two methods. Because BMAA quantification of each 

sample was carried out on aliquots of the same solution, it was expected that the slope of the 
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comparison plot would be one. A slope of 1.9 for Figure 2.7 suggests that one or both of the 

methods of BMAA quantification are not accurate. To determine which, percent error for each 

calibration standard plotted in Figure 2.7 was calculated, and an average percent error was 

determined for each method (Table 2.2). It was determined that the ELISA method had an 

average percent error of 26.5% and the CE-MS/MS method had an average percent error of 

12.2%. We have therefore shown that the CE-MS/MS method of BMAA quantification, which 

incorporates the use of the 13C3,
15N2-BMAA standard is a highly accurate alternative which 

compares favorably to an existing and widely used method for BMAA quantification. 

Finally, the ELISA and CE-MS/MS methods for BMAA quantification were compared 

by tandem analysis of environmentally relevant samples. Two lake water samples were obtained 

from High Rock Lake. Aliquots of these samples were provided to each laboratory for BMAA 

quantification. For ELISA, the samples were directly analyzed by ELISA using manufacturer 

recommended procedures and using proprietary software by Abraxis. For CE-MS/MS analysis, 

lake water samples were spiked with BMAA and diluted using CE-MS/MS diluent as described 

in the above two sections. In addition, three scallop samples obtained from a local market in 

Raleigh, NC were analyzed for BMAA content. A lysis buffer comprised of 1% sodium 
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deoxycholate in 50 mM ammonium bicarbonate (pH 7.5-8.0) was added to approximately 1 g of 

scallop tissue. The tissue was homogenized, and approximately 1 mL of homogenate was 

centrifuged for 5 min at 21,000 × g. The supernatant was then probe sonicated at 20% amplitude 

for 20 s, twice. The sample was centrifuged for 5 min at 21,000 × g, and the supernatant was 

retained. The protein concentration was measured with a NanoDrop 2000c using absorbance at 

280 nm. An appropriate volume of scallop lysate was then added to clean vials for sample 

hydrolysis, which was carried out by adding 40 µL of 6N HCl prior to overnight incubation at 

95°C. Samples were then dried down in a SpeedVac lyophilizer, reconstituted in 50 µL of LC-

MS grade water, and then subjected to a 1:50 dilution. Aliquots of each solution were provided 

to each laboratory for BMAA content analysis by CE-MS/MS and ELISA. Analysis was carried 

out as previously described in this report for each method. BMAA content within each sample by 

ELISA and CE-MS/MS analysis may be found in. For lake water samples, BMAA was not 

detected by CE-MS/MS. This is likely due to the fact that, as of analysis time, the samples were 

several months old and likely not to be viable. For the scallop samples, BMAA was detected in 

all three scallop samples by CE-MS/MS. BMAA was detected only in the scallop 1 sample by 

ELISA, however the scallop 2 sample was omitted due to high sample covariance. It is worth 

noting that the amount of BMAA found within the scallop sample by CE-MS/MS, 0.75 ng/mL, 

corresponds to a scallop BMAA content of approximately 560 ng BMAA/1 g wet scallop tissue. 

This value compares well to the BMAA content obtained above of 830 ng BMAA/1 g wet 

scallop tissue. However, the ELISA reading of BMAA content for this scallop sample was found 

to be much higher (420 mg BMAA/1 g wet scallop tissue). This is likely due to the fact that 

ELISA measurements are likely to be influenced by matrix effects when analyzing complex 

samples. It is likely that future analyses of scallop samples involving higher dilution will be 
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required to obtain a more accurate estimate of BMAA content within the scallop samples by 

ELISA. 

2.4 Conclusions 

We have reported the application of new tools for detection and quantitation of BMAA in 

environmentally relevant samples, combining a novel 13C3,
15N2-labeled BMAA standard with a 

chip-based capillary electrophoresis platform. The analytical performance of this combination of 

methods was then characterized. We have shown that the chip-based capillary electrophoresis 

platform is able to resolve BMAA from its structural isomers, 2,4-DAB and AEG, in less than 

one minute of analysis time. Using PRM-based quantitation and normalization using SIL-BMAA 

as a spike-in standard, we have demonstrated that the linearity of response of the analytical 

technique to BMAA concentration extends beyond 3.5 orders of dynamic range in a background 

of hydrolyzed human plasma protein with a BMAA/SIL-BMAA ratio at the limit of detection of 

approximately 40 nM BMAA (4.8 ng/mL), and a limit of quantitation of 400 nM BMAA (48 

ng/mL). We apply these novel tools to detection of BMAA within environmentally relevant 

samples. BMAA was found to be contained within samples of scallops. We provide a 

semiquantitative estimate of 830 ng BMAA/g wet scallop tissue. This detection of BMAA 

content in scallops is notable, given that they were not sampled from areas of historically high 

blue-green algal growth, and may be attributable to either chronic low-level exposure to BMAA 

over the lifetime of the organism, or exposure to BMAA produced by other organisms such as 
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diatoms within the environment. Finally, we observe that this novel integrated strategy for 

BMAA detection and quantification provides lower percent error in simple water samples and 

does not grossly overestimate BMAA content of complex samples in contrast to a commercially 

available ELISA method. 
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CHAPTER 3 

DEVELOPMENT OF PROCESS CONTROL TECHNIQUES FOR LC- & CE-MS FOR 

LARGE AND SMALL MOLECULES 

 

The following work was reprinted in part with permission from: 

Bereman, MS; Beri, J; Sharma, V; Nathe, C; Eckels, J; MacLean, B; MacCoss, MJ. J Proteome 

Res., 2016, 15, 4763-4769. 

Copyright information: American Chemical Society 2016. 

The original publication may be accessed directly via the World Wide Web. 

 

3.1 Introduction 

An essential need within the quantitative mass spectrometry community is the 

development of robust workflows to monitor hyphenated tandem mass spectrometry (e.g., LC-

MS/MS, CE-MS/MS) instrument performance in a longitudinal fashion1-7.  The questions arise: 

1) How does instrument performance vary within an experiment (intra-experiment variability) 

and 2) how does it compare between experiments (inter-experiment variability)?   To provide 

quantitative solutions to these questions requires the development and implementation of a 

consistent framework including appropriate quality control standards8, suitable quality metrics, 

appropriate statistics, and the capacity to collect, store and view data in a longitudinal fashion.  

These endeavors are becoming increasingly important as mass spectrometry based proteomics 

and metabolomics continue to expand beyond the traditional field of analytical chemistry, 

separations and mass spectrometry systems become more advanced, and with continued 

aspirations of MS/MS based assays where quality control metrics for system and assay suitability 

are routinely used in the clinic9,10. 

Most system suitability workflows begin with the selection of a quality control standard 

that is analyzed at fixed time intervals1.  These standards may be run prior to and at the end of an 

experiment, once a day, or systematically throughout a study.   The complexity of this standard is 

https://pubs.acs.org/doi/abs/10.1021/acs.jproteome.6b00744


   

77 

 

variable and can range from neat peptides, a protein digest, complex cell lysate, a complex cell 

lysate and/or mixture of labeled or unlabeled metabolite standards5,6.  In addition, the choice of a 

suitable standard is often dependent on the nature of the experiment (i.e., targeted vs. discovery).  

Next, the user must identify appropriate metrics that are indicative of instrument performance.  

System suitability metrics in shotgun proteomic experiments, for example, fall into two 

categories: 1) Those requiring a database search (i.e., peptide identification metrics) and; 2) 

metrics that can be extracted from the data directly (i.e., peptide identification-free metrics).   

Peptide identification metrics can include total number of peptide spectral matches, peptide 

identifications or protein groups.  Peptide identification-free metrics include more fundamental 

analytical figures of merit (retention time, peak area, full-width at half maximum, peak 

asymmetry, mass measurement accuracy, etc) and often are extracted on a targeted peptide basis.  

While peptide identification metrics have the advantage of evaluating the search pipeline, they 

do little to pinpoint the specific causes of performance deterioration and may miss changes that 

would impact quantification. For example, a decrease in total number of peptide spectral matches 

could be caused by decreased chromatographic performance, loss of overall sensitivity, or the 

loss of mass calibration.  In addition, because the tracking of these metrics requires a database 

search, they do not lend themselves to real-time monitoring or early detection of sub-optimal 

instrument performance.   By tracking fundamental analytical figures of merit, these issues are 

more readily detected and isolated1,11.   

Late identification of suboptimal instrument performance in experiments (i.e., after 

completing data acquisition or even publication) is costly (e.g., wasted precious biological 

samples, loss of instrument time, incorrect biological conclusions, etc.) and less easily rectified 

than if problems were detected early (i.e. during data acquisition).  This high cost of delayed 
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identification of poor performance is also observed in various industries (e.g., manufacturing, 

pharmaceutical).   These fields have implemented a well-established method called statistical 

process control (SPC) where the primary focus is on continuous improvement of process output 

via early detection followed by subsequent determination of the cause(s) of performance 

deterioration.  The fundamental tool in SPC is the control chart which plots output as a function 

of time and can be used to identify when a process drifts outside acceptable limits.   

We were the first to implement techniques founded in statistical process control12,13 to 

monitor system performance in LC MS/MS based proteomic experiments11.  In this initial report, 

Statistical Process Control in Proteomics (SProCoP), could be installed as an external tool 14 

within Skyline15.  Upon manual import of peptide standard data, LC MS/MS performance could 

be tracked using a combination of control charts, boxplots, and Pareto analysis on the local 

system.   We greatly expand on this initial report with the development of a pipeline referred to 

as Panorama AutoQC, which includes: 1) full automation of SProCoP data pipeline from 

completion of data acquisition to data visualization; 2) longitudinal data storage and tracking; 

and 3) integration within the Panorama16 data management system.  Panorama provides an 

interactive environment where the user has the versatility to zoom into specific time periods, 

remove files with gross errors, view peptide data in multiple ways, annotate runs that follow 

changes to hardware or software, control the determination of guide/reference sets used to 

establish statistical thresholds and the capability to share QC data with other scientists worldwide 

through a secure web site interface.  In addition, the user can easily view, in Panorama or 

Skyline, the chromatograms from which the metrics were derived. Due to ease of use, 

automation, and versatility, we strongly believe this pipeline will encourage more widespread 

adoption of system suitability procedures in proteomic laboratories.   Herein, we describe the use 
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of Panorama AutoQC to detect sub-optimal LC MS/MS performance, evaluate various LC 

conditions, track performance longitudinally, and assess major sources of variation over years of 

liquid chromatograph-mass spectrometry data collection. We also describe the development of 

an amino acid standard for use in CE-MS/MS experiments to determine experimental variation 

resulting from intra-day, inter-day, and sample preparation for a large scale metabolomics 

workflow designed to measure BMAA in human plasma samples. 

 

3.2 Materials and Methods 

Materials 

Formic acid, ammonium acetate, methanol, phosphorylated α-casein, tris buffer, 

dimethylsulvoxide, ethanol, methylamine, barium hydroxide, acetic acid, ammonium 

bicarbonate, dithiothreitol, and iodoacetamide, and bovine serum albumin were obtained from 

Sigma Aldrich (St. Louis, MO).  Proteomics grade trypsin was purchased from Promega 

(Madison, WI).  HPLC grade acetonitrile (ACN) and water were purchased from Burdick & 

Jackson (Muskegon, MI).    

Methods 

A stock peptide standard was created by digesting bovine serum albumin purchased from 

Sigma Aldrich (St. Louis, MO).  The standard was then diluted and pipetted into 3000 x 30 µL 

(50 fmol/µL) aliquots and stored at -20 °C until use.   Standards were analyzed every 4th or 5th 

injection throughout a range of bottom up proteomic experiments (e.g., cellular lysates, 

biological fluids, tissue) over a period of time spanning 28 months (March 2014 to July 2016) on 

a quadrupole orbitrap mass spectrometer (Q-Exactive Plus, Bremen, Germany) coupled to an 

EasyNano LC 1000 (San Jose, CA).  The LC MS/MS method consisted of a 50 minute run time 
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from which Mobile Phase B (100% ACN with 0.1% formic acid) was ramped from 0% to 40% 

over 30 minutes, then ramped to 80% over 2 minutes and held at 80% B for the next 6 minutes.  

The column was re-equilibrated for the final 12 minutes at 98% A (98/2 water/ACN with 0.1% 

formic acid).  The scan cycle consisted of an MS1 full scan from m/z 400 to 1400 followed by 6 

parallel reaction monitoring (PRM) scans that targeted 6 peptides from serum albumin 

(Supplemental Table 1), which in our laboratory have been found to be stable.   

Panorama AutoQC 

The Panorama AutoQC pipeline is initialized by specifying 1) a template Skyline 

document with QC peptides into which data files should be imported as they are acquired, 2) the 

local folder where QC data files are written, and 3) a folder on Panorama where the data should 

be uploaded.  After the initial setup the pipeline runs fully automated and comprises three 

components: Skyline (15), Panorama (16), and AutoQC Loader, a utility program that automates 

the processing and uploading of QC results from the instrument computer to a Panorama server.   

AutoQC Loader is a stand-alone program that can be installed and run on instrument 

control computers to automatically import QC data files into a Skyline document and upload it to 

Panorama. It detects newly acquired files in the user-specified data folder, and launches Skyline 

with command-line arguments, without showing a Skyline window, to automatically add the data 

files to the user-specified Skyline template document.  After successful data import, the Skyline 

document is uploaded to a folder on Panorama.  On the Panorama server, the Skyline document 

is parsed and results from new data files are added to existing QC data in the folder.  

Panorama’s support for organizing data into projects and folders lets researchers manage 

and visualize their QC data by instrument, project or any other criteria of their choosing, with the 
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ability to control who has access to edit or view each folder.  Summary information on a QC 

dashboard gives an overview of the pipeline status in a folder or across several folders.  

AutoQC Loader can be downloaded and installed from 

http://skyline.gs.washington.edu/software/AutoQC/. 

Preparation of BMAA-Incorporated Peptide Mixture 

A mixture of α-casein peptides with unlabeled BMAA incorporated in place of 

phosphoserine residues was prepared based on a method previously reported by Adamczyk17. 5 

mg α-casein was obtained and reconstituted in 5 mL 50 mM Tris buffer, pH 8.0. 125 µg 

sequencing grade trypsin was added and incubated overnight at 37ºC overnight to ensure 

complete digestion.  

Separately, a 20 mL of peptide derivatization solution was created by first generating a 

2:2:1 mixture of HPLC grade water:dimethylsulfoxide:95% ethanol (8mL:8mL:4mL). To this 

mixture, 2.7008 g methylamine (2 M solution) and 342.68 mg barium hydroxide (0.1 M solution) 

were added. Solution pH was then corrected to 12.5 using sodium hydroxide. Peptides from α-

casein digestion were then added and allowed to react at 37ºC for 2 hours to allow completion of 

phosphoserine β-elimination to dehydroalanine followed Michael addition of methylamine to 

form BMAA residues. Finally, the reaction was quenched by addition of 2 mL glacial acetic 

acid. 

Presence of peptides incorporating BMAA was confirmed after derivatization. In short, 

50 µg of derivatized peptides were spiked with with 50 µL of 50.8 mM 13C3,
15N2-BMAA. To 

this mixture, 400 µL of 6N HCl was added, and the solution was allowed to hydrolyze overnight 

at 95ºC. The solution was lyophilized, and then reconstituted in 50 µL of CZE diluent containing 

100 mM ammonium acetate and 2% formic acid in 50% methanol in water. The sample was then 

http://skyline.gs.washington.edu/software/AutoQC/
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further diluted 1:100 before CZE-MS/MS analysis. Presence of BMAA in hydrolyzed peptides 

was confirmed by comigration of intact BMAA (119.0815 m/z) with intact SIL-BMAA 

(124.0856 m/z) at high mass measurement accuracy (>5 ppm), and detection of BMAA 

qualifying ions as previously reported18. 

Experimental Design for Inter- and Intra-Day BMAA Signal Stability 

A quality control scheme for determination of BMAA content of human plasma protein 

was implemented during an experiment which spanned six days. The quality control mixture 

consisted of a volume of pooled human plasma containing 200 µg of protein spiked with 50 µg 

BMAA incorporated peptide from derivatized α-casein and 50 µL of 50.8 mM SIL-BMAA. For 

each quality control experiment, the above mixture was prepared and then allowed to hydrolyze 

overnight at 95ºC after addition of 400 µL 6 N HCl. QC solutions were then lyophilized, and 

reconstituted in 50 µL CZE diluent, and then further diluted 1:100 in diluent prior to CZE-

MS/MS analysis. 

In order to determine BMAA signal stability across multiple chips, an aliquot of QC 

solution was prepared on the first day of sample analysis, and then analyzed once on each new 

chip during the experiment. A new chip was prepared at the beginning of each day of 

experimentation. To determine intra-chip signal stability as well as to determine the variability of 

protein hydrolysis carried out over the course of several days, an additional three aliquots of QC 

were prepared as described above and analyzed in triplicate each day across the lifetime of the 

CZE chip. 

CZE-MS/MS Analysis 

Samples were analyzed using a ZipChip™ HS chip from 908 Devices (Boston, MA) 

coupled to a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). 
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20 µL of analyte solution was placed into the sample well and subsequently injected into the chip 

using a 20 s load time. A field strength of 1000 V/cm was applied for separation over three 

minutes using a background electrolyte solution consisting of 2% formic acid in 50% methanol 

in water. Due to limited peak width (peak width at base for BMAA was approximately 1s), 

separate MS methods were applied for MS1 and MS2 analysis. For MS1 analysis, resolving 

power was 15,000 with an AGC target of 1 × 106, maximum injection time of 20 ms, and scan 

range of 70-210 m/z. For MS2 analysis resolving power was 15,000 with an AGC target of 2 × 

105, maximum injection time of 200 ms, isolation window of 2.0 m/z, and NCE of 35. 

Data Analysis for BMAA Signal Stability QC 

Both MS1 and PRM raw data files were imported into Skyline where peak areas and 

MMA data were extracted for unlabeled BMAA (precursor 119.0815, products 102.0550, 

88.0393, 76.0393, 73.0760, and 56.0495 m/z) and SIL-BMAA (precursor 124.0856, products 

106.0621, 92.0464, 79.0430, 77.0768, and 59.0532 m/z). For both BMAA and SIL-BMAA, all 

five product ions were used as qualifier ions, whereas only the four heaviest ions were used as 

quantifying ions. Peak areas were extracted to Microsoft Excel. Peak areas for quantifying ions 

for BMAA and SIL-BMAA were identified as described previously18 and summed. The total 

MS2 peak area of BMAA was obtained for each QC experiment and normalized to the total MS2 

peak area for SIL-BMAA.   
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3.3 Results and Discussion 

Automated Pipeline for Statistical Process Control in LC-MS/MS Proteomics Experiments 

Figure 3.1 describes the steps and overall workflow for evaluating system performance 

using the Panorama AutoQC pipeline.  First, a template Skyline document must be created that 

includes a list of peptides (approximately 10-20) from which quality metrics are collected.  

AutoQC Loader is then installed onto the instrument computer.  The user provides the program 

with a local folder location where files for assessing system performance are saved (Figure 

3.1B), and the Panorama server folder into which the data should be uploaded (Figure 3.1C).  

Upon completion of each newly acquired data file, AutoQC Loader detects its addition to the 
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designated QC local folder and initiates the automatic import of the data into Skyline where 

various QC metrics are extracted. These processed results are then uploaded to the Panorama 

data management system.  The new data is added to previously acquired QC data creating a 

longitudinal profile of instrument performance which can be easily viewed using the powerful 

SPC techniques in order to identify suboptimal intra or inter-experiment performance, and 

evaluate new chromatographic conditions or new technologies.  An administrator can grant 

permissions to others to facilitate sharing of QC data, allowing others to easily view the data by 

logging into the Panorama data management system.   

The basic layout of the Panorama AutoQC interface is outlined in Figure 3.2.  Figure 

3.2A displays the main navigation links which are customizable.  These links can be used to 

view the QC data (Dashboard), the runs tab can be used to manipulate the uploaded files, add 

annotations, manipulate the runs (e.g., change order, delete files), annotate changes to 

instrumentation, establish guide sets for assessing outliers in the data, view the status of the 

pipeline, and view a Pareto plot which indicates the most variable metrics.  The dashboard is the 

main page which serves as the primary user interface and displays the longitudinal data.  This 

link may be configured to display the name of the laboratory, and identifies which instrument 

acquired the displayed data.  Figure 3.2B shows the data displayed in the Levey Jenning plots 

(Figure 3.2C). The user can choose from 8 different peptide ID free metrics (figure inset) that 

describe both the performance of the liquid chromatography separation, MS1 full, and tandem 

MS scans. The capability exists to change the date range of the displayed data, view control 
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charts by log or normal y-axis, and view individual or all peptides on the same control chart as 

shown in Figure 3.2C.  Annotations are displayed directly on the control charts and denoted by 

color customizable “x”.  A mouse hover over the “x” displays the annotation text entered on the 

annotation tab.  Finally, the QC data are summarized in Figure 3.2D which displays the number 

of documents and files uploaded, allowing the display of pipeline status information for multiple 

folders at a time. 

Detecting suboptimal performance 

Poor reproducibility or efficiency of precursor fragmentation can have deleterious effects 

on peptide identification and quantitation by LC MS/MS as it decreases the abundance of 

fragment ions – thus decreasing the probability of spectral identification.  Two main problems 

related to the mass spectrometer can affect fragment ion abundance: 1) Effectiveness of 
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precursor peptide isolation and 2) Efficiency of fragmentation of the isolated peptide.   To date, 

there are no metrics to longitudinally assess the variability in this process, though it is often 

qualitatively evaluated by number of peptide spectral matches or peptide identifications.   

A new metric that has been implemented in the Panorama AutoQC pipeline is the ratio of 

the transition peak area (T area) to the precursor peak area (P area).    This metric is only 

calculated if the scan cycles consist of an MS1 scan followed by targeted PRM scans.  The 

metric provides new visibility into evaluating isolation and fragmentation 

efficiency/reproducibility.  Figure 3.3 shows this metric for two different peptides over 6 months 

of data collection.  A systematic trend (slope of linear regression, p< 0.05) toward lower values 

is apparent during the first 4 months for both peptides.  After observation of this trend, data 

collection was stopped and basic preventative maintenance was performed as noted in the 

annotation.  Upon resuming data collection, we observed a significant increase in the value of the 

metric subsequently followed by a period of steady performance (slope of linear regression, 

p>0.5).  To identify the reason for the increase in this ratio, P area and T area were examined.  
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The P area for both peptides were similar (<10% change) before and after maintenance; 

however, a significant increase in the T area (+268% and +228%) was observed. 

Evaluating Technologies 

The current state of high throughput proteomics is a result of enormous technological 

advances in the field from sample preparation, instrumentation, to bioinformatics and software.  

Since the number of peptide identifications is correlated with peak capacity 19 in a nanoLC 

MS/MS experiment, an area of intense research is to advance online separation methods to 

improve throughput without sacrifices to peak capacity. A potential use of the Panorama 

AutoQC pipeline is to evaluate the performance of different technologies in an unbiased 

historical context.   Our laboratory was interested in the improvement of peak capacity afforded 

from a reduction in stationary phase particle size from the traditional 3 µm diameter size 

particles to 1.9 µm diameter particles.  Figure 3.4 displays a control chart of full-width at half 

maximum (fwhm) of 6 peptides plotted across 3 weeks of data acquisition.   The periods of time 

in which the LC was fitted with columns packed with either 1.9 or 3 µm C18 particles are noted 

in the annotation dialog boxes.  Overall, we observed a 2-fold reduction in fwhm from 3.6 to 1.8 
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seconds by transitioning to the smaller 1.9 µm diameter particles.  Theoretically, this 

improvement would equate to a 2-fold increase in peak capacity in complex samples. 

Detecting Major Sources of Variation in LC MS/MS 

A major advantage of Panorama AutoQC is the capability to store and visualize QC data 

in a longitudinal fashion which allows one to determine the range of technical performance over 

time.  Figure 3.5 displays data from 992 standards, representing 48,000 combined metrics, 

collected over more than two years of peptide analysis time on a quadrupole orbitrap coupled to 

a nanoLC.   The control charts from a single peptide across the (A) retention time, (B) peak area, 
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and (C) fwhm are displayed.  For this analysis, the guide sets, the range of runs used to 

determine the mean and standard deviation of each metric, were established during the first 4 

months of data acquisition to account for the inherent variability in the use of columns with 

different lengths, emitter placement, and other uncontrollable factors (e.g., variations in lab 

temperature and humidity).  Chromatographic parameters were found to be reproducible 

(retention time and peak full width at half maximum %RSD = 9.98% and 25.08%, respectively); 

however, outliers and even gross errors are readily apparent from the control charts.   Integrated 

peptide intensities were more variable (peak area %RSD = 57.74%).   The Pareto plot 

summarizes the variability in the 8 metrics over the time period and indicates over 50% of the 

outliers, points falling greater than 3 standard deviations from the mean, are attributed to the 

isolation/fragmentation event (i.e, transition area and transition/precursor ratio).    These data are 

not surprising, as the MS2 scan tends to be more variable simply due to its complexity and its 

dependence on the efficiency of isolation and dissociation which are affected by multiple 

parameters (e.g., calibration, cleanliness, collisional energy, etc.).    Mass measurement accuracy 

(MMA) and chromatographic peak width (fwhm) were reproducible and represented only 8% of 

the total number of non-conformers. 

Thus far, the Panorama AutoQC pipeline has been used in a reactionary manner in which 

peptide QC data are collected, plotted, and deviations from previous data are noted on an 

inspection basis.  If the variations seem to be related to special causes, then one can stop data 

collection and investigate.  However, the power of SPC lies not only in its emphasis on 

systematic evaluation and early detection, but in the detection and minimization of major sources 

of variation such that the quality (i.e., robustness) is continually improved upon.  Prior to these 

realizations, suitable standards combined with sensitive and specific metrics must be tracked in a 
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longitudinal manner.  The capabilities of Panorama AutoQC combined with its seamless 

integration into existing proteomic workflows offers a powerful approach for routine 

implementation of system suitability procedures, evaluation of the effectiveness of new 

technologies, and a thorough understanding of the major sources of variation in peptide mass 

spectral data. Ultimately, we envision this pipeline as an initial step in implementing more 

advanced SPC techniques and moving the field towards a more preemptive-based approach to 

experiments – analogous to the Quality by Design paradigm suggested by others 3. 

Development of CE-MS/MS Quality Control 

A quality control analysis strategy was developed in an effort to monitor system 

suitability and signal reproducibility for BMAA quantification in an experiment designed to 

detect and quantify BMAA within human plasma samples. In short, the experiment was 

conducted to determine whether BMAA was misincorporated into human protein through amino 

acid analysis of 256 human plasma samples. A volume containing 250 µg of plasma protein for 

each sample was obtained, spiked with 50 µL of 50.8 mM 13C3,
15N2-BMAA, and then 

hydrolyzed in 400 µL of 6 N HCl overnight at 95ºC. Samples were lyophilized, reconstituted, 

diluted, and analyzed for BMAA content by CZE-MS/MS analysis using the 908 Devices 

ZipChip™ CZE separations platform coupled with a Q-Exactive HF-X mass spectrometer. 

Because of the large number of samples, analysis took place over a period of time spanning six 

days using six different ZipChip HS chips. It was deemed necessary to perform quality control 

analysis using a positive control sample due to the extensive period of time and number of chips 

used to analyzed the samples. Specifically, quality control in this experiment was carried out in 

order to determine signal stability (BMAA/SIL-BMAA Peak Area) across a number of different 

parameters, including: 1) signal reproducibility with respect to analysis across several chips, or 
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inter-chip variability; 2) signal reproducibility with respect to analysis across the life time of a 

single chip, or intra-chip variability; and 3) signal reproducibility with respect to sample 

preparation procedures, specifically plasma protein hydrolysis, occurring across multiple days 

rather than hydrolysis of all samples on the same day. 

A positive control for evaluation of system process control was developed in a manner 

that would allow for a high degree of similarity between the quality control standard and 

experimental samples. The positive control consisted of 50 µg of BMAA misincorporated 

peptides synthesized from phosphopeptides derived from α-casein spiked into 200 µg of human 

plasma protein. Into this mixture, 50 µL of 50.8 mM 13C3,
15N2-BMAA was added. The sample 

was then hydrolyzed overnight in 6 N HCl at 95ºC, lyophilized, reconstituted in CZE-MS/MS 

diluent, diluted 1:100, and analyzed by CZE-MS/MS. Figure 3.6 describes the manner in which 

the quality control standard was employed to investigate the experimental parameters of interest. 

First, one aliquot of the quality control standard was prepared and hydrolyzed on the first day of 

experimentation. This same standard was analyzed by CZE-MS/MS at the beginning of each day 
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of experimental analysis. Because sample analysis on each day was carried out on a fresh 

ZipChip HS chip (6 chips in total), this allowed analysis of inter-chip variability throughout the 

experiment. Additionally, three further aliquots of the quality control standard were prepared and 

hydrolyzed each day alongside that day’s experimental samples. Because three quality control 

samples were prepared each day, this allowed for determination of the degree of variability 

introduced by sample preparation (i.e., technical variability) on each day of the experiment. Each 

of the three daily prepared QCs were additionally analyzed in triplicate: once prior to analysis of 

experimental samples, once after the first half of experimental samples had been run, and once 

after the remaining samples were completed. In this manner, information with respect to intra-

chip variability (e.g., data quality across the lifetime of the chip) was able to be assessed. Finally, 

blank runs were introduced after each set of positive control QCs to prevent contamination of 

subsequent experimental samples due to carryover of BMAA from the positive control. 

As a preliminary step, it was necessary to evaluate the usefulness of the QC positive 

control by verifying the presence of BMAA within derivatized α-casein peptides in place of 

phosphoserine residues, prepared as described above. An aliquot of positive control QC solution 

was prepared, hydrolyzed, lyophilized, reconstituted, diluted, and analyzed by CZE-MS/MS 

analysis as described above. Figure 3.7 shows data confirming the presence of BMAA within 

the peptide mixture. Figure 3.7A shows the presence of all five fragment ions of BMAA (A-E) 

within the hydrolyzed peptide mixture. These fragment ions were found to comigrate (data not 

shown) with each other, as well as with all five fragments of SIL-BMAA (Figure 3.7B) which 

were also detected within the sample. Importantly, all fragment ions were observed with an 

acceptable mass measurement accuracy (MMA < 10 ppm). Additionally, fragment ion peak areas 

were found for BMAA (Figure 3.7C) and SIL-BMAA (Figure 3.7D) and normalized to total 
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fragment ion peak area. The peak area profiles for BMAA and SIL-BMAA fragment ions were 

found to be similar. These results are found to be sufficient evidence for the presence of BMAA 

within the derivatized α-casein peptide. The derivatized peptide mixture was therefore deemed 

suitable for use as a positive control for BMAA misincorporation for process control purposes. 

Analysis of Inter-Chip Variability 

The positive control QC sample that was prepared on the first day and then run once at 

the end of every day of experimentation during the first run of every new chip was analyzed to 

assess inter-chip variability in signal stability with respect to BMAA/SIL-BMAA peak area 

ratios. This was done in an effort to assess the reproducibility in BMAA quantification across 

several days of experimentation on multiple capillary electrophoresis chips. Figure 3.8A shows 

the analysis of normalized BMAA fragment ion peak area analysis during each day of 

experimentation. This analysis was carried out to ensure that BMAA was, in fact, detected 

during each day of analysis, as well as to ensure that the peak area profile of fragment ions was 
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consistent across each chip. The results show that all five qualitative BMAA fragment ions were 

detected during each day of experimentation, thus confirming detection of BMAA within the QC 

sample. However, the peak area of fragment ion E was found to be disproportionately large 

during the second day of sample analysis. Though this is a noteworthy finding, it does not have a 

bearing on reproducibility of BMAA quantification during sample analysis on that day because 

of the fact that fragment ion E, as previously described18, is used solely as a qualitative fragment 

due to the fact that its detection is contingent upon BMAA concentration within the sample, with 

samples containing a relatively small amount of BMAA showing no detection of fragment E. 

Figure 3.8B shows a Levey-Jennings control chart of BMAA/SIL-BMAA MS2 peak area ratio 

collected across all six days of experimentation. Average peak area ratio was found to be 0.393 

for BMAA/SIL-BMAA peak area, and no data point was found to stray outside of one standard 

deviation from the mean, indicating good experimental reproducibility between chips. 

Furthermore, the %CV for all six experimental runs was found to be very low at only 7.3%, 

which indicates little variability in BMAA quantification as a result of variability between chips. 

It is also worth noting that despite its altered fragment peak area profile, the sample analyzed on 

day 2 of the experiment did not show a significantly altered BMAA/SIL-BMAA peak area 
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relative to the other experimental days. This further indicates that the increased percent of 

fragment E peak area in that run is immaterial with respect to the accuracy of BMAA 

quantification. 

Analysis of Intra-Chip and Sample Preparation Variability 

The positive control QCs that were prepared in triplicate during each day of sample 

preparation alongside the experimental samples were next analyzed to determine variability 

across the lifetime of each chip as well as variability resulting from sample preparation, 

especially protein hydrolysis, on the same day as well as sample preparation carried out on 

separate days during the experiment. The results of these various analyses may be found in 

Figure 3.9. Figure 3.9A shows the average BMAA/SIL-BMAA peak area ratio for each 

separately prepared QC standard mixture on each day of experimentation. This plot was created 

in order to determine the experimental variability introduced by sample preparation on a single 
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day (i.e., technical variability). The results show that within each day, there is no significant 

difference between each set of three QC standards prepared on the same day, with a Student’s t-

test p-value greater than 0.05 for all pairwise comparisons within each separate day. However, 

there does appear to be variability introduced into the experiment during the sample preparation 

procedure across multiple days of experimentation. A one-way ANOVA analysis was performed 

to determine whether there was a significant effect introduced during the sample preparation 

process across multiple days. Because pairwise comparison of QC solutions prepared on a single 

day were found not to be significantly different, all QC experiments run on a common day were 

grouped together, and the ANOVA analysis was performed by analyzing experimental day as a 

grouping factor. The analysis resulted in p = 1.8E-9, with the conclusion that significant 

variability is introduced during the sample preparation procedure when the sample preparation 

occurs across multiple days. It is interesting to consider the possible sources of variation which 

cause this phenomenon. It is likely that variation in samples prepared across multiple days is due 

to slight variation in the amount of time allowed for sample peptide/protein hydrolysis. Because 

sample hydrolysis was carried out overnight without a specific amount of time that was 

rigorously adhered to throughout the experiment, and because the effect of analysis on multiple 

different chips was previously examined and found to be insignificant as above, it is most likely 

that hydrolysis time is the source of significant error introduced into the experiment during 

sample preparation across multiple days. However, when reviewing SPC data, it is important to 

note not only whether there is a significant source of variation within the experiment but also the 

size of the variation before making a final judgment about data quality. Figure 3.9B is a Levey-

Jennings control chart of average peak area ratio for inter-day sample preparation grouped by 

experimental day. The data is shown to be confined to within two standard deviations away from 
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the average peak area ratio of 0.436, with a relatively small %CV of 12.3%. Therefore, it can be 

concluded that despite the fact that sample preparation carried out over several days of 

experimentation results in an increased amount of variation in BMAA peak area ratio, this 

increase in variation is nominal. Finally, intra-chip variability in BMAA/SIL-BMAA peak area 

ratio was evaluated by analysis of QC sample peak area ratio across the lifetime of a single chip. 

Figure 3.9C shows a Levey-Jennings control chart of peak area ratio for all three replicates of 

each of the three QC solutions prepared on day 1 of experimentation. The average peak area ratio 

on this day was found to be 0.419, with %CV = 7.44%. The largest %CV across all days of 

experimentation was found to be 13.44% on day 2 of experimentation. The low degree of 

variability observed during this experiment therefore suggests that BMAA/SIL-BMAA peak area 

ratio is not significantly affected over the course of the lifetime of a single CZE chip. 

Average RSD was calculated for each individual source of error. For intra-chip 

variability, relative standard deviation (RSD) was calculated separately from the three replicates 

across chip life for each individually prepared QC standard on each day. Average RSD for intra-

chip variability was found to be 0.067. For sample preparation variability, RSD was calculated 

for the first analysis of each separately prepared QC standard on each day, averaged, and found 

to be 0.10. For inter-day variability, the RSD was calculated as explained above, by analyzing 

results from analysis of the pooled QC standard across six days of experimentation, and found to 

be 0.073. Total experimental variability was found based on these separately calculated RSD 

values by squaring each separate RSD value, adding them together, and then taking the square 

root. Total experimental RSD was found by this method to be 0.15. 
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3.4 Conclusions 

Panorama AutoQC is a versatile, vendor neutral pipeline that is used to assess instrument 

performance in LC MS/MS based proteomic experiments.  It visualizes fundamental analytical 

figures of merit extracted from targeted peptides using tools founded in SPC.   The pipeline has 

been used to investigate/evaluate different scenarios encountered in our laboratory.  Future 

research will implement multivariate techniques for data summary and evaluation of new ways 

to establish empirical thresholds based on historical performance.  We have also introduced a 

strategy for process monitoring of quality control metrics for small molecule analysis over a 6-

day experiment which integrates many of the same QC techniques introduced previously by our 

laboratory. Ultimately, we hope the continued research into overall quality control in proteomics 

experimentation, from the development of new standards, to the exploration of new metrics and 

visualization tools, will aide in the coalescence around a standard set of guidelines to be used by 

the mass spectrometry field.  We believe that Panorama AutoQC with its ease of adoption and 

automated collection of system suitability metrics into a central repository will accelerate 

progress in this area of research. 
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CHAPTER 4  

REAGENT FOR EVALUATING LIQUID CHROMATOGRAPHY-TANDEM MASS 

SPECTROMETRY (LC-MS/MS) PERFORMANCE IN BOTTOM-UP PROTEOMIC 

EXPERIMENTS 

The following work was reprinted with permission from: 

Beri, J; Rosenblatt, MM; Strauss, E; Urh, M; Bereman, MS. Anal. Chem., 2015, 87(23), 11635-

11640 

Copyright information: American Chemical Society 2015 

The original publication may be accessed directly via the World Wide Web. 

 

4.1 Introduction 

A major effort across the LC-MS/MS community is the application and harmonization of 

appropriate system suitability procedures to track and benchmark instrument performance 

including the evaluation of novel technologies.  These efforts consist of the development of new 

sensitive and specific metrics1, visualization tools2, freeware3-7, protocols8, and the development 

proteomic standards.9  In addition, a robust system suitability framework for LC-MS/MS is key 

to improve reproducibility and ensure transferrable science amongst laboratories.8   

Researchers typically evaluate performance and reproducibility using either a complex 

lysate10, a simple proteomic standard, or a combination of both.3  Metrics that require a database 

search, termed peptide identification metrics, are extracted from complex lysates and tracked 

over time to identify potential problems.  These metrics consist of the total number of identified 

peptide spectral matches, peptides, proteins, and/or sequence coverage.  These types of tracking 

methods have the advantage of evaluating the pipeline from LC-MS/MS analysis through 

database identification; however, the additional time required for a database search could delay 

the identification of suboptimal performance.  In addition, a decrease in the number of total 

https://pubs.acs.org/doi/abs/10.1021/acs.analchem.5b04121
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peptide identifications may not be specific with regard to the particular component (e.g. column, 

instrument calibration, etc.) associated with suboptimal performance.   

Peptide identification free metrics consist of tracking more fundamental analytical figures 

of merit on a targeted peptide basis.2  These metrics can be easily extracted from data and 

provide real-time evaluation of instrument reproducibility.   Metrics commonly related to LC 

performance include retention time reproducibility, full width half maximum, and peak 

asymmetry.  Metrics monitored to assess mass spectrometric performance include mass 

measurement accuracy and integrated peptide intensities (e.g. peptide abundance).  An essential 

analytical metric that is not routinely tracked and evaluated in proteomic experiments via LC 

MS/MS is dynamic range.    Dynamic range is a critical parameter of LC MS/MS measurements 

that scientists are continually trying to determine and improve upon via new technologies in 

sample preparation and instrumentation.  Conventionally, dynamic range is evaluated by spiking 

exogenous proteins/peptides into complex samples at decreasing concentrations to create an 

external calibration curve.  Careful preparation of these samples is key in order to ensure a linear 

curve and the need to run several calibration standards does not lend itself well to routine 

performance tracking and system evaluation.  As a result, the development of a single standard 

that is capable of assessing dynamic range as well as these other fundamental metrics (e.g. 

retention time reproducibility, fwhm, etc.) via a single injection would be of significant benefit to 

the community. 

Herein, we describe the application of a novel multi-purpose proteomic standard, the 6×5 

LC-MS/MS peptide reference mixture, to evaluate both conventional inter-run peptide 

identification free metrics and within run dynamic range across the gradient profile.  The novel 

standard consists of 6 peptides with each peptide having 5 isotopologues labeled (30 peptides in 
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total) with a varying number of 13C and 15N amino acids with 99% isotopic enrichment to create 

at minimum a 2.5 m/z shift between isotopologues at z=2.  We use this performance standard to 

evaluate the linear range of detection by MS1 profiling and targeted MS/MS and the mass 

measurement accuracy in shotgun proteomic experiments as a function of dynamic range.  We 

believe this new standard will also be useful to gauge improvements in new sample preparation 

techniques, novel LC MS/MS technologies and inter-instrument comparisons. 

4.2 Materials and Methods 

Materials 

Formic Acid (FA), ammonium bicarbonate (AB), ammonium hydroxide, iodoacetamide 

(IAM), dithiothreitol (DTT), and sodium deoxycholate (SDC) were obtained from Sigma Aldrich 

(St. Louis, MO). Trypsin was from Promega (Madison, WI).  The 6×5 LC-MS/MS Peptide 

Reference Mixture is available commercially from Promega (Madison, WI; Part # V7491).  

HPLC grade acetonitrile, methanol, and water were from Burdick & Jackson (Muskegon, MI). 

Preparation of Kidney Cell Lysate 

The 293 kidney cell line was grown and harvested, lysed, proteins collected and 

trypsinized, and finally subjected to solid phase extraction using MCX SPE columns from Oasis 

(Milford, MA) as previously reported.11  After lyophilization, peptides were reconstituted with 

mobile phase A (MPA, 98% water, 2% acetonitrile, and 0.1% formic acid) to a final 

concentration of 0.50 µg/µL of digested peptide mixture.   

Sample Preparation of Kidney Cell Lysate-Spiked 6x5 LC-MS/MS Peptide Reference Mixture 

The contents of a vial of 6×5 LC-MS/MS peptide reference mixture were reconstituted 

with 200 µL MPA such that the concentration of the heaviest isotopologue of each peptide was 1 

pmol/µL.  Kidney cell lysate-spiked peptide reference mixture was prepared by mixing 30 µL of 
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the peptide reference mixture solution with 0.50 µg/µL kidney cell lysate (30 µL) in MPA to 

final concentrations of 500 fmol/µL peptide reference mixture and 0.25 µg/µL kidney cell lysate.  

The final concentration of the peptide standard by isotopologue were, from most concentrated to 

least concentrated isotopologue, 500 fmol/µL, 50 fmol/µL, 5 fmol/µL, 500 amol/µL, and 50 

amol/µL. 

NanoLC MS/MS 

1 µL of sample (500 fmoles of the most abundant isotopologue) was injected directly on 

column and analyzed using an Easy nanoLC 1000 coupled to a Q Exactive Plus mass 

spectrometer (Thermo Scientific, Bremen, Germany).  PicoFrit columns (New Objective 

Woburn, MA) were packed to 25 cm in house using 3 µm C18 silica particles (Dr. Maisch, 

Entringen, Germany).  Separation of peptides was achieved through a gradient of mobile phase A 

(98% water, 2% acetonitrile, and 0.1% formic acid) and mobile phase B (99.9% acetonitrile and 

0.1% formic acid).  Two LC MS/MS methods were applied, each with an LC flow rate of 300 

nL/min.  The first method lasted 50 minutes, and consisted of a gradient of 0-40% B over 30 

minutes, followed by a ramp to 80% B in one minute.  The column was washed at 80% B for 9 

minutes, then regenerated at 0% B for 10 minutes.  The second method lasted 120 minutes, 

consisting of a gradient of 0-40% B over 90 minutes, followed by a ramp to 80% B in one 

minute.  The column was then washed at 80% B for 9 minutes, then regenerated at 0% B for 20 

minutes. 

Both conventional data dependent acquisition and PRM experiments were used to 

evaluate the novel standard.  For PRM experiments, a dedicated MS1 scan at a resolving power 

of 70,000 was used with an automatic gain control (AGC) target of 1e6 and an accumulation 

time of 200 ms.  Peptides were scheduled around a 5 minute window such that only 5 PRM scans 
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(resolving power of 17,500) specific to each unique peptide and respective isotopologues were 

performed at any one time.   The AGC target for PRM scans was 2e5 with a max accumulation 

time of 100 ms.  Scheduling was performed in Skyline after identifying the retention times of 

each peptide by using a conventional DDA method and MS1 filtering.12  The Skyline template 

files (MS1 and MS2) can be downloaded from the Panorama Repository.13  The file can be used 

to make methods and analyze data for either MS1, PRM, or SRM experiments on a triple 

quadrupole after changing the appropriate settings in Skyline.  Additionally, software designed 

specifically to analyze results (from DDA experiments performed on high resolution 

instruments) using the 6x5 LC-MS/MS Peptide Reference Mixture, PReMiS, can be downloaded 

from https://www.promega.com/resources/tools/6x5-premis-software-download. 

Data Analysis 

Raw data files were imported into Skyline where peak areas and MMA data were 

extracted for each peptide standard.  The monoisotopic mass of each isotopologue was used for 

the data analysis. Peptide abundance data were exported from skyline into Excel and 

concentration versus peptide abundance plots (log-log) were generated.  Boxplots of MMA data 

were produced in RStudio v 0.98.1091.  Theoretical peptide isotope distributions were created 

using Isotope Distribution Calculator (http://proteome.gs.washington.edu/software/IDCalc/) 

which is based on the algorithm described by Kubinyi et al.14 

Raw files from data-dependent acquisition experiments were further analyzed using 

PReMiS™, a complementary software tool developed by Promega Corporation as described in 

the product technical manual (http://www.promega.com/resources/protocols/technical-

manuals/101/6-x-5-lc_ms_ms-peptide-reference-mix-protocol/). Its purpose is to facilitate the 

analysis of High-Resolution mass spectral data (FTICR, Orbitrap, or Q-TOF). The software uses 

http://www.promega.com/resources/protocols/technical-manuals/101/6-x-5-lc_ms_ms-peptide-reference-mix-protocol/
http://www.promega.com/resources/protocols/technical-manuals/101/6-x-5-lc_ms_ms-peptide-reference-mix-protocol/
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a scoring function that takes into account the unique properties of the peptide mixture. 

Specifically, co-elution of each of the isotopologues of the peptides, the order of peptide elution, 

intensity of the specific isotopologues (as related to abundance), linearity of the fit, as well as the 

isotopic distribution of the labeled peptides are all used to selectively identify the peptides in the 

mixture. This algorithm allows the software to differentiate the correct from any isobaric species 

that might be present. For example, prior to optimization of the algorithm, we found that our 

most hydrophilic peptide (VTSGSTSTSR), was isobarically identical to a peptide that eluted in 

the middle of the gradient. However, application of the above scoring function enabled accurate 

identification of the correct peptide, whose chromatographic peak area was much lower in 

abundance relative to the incorrectly identified peptide. 

4.3 Results and Discussion 

Figure 4.1 describes the novel 6×5 LC-MS/MS peptide standard.  The standard consists 

of 6 distinct peptide sequences (VTSGSTSTSR, LASVSVSR, YVYVADVAAK, 

VVGGLVALR, LLSLGAGEFK, and LGFTDLFSK) each with 5 chromatographically 
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indistinguishable stable isotope labeled isotopologues (13C and 15N labeled amino acids) that 

create a minimal m/z shift of 2.5 at a charge-state of z=2.  These 5 peptide isotopologues are then 

combined at different concentrations to generate a mix spanning 4 orders of magnitude, where 

the heaviest isotopologue is present at the highest concentrations and each lighter isotopologue is 

added at 10-fold lower concentration. The concentrations of each isotopologue are based on 

amino acid analysis.  A comparison of theoretical and experimentally obtained isotopic 

distributions for the most abundant isotopologue was obtained, and stable isotope amino acid 

peptide incorporation was determined to be 99% using a Chi-Square Goodness of Fit test.  

Contribution to the abundance of monoisotopic peak due to incomplete labeling of the more 

abundant isotopologue was negligible.  In the most extreme case of isotopic overlap (i.e. 2.5 m/z 

shift) the A-5 peak contributed 0.4% of the peptide abundance of the monoisotopic mass of the 

less abundant isotopologue.  

The peptides were derived from a library of human serum peptides (Table 4.1) identified 

via tryptic digestion. Peptides with amino-acids prone to instability (oxidation, isomerization, 
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deamidation) were triaged as well as those deemed difficult to synthesize or solubilize. Thus, 

peptides of maximal stability were chosen so as to promote long-term utilization.  Additionally, 

all peptides were between 7-15 amino acids in length and capable of incorporating enough labels 

so as to resolve the isotopologue mixture.  Because all peptides contain at least one heavy 

isotope labeled amino acid, they do not overlap with naturally occurring tryptic serum peptides. 

The 6×5 peptide standard mixture was spiked into a complex kidney cell lysate digest and 

injected onto a RP column. Figure 4.2A displays the elution profile of the 6 peptides across the 

chromatogram.   The peptides were specifically synthesized to elute across the gradient with 

grand average hydropathy (GRAVY) scores between -0.7 to 1.9.  Each peptide’s isotopologues 

ranged from 500 fmols to 0.05 fmols on column in a background of 0.25 µg of lysate. Peptide I, 

the least hydrophobic peptide, eluted extremely early in the gradient, and using the described 

parameters, required the removal of the trap column in order to achieve detection. 

Figure 4.2B describes the linear dynamic range of each peptide over four orders of 

concentration.  A solution containing the 6×5 LC-MS/MS peptide reference mixture spiked into 

a complex kidney cell lysate was injected onto the column three times.  Peaks for the 30 

reference peptides (6 different peptides, with 5 isotopologues for each) were identified and 

integrated using Skyline MS1 Filtering.  Peak areas from different injections were averaged by 

specific peptide and plotted as log10 peak area against log10 concentration of peptide (Figure 

2B).  For each peptide, four of the five isotopologues were routinely detected by the instrument 

and within the linear range of detection as shown.  Often the fifth isotopologue (least abundant) 

was either not detected (noise was integrated) or not within the linear range using the parameters 

and gradient described.  This indicates that the intra-scan linear dynamic range routinely spans a 

minimum of 3 orders of dynamic range but less than 4 using the described instrumental 
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parameters.  In addition, linear least squares regression was performed in normal (non-log) space 

and the models were linear (p<0.001) with high coefficients of determination (r2≥0.998). 

In Figure 4.2C, mass measurement accuracy (MMA) was determined for all detected 

isotopologues and plotted as a boxplot by isotopologue concentration.  The data was combined 
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across peptides, and a boxplot was created (n=18) to determine the presence of a trend relating 

MMA as a function of dynamic range.  The least abundant isotopologue of each peptide was 

excluded due to often not being detected.  The plot indicates there is not a significant trend in 

MMA as a function of peptide abundance as often observed with FT-ICR based instruments.15  

To confirm, a one-way analysis of variance on the absolute mass measurement accuracies was 

performed.  Difference in the absolute value of the MMA as a function of abundance was not 

found to be significant (p=0.17). 

Figure 4.3 shows the result of a study that was conducted to assess peptide stability over 

1 week of instrument time. The study was carried out as a series of 44 injections of 6×5 peptide 

reference mixture spiked into kidney cell lysate analyzed by a 90 minute LC gradient of 0-40% 

B.  Injections were carried out continuously over a period of one week, with a set of five 
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injections of the reference mixture being carried out, followed by one injection of 0.5 µg kidney 

cell lysate subjected to the same 90 minute LC gradient.  Figure 4.3A shows the stability of peak 

area by injection number for the most abundant 6×5 peptide reference mixture peptides.  Over a 

series of 44 injections on column, five of the six peptides were stable with coefficients of 

variation between 12.09% and 17.27%.  Peptide I (VTSGSTSTSR), the most hydrophilic 

peptide, became completely undetectable after the 40th injection on column.   This result is 

interesting as we believe this peptide can be a sensitive indicator of reverse-phase 

chromatographic performance for hydrophilic peptides (e.g. glycosylated peptides).  Again, we 

were unable to detect this peptide using a pre-column trap set-up.  After the 44th injection of the 

peptide reference mixture, a fresh column was prepared and placed onto the LC system.  The 

reference mixture was once again injected onto the new column, and signal from peptide I 

returned.  This result confirmed that the loss of peptide I signal on the original column was an 

indication that the column had lost its ability to retain hydrophilic peptides. 

Peak areas for all isotopologues of a single peptide, peptide IV, were obtained for all 44 

injections in order to determine the precision of quantitation across time (Figure 4.3B).  Peak 

area of each isotopologue was obtained over all 44 injections, and peak area CV was calculated.  

Peak area CV was 13.43%, 12.80%, 12.43%, 13.67%, and 62.27% for the most abundant 

through least abundant isotopologue, respectively.  These results emphasize the high 

reproducibility of peptide abundance across three orders of dynamic range.  Additionally to 

evaluate the precision of quantitation, peak area of the most abundant isotope (1X) was divided 

by the peak areas for the second (1X/0.1X), third (1X/0.01X), fourth (1X/0.001X), and least 

(1X/0.0001X) abundant isotopologues and plotted on a log10 scale as a function of injection 

number.  As expected, the ratio of the most abundant peptide to the second, third, and fourth 
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most abundant peptides stably showed approximate 10-, 100-, and 1,000-fold differences in peak 

area (mean fold difference of 10.43, 94.24, 935.98 with coefficient of variation 1.055%, 2.592%, 

and 8.561% for 1X/0.1X, 1X/0.01X, and 1X/0.001X, respectively).  The peak area ratio of the 

most to the least abundant peptide (1X/0.0001X) , however, was neither stable, nor did it show 

the expected 10,000-fold change in peak area (mean fold difference of 86,078.88 and coefficient 

of variation 63.08%).  The errors in precision of quantitation were 4.3%, -5.8%, and -6.5% for 

the expected fold changes of 10, 100, and 1000, respectively.  However, the error for the 

expected ratio of 10,000 was 760%.   Combined, these results (visualization in log space, 

coefficient of variation, and percent error) indicate three orders of dynamic range with an 

estimated limit of quantitation of 500 amols. 

Finally, we aimed to evaluate the differences in performance between MS1 based 

quantitation and targeted MS2 (i.e. parallel reaction monitoring).  Figure 4.4 shows a 

comparison of linear dynamic range of detection between MS1 and targeted MS/MS (parallel 

reaction monitoring) experiments.   The scan cycle consisted of an MS1 scan followed by 5 

scheduled PRM scans of each peptide and respective isotopologues. MS1 precursor as well as 

MS/MS transition peaks were identified and integrated for all isotopologues of five of the six 

peptides (the most hydrophilic peptide was not detected in this experiment).  Peak areas were 

averaged by specific peptide isotopologue and plotted as log10 peak area against log10 

concentration (Figure 4.4A).  Again as in the previous experiment, we were unable to positively 

detect the 5th isotopologue using MS1; however, we were able to detect a few of the transitions 

(MMA<5 ppm) above the noise threshold of select peptides using a PRM based method.  In 

addition, this targeted MS/MS data collection showed a more linear dynamic range across the 

five isotopologues (four orders of magnitude) for peptides II, IV, and V compared to just 



   

114 

 

integrating the MS1 signal.  Figure 4.4B shows a comparison of elution profiles for the least 

abundant isotopologue of peptide V between MS1 profiling and targeted MS/MS data collection.  

The chromatogram for targeted MS/MS data collection shows elution of several fragments 

within the elution window (approximately 50.9-51.3 minutes, MMA<5 ppm).  There was no 

detection of the monoisotopic peak within the elution window for the MS1 scan.  These results 
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again indicate the increased sensitivity one can gain by increasing the signal to noise in PRM 

experiments as opposed to MS1 based quantitation. 

4.4 Conclusions 

We have reported the development and application of a novel LC-MS proteomic standard 

that can be applied to evaluate LC-MS/MS performance as well as mass spectral dynamic range 

of detection and linearity across an LC gradient in a single injection.  We have applied the 6×5 

LC-MS/MS peptide reference mixture to demonstrate that the linear dynamic range of our 

quadrupole orbitrap mass spectrometer extends over three orders of magnitude for MS1 

quantitation, with the limit of detection of the instrument occasionally extending over a fourth 

order of magnitude.  Using scheduled PRM based quantitation, the linear dynamic range of the 

instrument was typically found to extend over four orders of dynamic range.  Peptide MMA was 

found not to be significantly different as a function of peptide concentration for isotopologues 

falling within the linear dynamic range of the instrument.  Stability of peak area and dynamic 

range were evaluated as a function of time over a one-week period.  The ability of our RPLC 

column to retain hydrophilic species was assessed, and the stability of dynamic range up to three 

orders of magnitude was found to be adequate over a period of one week.  Finally, we believe 

this new standard provides an excellent tool for evaluating a wide range of both LC and MS 

parameters over 4 logs of concentration. Furthermore, a complementary software package, 

PReMiS™ (http://www.promega.com/resources/ tools/6x5-premis-software-download/) has been 

created to facilitate rapid convenient data analysis. Skyline template files for the standard are 

publically available (tinyurl.com/6x5lcms). 

http://www.promega.com/resources/%20tools/6x5-premis-software-download/
http://tinyurl.com/6x5lcms


   

116 

 

4.5 References 

(1) Ma, Z. Q.; Polzin, K. O.; Dasari, S.; Charnbers, M. C.; Schilling, B.; Gibson, B. W.; Tran, B. 

Q.; Vega-Montoto, L.; Liebler, D. C.; Tabb, D. L. QuaMeter: Multivendor Performance 

Metrics for LC-MS/MS Proteomics Instrumentation. Anal Chem 2012, 84, 5845-5850. 

(2) Bereman, M. S.; Johnson, R.; Bollinger, J.; Boss, Y.; Shulman, N.; MacLean, B.; Hoofnagle, 

A. N.; MacCoss, M. J. Implementation of statistical process control for proteomic 

experiments via LC MS/MS. J Am Soc Mass Spectrom 2014, 25, 581-587. 

(3) Bereman, M. S. Tools for monitoring system suitability in LC MS/MS centric proteomic 

experiments. Proteomics 2015, 15, 891-902. 

(4) Wang, X.; Chambers, M. C.; Vega-Montoto, L. J.; Bunk, D. M.; Stein, S. E.; Tabb, D. L. QC 

Metrics from CPTAC Raw LC-MS/MS Data Interpreted through Multivariate Statistics. 

Anal Chem 2014, 86, 2497-2509. 

(5) Bittremieux, W.; Willems, H.; Kelchtermans, P.; Martens, L.; Laukens, K.; Valkenborg, D. 

iMonDB: Mass Spectrometry Quality Control through Instrument Monitoring. J. 

Proteome Res. 2015. 

(6) Taylor, R. M.; Dance, J.; Taylor, R. J.; Prince, J. T. Metriculator: quality assessment for mass 

spectrometry-based proteomics. Bioinformatics 2013, 29, 2948-2949. 

(7) Pichler, P.; Mazanek, M.; Dusberger, F.; Weilnbock, L.; Huber, C. G.; Stingl, C.; Luider, T. 

M.; Straube, W. L.; Kocher, T.; Mechtler, K. SIMPATIQCO: A Server-Based Software 

Suite Which Facilitates Monitoring the Time Course of LC-MS Performance Metrics on 

Orbitrap Instruments. J. Proteome Res. 2012, 11, 5540-5547. 

(8) Abbatiello, S. E.; Mani, D. R.; Schilling, B.; MacLean, B.; Zimmerman, L. J.; Feng, X.; 

Cusack, M. P.; Sedransk, N.; Hall, S. C.; Addona, T.; Allen, S.; Dodder, N. G.; Ghosh, 

M.; Held, J. M.; Hedrick, V.; Inerowicz, H. D.; Jackson, A.; Keshishian, H.; Kim, J. W.; 

Lyssand, J. S.; Riley, C. P.; Rudnick, P.; Sadowski, P.; Shaddox, K.; Smith, D.; 

Tomazela, D.; Wahlander, A.; Waldemarson, S.; Whitwell, C. A.; You, J.; Zhang, S.; 

Kinsinger, C. R.; Mesri, M.; Rodriguez, H.; Borchers, C. H.; Buck, C.; Fisher, S. J.; 

Gibson, B. W.; Liebler, D.; MacCoss, M.; Neubert, T. A.; Paulovich, A.; Regnier, F.; 

Skates, S. J.; Tempst, P.; Wang, M.; Carr, S. A. Design, Implementation and Multisite 

Evaluation of a System Suitability Protocol for the Quantitative Assessment of 

Instrument Performance in Liquid Chromatography-Multiple Reaction Monitoring-MS 

(LC-MRM-MS). Mol Cell Proteomics 2013, 12, 2623-2639. 

(9) Paulovich, A. G.; Billheimer, D.; Ham, A. J.; Vega-Montoto, L.; Rudnick, P. A.; Tabb, D. L.; 

Wang, P.; Blackman, R. K.; Bunk, D. M.; Cardasis, H. L.; Clauser, K. R.; Kinsinger, C. 

R.; Schilling, B.; Tegeler, T. J.; Variyath, A. M.; Wang, M.; Whiteaker, J. R.; 

Zimmerman, L. J.; Fenyo, D.; Carr, S. A.; Fisher, S. J.; Gibson, B. W.; Mesri, M.; 

Neubert, T. A.; Regnier, F. E.; Rodriguez, H.; Spiegelman, C.; Stein, S. E.; Tempst, P.; 

Liebler, D. C. Interlaboratory study characterizing a yeast performance standard for 

benchmarking LC-MS platform performance. Mol Cell Proteomics 2010, 9, 242-254. 



   

117 

 

(10) Kocher, T.; Pichler, P.; Swart, R.; Mechtler, K. Quality control in LC-MS/MS. Proteomics 

2011, 11, 1026-1030. 

(11) Porter, C. J.; Bereman, M. S. COMPARISON OF COMMERCIAL LC MS/MS 

COMPATIBLE DETERGENTS WITH SODIUM DEOXYCHOLATE FOR SHOTGUN 

PROTEOMICS. Journal of Proteins and Proteomics 2014, 5, 151-161. 

(12) Schilling, B.; Rardin, M. J.; MacLean, B. X.; Zawadzka, A. M.; Frewen, B. E.; Cusack, M. 

P.; Sorensen, D. J.; Bereman, M. S.; Jing, E.; Wu, C. C.; Verdin, E.; Kahn, C. R.; 

Maccoss, M. J.; Gibson, B. W. Platform-independent and label-free quantitation of 

proteomic data using MS1 extracted ion chromatograms in skyline: application to protein 

acetylation and phosphorylation. Mol Cell Proteomics 2012, 11, 202-214. 

(13) Sharma, V.; Eckels, J.; Taylor, G. K.; Shulman, N. J.; Stergachis, A. B.; Joyner, S. A.; Yan, 

P.; Whiteaker, J. R.; Halusa, G. N.; Schilling, B.; Gibson, B. W.; Colangelo, C. M.; 

Paulovich, A. G.; Carr, S. A.; Jaffe, J. D.; MacCoss, M. J.; MacLean, B. Panorama: A 

Targeted Proteomics Knowledge Base. J. Proteome Res. 2014, 13, 4205-4210. 

(14) Kubinyi, H. Calculation of isotope distributions in mass spectrometry. A trivial solution for 

a non-trivial problem. Analytica Chimica Acta 1991, 247, 107-119. 

(15) Williams, D. K.; Muddiman, D. C. Parts-per-billion mass measurement accuracy achieved 

through the combination of multiple linear regression and automatic gain control in a 

Fourier transform ion cyclotron resonance mass spectrometer. Anal Chem 2007, 79, 

5058-5063. 

 

 



   

118 

 

CHAPTER 5  

EXPOSURE TO BMAA MIRRORS MOLECULAR PROCESSES LINKED TO 

NEURODEGENERATIVE DISEASE 

The following work was reprinted with permission from: 

Beri, J; Nash, T; Martin, RM; Bereman, MS. Proteomics, 2017, 17(17-18) 

Copyright information: WILEY-VCH Verlag GmbH & Co. KGaA 2017 

The original publication may be accessed directly via the World Wide Web. 

 

5.1 Introduction 

Amyotrophic Lateral Sclerosis (ALS) is a devastatingly fatal neurodegenerative disease 

which is characterized by the progressive loss of upper and lower motor neurons leading to loss 

of voluntary muscle function and atrophy1. The average survival time starting from onset of 

symptoms in ALS patients falls between 3 and 5 years2. Sporadic incidences, which account for 

90-95% of ALS cases, occur seemingly at random in that they are not attributable to known 

genetic causes.  Proposed environmental factors thought to contribute to development of 

sporadic ALS include participation in professional sports3, immune response to bacteria4, 

military service5, and geographical location6.  

Perhaps the strongest clue of an environmental trigger in the etiology of ALS was 

observed on the island of Guam in the 1950’s, at which time the prevalence of ALS was 100 

times greater than the global baseline7. An epidemiological study linked preference for 

traditional Chamorro food to symptom development8. The traditional Chamorro diet was found 

to be rich in a neurotoxic noncanonical amino acid called beta-methylamino-L-alanine (BMAA)9  

The interest in a global link between exposure to BMAA and the etiology of ALS ignited 

when it was discovered that BMAA was produced by a variety of cyanobacteria taxa that are 

found worldwide10.  Notably, BMAA was detected in postmortem brain tissue taken from 

patients in the United States who had died from both sporadic ALS and Alzheimer’s disease, but 

https://onlinelibrary.wiley.com/doi/abs/10.1002/pmic.201700161
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not in control patients or those who had died of Huntington’s disease11. Additionally, individuals 

found to be living within close proximity to lakes containing cyanobacterial blooms in New 

Hampshire have been found to have a higher risk for developing ALS12,13. Exposure is believed 

to occur through inhalation of aerosolized BMAA, ingestion of water containing cyanobacterial 

blooms, and consumption of fish living in and around areas containing blooms, which have been 

shown to be rich in BMAA14,15. 

It has been suggested that free BMAA in the brain results in a excitotoxic effect in motor 

neuron cells by acting upon glutamate receptors, causing calcium influx and, ultimately, cell 

death16. A second theory is that BMAA becomes erroneously included into cellular protein in 

place of other natural amino acids such as L-Serine by misincorporation by tRNA 

synthetases17,18. This hypothesis is quite intriguing since it provides a pathologic link between 

clinically indistinguishable familial and sporadic ALS.  Misincorporation of BMAA into cellular 

protein could result in misfolding of protein, ER stress, and protein aggregation ultimately 

causing motor neuron degeneration 19,20; and thus, act in an analogous manner to the various 

missense mutations observed in familial ALS21. 

Herein, we investigate the molecular pathways perturbed by a 72-hour exposure of NSC-

34 murine neuroblastoma/spinal motor neuron fusion cells to 500 µM BMAA via liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). The following ALS related pathways 

were enriched as significantly affected by BMAA exposure: endoplasmic reticulum stress 

(enrichment p-value = 5.75E-04), protein ubiquitination (p = 1.17E-10), eIF2 signaling (4.47E-

06), unfolded protein response (p = 5.89E-08), TCA cycle (p = 5.75E-09), oxidative 

phosphorylation (p= 1.82E-08), NRF2 oxidative stress response (2.95E-08), and mitochondrial 

dysfunction (p = 1.58E-12). Misincorporation of BMAA for L-serine into cellular protein was 
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investigated by multiple methods including: 1) dynamic modification searches; 2) targeted 

detection of BMAA via acid hydrolysis of protein and 3) cell-free in vitro protein synthesis kits. 

5.2 Materials and Methods 

Materials 

Fetal bovine serum (FBS), penicillin-streptomycin, Pierce® SILAC protein quantitation 

kit – DMEM, and 13C6-L-Arginine-HCl were purchased from ThermoFisher Scientific. DMEM 

high glucose cell medium, EMEM cell medium, sodium bicarbonate, D-(+)-glucose, BMAA, L-

Serine (L-Ser), glycine, Dulbecco’s phosphate buffered saline (DPBS) formic Acid (FA), 

ammonium bicarbonate (AB), ammonium hydroxide, iodoacetamide (IAM), dithiothreitol 

(DTT), hydrochloric acid, and sodium deoxycholate (SDC) were obtained from Sigma Aldrich 

(St. Louis, MO). Sequencing grade trypsin was from Promega (Madison, WI). Vivacon500® 

10,000 KDa and 30,000 KDa molecular weight cut off (MWCO) spin filters were purchased 

from ThermoFisher Scientific (Waltham, MA). HPLC grade acetonitrile, methanol, and water 

were from Burdick & Jackson (Muskegon, MI). PURExpress In-Vitro Protein Synthesis Kits 

Δ(aa, tRNA) (-ser, ala) were obtained from New England Biolabs. Dabsyl chloride was obtained 

from Supelco (Bellefonte, PA). Pico-frit columns were purchased from New Objective (Woburn, 

MA), and reverse phase ReproSil-Pur 120 C-18-AQ 3 µm particles were purchased from Dr. 

Maisch. High purity nitrogen gas was purchased from Machine & Welding Supply Co. HPLC 

grade water, methanol, acetone, and acetonitrile were purchased from VWR International 

(Morrisville, NC). 

SILAC Spike-in NSC-34 Lysate Preparation 

NSC-34 cells were obtained from Cedarlane (Burlington, NC) and maintained in DMEM 

supplemented with 10% (v/v) FBS and 100 U/mL penicillin 100 100 µg/mL streptomycin.  Once 
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cells were approximately 80% confluent, they were trypsinized and split between two plates.  

The first plate continued to be maintained in DMEM, while the second plate was maintained in 

heavy-labeled 13C6-Lys and 13C6-Arg DMEM using a Pierce® SILAC protein quantitation kit – 

DMEM supplemented with 13C6-L-Arginine-HCl.  Stable isotope labeled cells were harvested, 

full incorporation of isotope labeled amino acids was confirmed by LC-MS/MS, and heavy NSC-

34 lysate protein was reserved as a SILAC spike-in internal standard for future experiments. 

BMAA Exposure 

NSC-34 cells were maintained in supplemented DMEM as described above.  Once the 

cells reached 80% confluency, they were trypsinized and seeded into a 6-well plate (6 wells 

total) with each well receiving a 0.166 x 106 cell/well seeding density.  All experimental 

treatments were carried out in a randomized and blocked fashion to control for plate effect. For 

BMAA exposure, cells were treated with EMEM supplemented with 2.2 g/L sodium bicarbonate, 

0.01 g/L glycine, 3.5 g/L glucose, 10% (v/v) FBS, 100 U/mL penicillin, 100 µg/mL 

streptomycin,  0.021 g/L L-serine, and either 0 or 500 µM L-BMAA.  Each experiment was 

carried out in triplicate to account for biological variability, and took place over a 72-hour 

period.  Media was removed and cells were rinsed with 1 mL sterile PBS, which was then 

removed.  Another 1 mL of PBS was added to each well, the cells were gently scraped, the cell 

suspension was pipetted into a 1.5 mL Eppendorf tube, and then the suspension was centrifuged 

at 1200 rpm for 2 minutes.  The PBS supernatant was finally removed, and the cells were flash 

frozen in liquid nitrogen before storage at -20ºC until cell lysis and LC-MS/MS analysis could be 

carried out. 
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BMAA Dose-Response 

NSC-34 cells were exposed to BMAA at different concentrations (100, 500, 1000, 10000 

µM) for 72 hours. Cytotoxicity was accessed via trypan blue and MTS assays. Untreated media 

was used as control for comparison purposes. Three replicates per condition were carried out. 

For trypan blue, cells were harvested with trypsin and resuspended in PBS before addition of 

0.04% trypan blue. Cell survival was assessed by direct counting.  MTS reduction was measured 

using the Cell Titer 96 ® Aqueous One Solution Reagent. Formation of colored formazan 

product was measured by absorbance at 490 nm after 3 hours of incubation in the dark. 

Cellular Protein Sample Preparation 

Each cell sample was suspended in a 100 µL solution of 50 mM ammonium bicarbonate 

(pH 8.0) containing 1% SDC.  Cells were lysed by probe sonication via 2 pulses at 20 seconds 

per pulse at a 20% amplitude setting.  Cell debris was removed via centrifugation at 10,000 RPM 

for 2 minutes.  The supernatant was retained, and assessed for protein concentration by nanodrop 

absorbance at 280 nm.  50 µg of each sample was combined with 50 µg of SILAC-labeled NSC-

34 lysate protein, and the solution was diluted to a final volume of 100 µL with the 50 mM 

ammonium bicarbonate and 1% SDC solution. DTT was added to a final concentration of 5 mM 

and incubated at 60ºC for 30 minutes to reduce disulfide bonds.  Samples were cooled to room 

temperature, and then IAM was added to a final concentration of 15 mM and incubated at room 

temperature in the dark for 20 minutes to achieve alkylation of cysteine residues.  Samples were 

then subjected to filter-aided sample preparation (FASP)22 for protein cleanup using Vivacon 

30,000 kDa molecular weight cutoff filters and reconstituted with 100 µL of 50 mM ammonium 

bicarbonate solution.  Tryptic digestion was carried out by hydrating lyophilized trypsin to a 

stock solution of 1 µg/µL with 0.01% acetic acid in water followed by addition of trypsin to the 
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protein mixture at a 1:50 ratio and then incubated at 37ºC for 4 hours.  After digestion, peptides 

were acidified with HCl at a final concentration of 250 mM (pH ≤ 3). 

Peptides were then separated into four fractions through use of a Pierce High pH 

Reversed-Phase Peptide Fractionation Kit (Thermo, catalog number 84868) using 7.5%, 12.5%, 

17.5%, and 50% ACN.  Finally, the fractions were lyophilized and then reconstituted in 100 µL 

mobile phase A (98% water, 2% acetonitrile, 0.1% formic acid). 

Nano LC-MS/MS 

3 µL per fraction for each sample were injected and analyzed using an Easy nanoLC 

1000 coupled to a Q Exactive plus mass spectrometer (Thermo Fisher, Bremen, Germany).  

PicoFrit columns were packed to 45 cm in house using 3 µm C18 silica particles.  Separation of 

peptides was achieved through a gradient of mobile phase A (98% water, 2% acetonitrile, and 

0.1% formic acid) and mobile phase B (99.9% acetonitrile and 0.1% formic acid).  The LC 

method applied consisted of a gradient of 0%-40% B over 90 minutes, followed by a ramp to 

80% B in one minute.  The column was washed at 80% B for 14 minutes, then regenerated at 0% 

B for 15 minutes.  Tandem mass spectrometry was carried out in a conventional top 12 data-

dependent acquisition mode.  MS1 scans were performed at a resolving power of 70,000 from 

m/z 400 to 1400 and an automatic gain control (AGC) target of 1 x 106.  MS2 scans were 

performed at a resolving power of 17,500 and an AGC target of 5 x 104.  A 30 second dynamic 

exclusion window was applied during sampling to avoid repeated interrogation of high-abundant 

species. 

A quality control bovine serum albumin digest was run every fifth injection to ensure 

proper LC-MS/MS reproducibility23, and Promega 6 × 5 LC-MS/MS Peptide Reference Mixture 

was run every tenth injection to further monitor general LC-MS/MS performance stability as 
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well as stability of MS dynamic range24. QC data were uploaded to Panorama using Panorama 

AutoQC25, and review of QC data within Panorama showed retention time, full width at half-

maximum, and peak area median CV of 0.5%, 14.2%, and 18.6%, respectively throughout the 

experiment. Raw data files obtained in this experiment have been made available on the Chorus 

LC-MS data repository, and can be accessed under project ID #1357. 

Database Search 

Database searches were conducted using Proteome Discoverer 1.4 and the Sequest hyper-

threaded algorithm.  Data were searched against the Mus musculus Swiss Prot protein database 

(number of sequences 16,657, date accessed, 02/11/2014)26.  Cysteine carbamidomethylation 

was searched as a static peptide modification, and methionine oxidation was searched as a 

dynamic peptide modification. Detection of BMAA misincorporation was attempted using a 

dynamic modification of +13.0316 Da on serine residues. SILAC label-based quantitation was 

carried out using the Precursor Ions Quantifier node using SILAC 2-plex (13C6-Arg and 13C6-

Lys) quantification, and SILAC ratios were reported as light/heavy. Peptide spectral matches 

were processed using percolator27 to enforce a peptide spectral match threshold of q-value<0.01.  

The law of strict parsimony was used for protein inference and grouping28. All quantitation was 

performed on the peptide level using one peptide for protein identification.   

Data Analysis 

Peptide-level experimental data were exported from Proteome Discoverer as a tab-

delimited text file containing peptide sequence, protein group ID, number of protein groups 

assigned, peptide MS1 peak area, and peptide SILAC peak area ratio.  Peptides belonging to 

more than one protein group were excluded. Replicates for which peak area ratio data were 

present in 100% of control replicates but absent in all treatment replicates, or vice versa, were 
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removed to a separate spreadsheet. The missing values in these replicates were minimum value 

imputed. A two-sample t-test was then performed for calculation of p-values and log2 fold 

change was calculated for each peptide. 

Any peptides for which peak area ratio data were missing for more than one replicate 

were then discarded from the original data set. Missing peak area ratios were then imputed with a 

random value between the minimum and maximum value for the peptide peak area. A two-

sample t-test was then applied for calculation of p-values and log2 fold change was calculated for 

each peptide.  Peptides identified as significant (p < 0.05) were subjected to gene ontology 

enrichment analysis by protein ID, p-value, and log2 fold change using Ingenuity Pathway 

Analysis (IPA), and protein interaction networks were generated using the STRING application 

in Cytoscape.  

Cellular Lysate Acid Hydrolysis and Dabsyl Chloride Derivatization 

Media and cellular lysate from BMAA-treated NSC-34 were retained for measurement of 

BMAA content. Protein contained within 500 µL of BMAA-containing exposure media was 

concentrated to 75 µL using Vivacon 10,000 kDa MWCO filters. The protein-containing fraction 

and flow-through were both retained for BMAA content analysis. 100 µg cellular lysate protein 

was lyophilized and subsequently reconstituted in 100 µL ice cold acetone. Samples were 

allowed to sit for 20 minutes on ice, and the supernatant was removed from the protein pellet. 

Protein was lyophilized, reconstituted in 6M HCl, spiked with D3-BMAA to a final concentration 

of 3.25 µM, and treated to acid hydrolysis at 90°C overnight. Hydrolyzed protein was then 

lyophilized, reconstituted in 100 µL 200 mM NaHCO3 and mixed with 100 µL of 50 mg/mL 

dabsyl chloride, and incubated at 70°C for 30 minutes. Samples were finally lyophilized and 

reconstituted in mobile phase A prior to nLC-MS/MS analysis using a Thermo Quantiva triple 
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quadrupole mass spectrometer operating in selected reaction monitoring mode. For the SRM 

analysis, the BMAA precursor was 406.15 m/z, and transition masses were m/z 306.27, 290.15, 

240.37, 225.24, and 224.24, and the d3-BMAA precursor was 409.17 and the transition masses 

used were identical to those used for BMAA quantitation. 

In Vitro Protein Synthesis 

PURExpress In Vitro Protein Synthesis Kits Δ(aa, tRNA) –(ala, ser) were obtained from 

NEB (catalog number E6840Z) and were assembled according to the manufacturer’s instructions 

with modifications. All reactions were carried out using 250ng of either provided dihydrofolate 

reductase (DHFR) or hSOD1 G93A template DNA.  

Plasmid containing SOD1G93A (pF145) was purchased from Addgene. The PureExpress 

in vitro synthesis kit required the addition of T7 promoter and terminator sequences to the SOD1 

sequences by PCR. Forward primer 5’ GCG AAT TAA TAC GAC TCA CTA TAG GGC TTA 

AGT ATA AGG AGG AAA AAA T ATG GCG ACG A AG GCC GTG TG C GTG CTG AAG 

and Reverse primer 5´ AAA CCC CTC CGT TTA GAG AGG GGT TAT GCT AG TTA TTG 

GGC GAT CCC AAT TAC ACC ACA AGC were used to PCR amplify SOD1 WT, 

SOD1G93A, SOD1G85R template DNAs with T7  promoter and terminator sequences. PCR 

products were confirmed by agarose gel and purified using a Qiaquick PCR purification Kit. 

A control reaction was carried out, and contained only L-Ser at a concentration consistent 

with the manufacturer’s instructions. Further reactions were carried out with an increasing ratio 

(1:1, 10:1, and 100:1) of BMAA:L-Ser content by decreasing the concentration of L-Serine 

present in the reaction mixture. Reaction mixtures were brought to a final volume of 25 µL with 

DNase/RNase/Protease free water from Fisher (catalog number BP2819-1) and then incubated 
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for two hours at 37°C and then stored overnight at -20°C prior to digestion and LC-MS/MS 

analysis. 

5.3 Results and Discussion 

Evaluation of SILAC Spike-in Standard 

NSC-34 cells were labeled with 13C6 arginine and lysine and the cellular lysate was 

obtained as is outlined in section 3.1. Next, biological replicates of non-BMAA treated NSC-34 

cells were grown, collected, and the protein lysate was obtained. The SILAC labeled lysate was 

first digested and injected on column by itself (i.e. without adding unlabeled cell lysate) to 

evaluate completeness of SILAC labeling of the spike-in cells, and then the SILAC lysate was 
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mixed in a 1:1 ratio with unlabeled lysate. Figure 5.1A shows representative extracted ion 

chromatograms of both the injection of only SIL peptides (left) and 1:1 mixture of SIL and 

unlabeled peptides (right). It was expected that injection of only the SIL peptides would only 

show elution of peptides containing either 13C6-labeled arginine or lysine, resulting in a mass 

difference of +6 Da. Indeed, integration of the signal from the SIL-only extracted ion 

chromatogram (XIC), comparing the 566.77 (light) and 569.78 (heavy) peaks, shows a peak area 

light/heavy ratio of 0.012:1, indicating the presence of only heavy peptides. The difference of the 

two peptides analyzed is only 3 m/z due to the peptide acquiring two protons during ESI 

[M+2H+]2+. Examination of the XIC from the 1:1 light:heavy peptide mixture shows a peak 

area ratio of 0.94:1. This indicated that the isotope labeled amino acids had been completely 

incorporated into the cellular protein, and that the spike-in standard was ready for use in future 

experiments. 

Next, it was necessary to evaluate the efficacy of the SILAC spike-in protein as an 

internal standard for increasing the precision of peptide-based peptide quantitation. Two 

biological replicates of non-BMAA treated NSC-34 cells were collected, and the cellular protein 

was mixed 1:1 with SILAC labeled protein. The digested peptides were analyzed by LC-MS/MS, 

and subjected to a database search. Label-free quantitation was performed alongside the label-

based SILAC normalization. The data were subjected to further analysis in R. Peak areas were 

log2 transformed, and log2(peak area ratio) was calculated for each peptide. Label-free 

quantitation data were subjected to central tendency (median) normalization whereas label-based 

SILAC-normalized peak area ratios were not normalized further. Histograms were created 

(Figure 5.1B) from the label-free normalized (top) and label-based SILAC normalized (bottom) 

data, and mean and standard deviation were calculated for each dataset. Because the data were 
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biological replicates, the mean of the log2(peak area ratio) for all peptides was expected to be 

zero. The label-free dataset had a standard deviation of 1.253, and the label-based SILAC-

normalized peptide dataset had, comparatively speaking, much higher precision with a standard 

deviation of 0.505. These data show that utilization of the label-based SILAC spike-in standard 

significantly increases the precision of peptide quantitation. 

As an additional measure of the effectiveness of the SILAC spike-in, all three non-

BMAA treated biological replicates were examined both by median data normalization and 

normalization by SILAC spike-in. Percent coefficients of variation across all three replicates by 

peptide were calculated for both methods of data normalization, and the results were displayed as 

a boxplot (Figure 5.1C). A mean percent coefficient of variation for both methods of data 

normalization was calculated, and found to be 32.58% for label-free data normalized by median 

value, and 7.17% for label-based data normalized by SILAC spike-in. Welch’s t-test was 

performed, and the mean difference was found to be significant (p=2.2x10-16). These data 

emphasize the improved precision of peptide quantitation using a SILAC spike-in standard. 

Next, the ability of the Proteome Discoverer 1.4 data analysis pipeline to accurately 

calculate SILAC peak area ratios was evaluated. A single replicate of NSC-34 lysate spiked with 
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SILAC internal standard was subjected to LC-MS/MS analysis and searched using Proteome 

Discoverer 1.4 against the Mus musculus protein database with label-based quantitation, and 

peak area ratio calculated for light/heavy peptide peak areas. Of the identified peptides, 40 were 

randomly selected for manual peak area integration and peak area ratio calculation in Skyline. 

Figure 5.2 shows the result of the data analysis, with high correlation between the SILAC peak 
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area ratios calculated manually in Skyline or automatically by the Proteome Discoverer peptide 

quantitation algorithm. It was concluded that the correlation between Skyline and Proteome 

Discoverer 1.4 peak area ratios was high enough to warrant that label-based quantitation be 

carried out in an automated fashion by Proteome Discoverer 1.4. 

Evaluation of BMAA Exposure 

A general overview of the experimental design for BMAA exposure evaluation is 

illustrated in Figure 5.3. In brief, cells were plated into a 6-well plate and treated either with L-

Ser or 500 µM BMAA in triplicate (Figure 5.3A).  Cells were lysed, protein isolated, and spiked 

with SILAC labeled NSC-34 lysate for label-based quantitation (Figure 5.3B). After digestion, 

peptides were fractionated and analyzed by LC-MS/MS. Figure 5.3C shows the workflow for 

protein acid hydrolysis, dabsyl chloride derivatization, and SRM analysis for cellular lysate 

acetone precipitated protein, cellular lysate acetone precipitation supernatant, exposure media 

concentrate, and exposure media concentration flow-through. Finally, Figure 5.3D shows the 

experimental design for in-vitro synthesis of hSOD1-G93A protein with increasing ratio of 

BMAA:L-Ser.  

To determine appropriate dosage concentration of BMAA, a dose response (Figure 5.4) 

was conducted using a trypan blue cytotoxicity assay. The maximum concentration at which less 

than 20% cytotoxicity was observed (500 μM BMAA) was used for subsequent experiments. 
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Differential Protein Expression Due to BMAA Exposure 

Figure 5.5A shows the top 24 pathways, enriched by pathway analysis of significantly 

differentially expressed proteins (p ≤ 0.05), which were perturbed in BMAA-exposed replicates 

compared to control. Also shown are the percent of proteins within each pathway that were 

found to be up- or down-regulated. Several pathways were found to be significant which are 

known to have overlap in cellular function, including the ER stress, protein ubiquitination, and 

unfolded protein response pathways as well as the TCA cycle, mitochondrial dysfunction, NRF2 

oxidative stress response, and oxidative phosphorylation pathways. Interestingly, these pathways 

are known to play significant roles during ALS pathogenesis. Perturbation of theses listed 

pathways were reproduced in various other iterations of this experiment including lower 

exposure times (eg., 24 hour). 

To visualize the protein interactions, protein data were also analyzed within Cytoscape 

version 3.3.029 using the stringApp application for protein interaction network analysis. Protein 

interaction networks were created for proteins found to be significantly upregulated (Figure 

5.5B) and significantly downregulated (Figure 5.5C) in the BMAA treated samples compared to 

control. Groups of interacting proteins were isolated and subjected to functional annotation 

analysis using DAVID 6.830 to determine biological function. Groups deemed to have 

significance (Benjamini-corrected p-value ≤ 0.05) were assigned the annotation with the lowest 

p-value. Multiple clusters of proteins within the interaction networks were related to ALS 

development: the upregulated network contains proteins related to proteolysis, unfolded protein 

response, and cellular respiration, whereas the downregulated network contains proteins related 

to translation. 
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Exposure to other neurotoxins linked with ALS development, such as increased 

glutamate concentration (Figure 5.6) did not reproduce perturbations in any of these described 

pathways. It is noteworthy that NSC-34 exposure to elevated glutamate concentration did not 

result in observation of protein signatures of excitotoxicity (e.g., perturbation in oxidative stress, 

mitochondrial dysfunction, or calcium signaling pathways). This result is corroborated by a 

previous study which states that the NSC-34 cell line does not serve as a good model for 

glutamate excitotoxicity31. However, lack of overlap between pathways perturbed by exposure to 

BMAA and exposure to elevated glutamate serves to demonstrate that the pathways perturbed by 

BMAA exposure are not the result of a common cellular stress response to addition of any 

analyte in excess to the cellular media. 

Protein Ubiquitination, ER Stress, and the Unfolded Protein Response 

Proteins entering the endoplasmic reticulum (ER) after synthesis undergo a series of 

modifications and interact with a series of molecular chaperones to facilitate proper folding32. 

Stringent quality control mechanisms prevent improperly folded proteins from exiting the ER, 
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instead marking them for retention, refolding, and ultimately degradation. If protein refolding 

fails, the misfolded protein is tagged by ubiquitin ligase proteins, and is thus signaled to be 

delivered to the 26S proteasome for degradation33. Failure to remove and degrade misfolded 

proteins often leads to agglomeration of misfolded protein into inclusion bodies, which are 

known as a typical feature of various neurodegenerative disorders34. When accumulation of 

misfolded protein occurs, the cell activates a series of mechanisms known as the unfolded 

protein response (UPR) to alleviate ER stress. The functions encompassed by the UPR include: 

1) increased expression of folding chaperones to assist in proper protein folding, 2) attenuation 

of translation, and 3) activation of cellular apoptosis machinery in the event of irreversible ER 

stress35. Activation of the UPR due to BMAA exposure has previously been described in 

exposed zebrafish by Frøyset and coworkers36. 

Significant differential regulation of the ER stress (enrichment p-value = 5.75E-04), 

protein ubiquitination (p = 1.17E-10) and UPR (p = 5.89E-08) pathways is indicative of a high 

likelihood that cellular exposure to 500 µM BMAA results in an increased incidence of 

misfolded protein within the cell.  These results are reinforced by protein interaction network 

analysis (Figures 5.5B and 5.5C), which show upregulation of proteins belonging to the 26S 

proteasome and protein folding chaperones such as HSC70, as well as downregulation of various 

ribosomal proteins related to translation. Interestingly, these pathways are known to be 

significantly perturbed during development of various neurological diseases, including ALS37,38. 

TCA Cycle, Oxidative Phosphorylation, NRF2, and Mitochondrial Dysfunction 

The TCA cycle and oxidative phosphorylation pathway are closely linked, working 

together to provide energy to the cell in the form of ATP within the mitochondria39. The 

oxidative phosphorylation pathway is comprised of several protein complexes that make up the 
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electron transfer chain, and use the energy precursors produced by the TCA cycle to create 

additional ATP40. The NRF2 oxidative stress response plays an important role in maintaining 

cellular redox homeostasis41, as well as provide aid for proper mitochondrial structure and 

function42. These pathways are associated with overall mitochondrial function, and their 

disruption (p-value for enrichment = 5.75E-09 for TCA cycle, 1.82E-08 for oxidative 

phosphorylation, 2.95E-08 for NRF2, and 1.58E-12 for mitochondrial dysfunction) serves as an 

indication of likely mitochondrial injury as a result of BMAA exposure. Mitochondrial damage 

is a hallmark of ALS pathogenesis, including various facets of mitochondrial function within the 

cells such as altered calcium homeostasis43 and altered electron transport chain44. Furthermore, 

these results are supported by a significant (p<0.05) reduction of mitochondrial function upon 

BMAA exposure using an MTS assay (Figure 5.7). 

Predicted Upstream Transcription Regulator Analysis 

Next we aimed to identify the upstream transcription regulators which BMAA acts upon. 

Table 5.1 lists all the upstream regulators from the Ingenuity Knowledge Base that showed 

significant overlap (overlap p-value ≤ 0.05) with the dataset, and an activation z-score greater 

than 2 or less than -2. Interestingly, XBP1 (overlap p = 3.3E-09) was predicted to be activated (z 

= 2.6) in this dataset. During ER stress, XBP1 mRNA becomes spliced45 and produces the 

transcription factor that regulates the expression of genes related to protein folding and quality 

control46, which is a potential upstream cause of ER stress and unfolded protein response 
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disturbance as seen in the above results.  While this response may be protective in certain 

instances of cellular stress, over activation is detrimental in ALS as depletion of XBP-1  in the 

nervous system activates macroautophagy and enhances survival in the SOD1 mutant mouse 

model of ALS47. 

NFE2L2, the gene encoding NRF2, was also predicted as an activated upstream regulator 

due to BMAA exposure within this dataset (overlap p-value = 2.21E-28, and activation z-score = 

2.612). NRF2 is a transcription regulator which takes on a number of protective functions within 

the cell. Genes regulated by NRF2 have a diverse set of functions, including metabolism of 

electrophiles and oxidative species within the cell as well as genes involved in proteasomal 

degradation, such as the 26S proteasome48. Predicted activation of NRF2 upon exposure of NSC-

34 cells to BMAA may imply the following: 1) NRF2 may be activated in response to increased 

oxidative stress caused by mitochondrial dysfunction, and 2) NRF2 may also activate in order to 

increase production of 26S proteasome units, thus increasing the cell’s capacity for degradation 

of misfolded proteins as part of the UPR. Interestingly, there is pronounced upregulation of 26S 

proteasome (proteolysis) proteins within this dataset, as noted in the protein interaction analysis 

(Figure 5.5B and 5.5C). Activation of NRF2 has been noted in transgenic mouse models for 

ALS both in astrocyte cells49 as well as in spinal cord and muscle50, and activation of NRF2 by 

activator molecules has been shown to have a neuroprotective effect in mouse ALS models51. 
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BMAA Misincorporation 

Based on disturbance of pathways in protein folding within the ER (e.g., unfolded protein 

response, ER stress, protein ubiquitination), we aimed to further investigate the hypothesis that 

BMAA becomes misincorporated into cellular protein in place of L-Serine. As an initial step, all 

peptide database searches conducted on data obtained from the control and 500 µM BMAA 

exposure were searched with an additional dynamic modification for BMAA replacement in 

place of L-Ser (Δm=+13.0316 Da). No peptides containing BMAA were deemed confidently 

identified after manual review of the resulting tandem mass spectra and comparison to control 

spectra. 

Next, targeted measurement of BMAA was attempted via protein hydrolysis. Cellular 

lysate protein and BMAA exposure media were spiked with d3-BMAA, and subjected to acid 

hydrolysis followed by amino acid derivatization by dabsyl chloride and analyzed by selected 

reaction monitoring mass spectrometry (Figure 5.8). The SRM analysis found negligible levels 

of BMAA within acetone-precipitated cellular lysate. Supernatant from acetone precipitation of 

the cellular lysate was found not to contain a significantly greater amount of BMAA (p = 0.15) 

compared to the acetone-precipitated protein fraction. Levels of BMAA exceeding the noise 

signal measured within the blank were found within the protein-concentrated media sample, and 

a significantly greater amount (p = 0.001) of BMAA was found within the media protein 
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concentration flow-through obtained. However, upon LC-MS/MS analysis of digested protein 

contained within the media, we found no evidence of BMAA misincorporation into secreted 

protein. It is likely that any BMAA found within the protein-concentrated fraction of exposure 

media is due to the presence of BMAA within residual exposure media carried over during the 

protein concentration procedure. These results suggest that cellular BMAA exposure has not 

resulted in the misincorporation of BMAA into cellular protein.  

Finally, to test the possibility that transport of BMAA to the translational machinery was 

not occurring in this particular cell line, we performed a series of experiments using an in vitro 

protein translation kit.  An initial experiment was carried out similar to one performed by Glover 

and coworkers 18. A control reaction and a second reaction wherein BMAA replaced L-Ser were 

carried out using the provided DHFR DNA template. We found that the ability for the BMAA-

containing reaction to carry out de-novo protein synthesis was drastically reduced.  Although 

these results contradict a study reported by Glover et al., it is worth noting that these current 

studies were aimed at detecting BMAA in replace of L-serine in the synthesized protein where 

the former detected free BMAA upon acid hydrolysis of protein precipitate within the reaction 

mixture without targeting the newly synthesized protein. Figure 5.9 shows the integrated peak 

area for three DHFR peptides, one of which contains no L-Ser. Each peptide was found to be 

present within the sample that was supplied L-Ser, but none of the three peptides was found 

within the sample that was supplied only BMAA. Analysis of percent protein coverage within 
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each sample showed 66.67% protein coverage within the control reaction, and only 12.58% 

coverage within the BMAA containing sample.  The latter synthesis was found to contain only 

two peptides without serine residues. 

The experiment was next adapted such that no reaction would be carried out without L-

Ser.  We hypothesized that if the translational machinery was jumpstarted by the presence of L-

serine, it may be possible that during protein translation BMAA would be misincorporated or 

inhibit protein translation.  Furthermore this type of an experiment would more accurately depict 

a real life exposure to BMAA.  A control reaction was carried out alongside several experimental 

reactions wherein the molar ratio of BMAA:L-Ser supplied during protein synthesis was 

increased by factors of 10 with a decreasing concentration of L-Serine. All reactions were 

performed with hSOD1 G93A mutant template DNA. Figure 5.10 shows the result of extracted 

MS1 peptide peak area analysis for a hSOD1 G93A peptide containing no L-Ser (Figure 5.10A) 

and a peptide containing L-Ser (Figure 5.10B). In the event of BMAA misincorporation into the 

cellular protein in place of L-Ser, peak area for the serine containing peptide would be reduced in 

BMAA-containing experimental samples, but peak area for the peptide containing no serine 

residues would remain unaffected. However, the result of the analysis shows that BMAA 

concentration relative to L-Ser dosage had no effect on the abundance of serine-containing 

peptides. In addition, no BMAA modified peptides were confidently identified in the database 

search. Finally, the possibility that formation of the carbamate adduct of BMAA affected its 
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ability to misincorporate into protein during translation was explored. To this end, a control 

reaction containing BMAA was carried out alongside a second BMAA-containing reaction 

which also included 15 mM sodium bicarbonate (data not shown). No peptides containing the L-

Serine to BMAA modification were identified in the newly translated BMAA protein in either 

reaction, suggesting that presence of bicarbonate and the resulting carbamate BMAA adduct had 

no effect on protein translation. Combined, these data do not support BMAA misincorporation 

(in vitro) into cellular protein in place of L-serine. 

5.4 Conclusions 

Taken together our studies indicate that exposure to BMAA induces a molecular 

signature that mirrors perturbed biological processes in various neurodegenerative diseases 

including ALS.  Exposure to BMAA causes protein misfolding, culminating in ER stress and 

ultimately the induction of the unfolded protein response while simultaneously disrupting 

mitochondrial function. We hypothesize, due to disruption of the unfolded protein response as 

well as the eIF2 signaling (p = 4.47E-06) pathways, that upon prolonged exposure to BMAA and 

thus over-activation of the UPR, protein translation is attenuated via phosphorylation of the alpha 

subunit of eukaryotic initiation factor 2 (eIF2α). Interestingly, high levels of this translation 

regulator have been detected in the brains of patients with Parkinson’s and Alzheimer’s disease, 

supranuclear palsy, and front temporal dementia52-54.  Inhibition of eIF2α phosphorylation has 

been shown to rescue TDP-43 pathology in various disease models of ALS.  As a result the eif2 

alpha is a promising therapeutic target and the subject of recent investigations55. 

While our results neither confirm nor exclude that BMAA is misincorporated into 

proteins in place of L-Serine, it is clear that this mistake in translation does not readily occur in 

these in vitro experiments. This observation is not completely surprising as misincorporation of 
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endogenous amino acids does naturally occur but at an extremely low stoichiometric level (one 

error for 103-104 codons)56,57.  Assuming a similar error rate and that misincorporation of BMAA 

into proteins is semi-random identification of specific BMAA containing peptides would be well 

below the dynamic range of detection by LC MS/MS (~105).   Another possibility is that 

individuals may have a genetic abnormality that lends them susceptible to BMAA 

misincorporation which would not be accurately modeled by these in vitro experiments.  Reports 

in mice have shown motor neuron degeneration as a result of a missense mutation in the putative 

editing domain of alanyl-tRNA synthetase which led to heterogeneous protein production58.  

However genome-wide association studies of individuals with ALS have yet to support this 

hypothesis.  Finally, it should be appreciated that the myriad of toxins produced by 

cyanobacteria59 likely result in co-exposures with BMAA that could augment toxicity. As such, 

future experiments will entail investigation of molecular pathways perturbed by co-exposure 

with BMAA and other cyanotoxins. 
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CHAPTER 6 

CONCLUSION 

In summary, the research contained herein details a significant contribution to the study 

of an environmental toxin, β-Methylamino-L-Alanine, that has been linked to development of 

ALS. Specifically, an integrated strategy for improved separation of BMAA from its structural 

isomers as well as detection and quantification within environmental samples, including use of a 

nanoscale device for CZE separation coupled with a novel 13C3,
15N2 stable isotope labeled 

BMAA standard, has been introduced and characterized. We originally hypothesized that we 

could use this integrated strategy to carry out detection and absolute quantification of BMAA in 

environmental samples in a higher throughput manner than existing technology. The results of 

our studies show that we were able to carry out separation of BMAA from its structural isomers 

in less than one minute of experimental time, a 30-40 fold improvement over a previously 

existing CZE technology. Furthermore, we were able to apply this integrated strategy to 

detection of BMAA within a locally obtained scallop sample. Importantly, the scallop was 

originally obtained from an area of North Carolina within which cyanobacterial growth had not 

been detected in four years. The integrated strategy was finally compared to the only 

commercially available kit for environmental BMAA detection and quantification, the Abraxis 

ELISA kit for BMAA. Comparison of the two strategies revealed that the CZE-based method 

was able to detect BMAA within both simple and complex BMAA samples with a higher degree 

of accuracy compared to the ELISA based method: ELISA detection in simple samples was 

underestimated and had a low degree of accuracy (26% error compared to 12% error by CZE-

MS/MS) and when applied to complex samples showed over 60-fold overestimation of BMAA 
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content. In addition, the Abraxis kit had a lower limit of detection for BMAA that was higher 

than the CZE-MS/MS method (423 nM, compared to 16 nM for CZE-MS/MS). 

In addition to improvements in environmental detection and quantification of BMAA, we 

present here novel findings that BMAA exposure perturbs molecular pathways that have been 

previously linked to development of ALS. These molecular functions include pathways linked to 

cellular respiration, including mitochondrial dysfunction, TCA cycle, oxidative phosphorylation, 

and NRF-2 oxidative stress pathways, as well as pathways related to activation of the unfolded 

response, including EIF-2 signaling, ER stress, unfolded protein response, and protein 

ubiquitination pathways. These results further reinforce the link between BMAA exposure and 

development of ALS. In particular, the activation of unfolded protein response pathways is of 

interest, due to the hypothesis that BMAA may be misincorporated into cellular protein in place 

of L-serine, thus causing protein misfolding. This hypothesis is generally regarded as a 

controversial one, and was therefore investigated by a variety of methods, including those with 

the ability to detect BMAA misincorporation in a protein site-resolved manner (e.g., search for 

dynamic modification of ser to BMAA), as well as those that are designed to detect BMAA 

within a protein sample without the capacity for site-specific resolution (e.g., protein hydrolysis 

followed by amino acid analysis by LC-MS/MS after dabsyl chloride derivatization). In-vitro 

protein synthesis was also carried out to explore the possibility of protein misincorporation using 

a commercially available protein synthesis kit which allowed for protein synthesis from DNA in 

the presence of BMAA as well as canonical amino acids in solution. None of the methods 

employed herein resulted in confident identification of BMAA misincorporation. 

The studies explained within this dissertation would benefit from additional experiments 

to improve the quality and reliability of their results. With respect to BMAA detection and 
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quantification in the environment, the studies herein are limited with respect to their scope. 

Though we originally intended to detect BMAA within locally sampled seafood, it is apparent 

that our success in detecting BMAA within samples obtained from regions with little to no recent 

cyanobacterial growth implies that our integrated strategy will be easily applicable to seafood 

sampled from areas with higher documented levels of cyanobacterial growth. Furthermore, now 

that CZE-MS/MS is emerging as an analytical strategy capable of specific detection and 

quantification of BMAA while separating it from its naturally occurring structural isomers, it 

now becomes desirable to apply this new technology to evaluation of BMAA content of 

previously reported samples that lack confidence of measurement. For example, Brand and 

coworkers report high levels of BMAA in shrimp, 1.5 mg/g dry shrimp, sampled from the coast 

of Florida. However, this measurement was performed using amino acid derivatization for LC 

based separation followed by fluorescence detection. Given that it is difficult to separate BMAA 

from its structural isomers using this separation methodology, and fluorescence detection does 

not allow for specific detection of BMAA among its structural isomers. As a result, these results 

are difficult to trust as it is highly likely that BMAA signal is confounded by presence of poorly 

separated structural isomers with which it may coelute, resulting in overestimation of BMAA 

content. Application of this highly specific and sensitive new technology to BMAA 

quantification in areas of high cyanobacterial growth to provide more reasonable and trustworthy 

estimates of BMAA exposure would serve to lend confidence to future estimates of BMAA 

exposure and provide a more reasonable baseline of exposure level for future study of the in-

vitro and in-vivo effects of BMAA. 

With respect to comparison of CZE-MS/MS detection and quantification of BMAA and 

ELISA based measurement of BMAA in environmental samples, the work presented here shows 
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that the CZE based method allows for a higher degree of accuracy in both simple and complex 

samples, with a lower limit of detection. However, the work presented here is limited in that 

comparison of BMAA in complex samples is carried out on only one sample. It would be 

preferable to compare BMAA quantitation in a variety of complex samples, preferably samples 

in which BMAA has previously been detected and quantified. In this manner, the accuracy of 

BMAA quantitation by both methods may be more thoroughly compared. 

Though molecular pathways overlapping with ALS development have been putatively 

identified within these works, these findings would be better supported through further 

investigation. For example, though glutamate exposure is offered as a control to assure that the 

pathways identified as perturbed by BMAA exposure are not simply the result of cellular 

reaction to a modified environment. However, it is known that the NSC-34 cell line lacks the 

glutaminergic receptors necessary to allow glutamate to act on the cell line as an excitotoxin. In 

this sense, it is unlikely but possible that the perturbed cellular pathways reported herein are the 

result of a generic neurotoxic response and not necessarily unique to BMAA exposure. Further 

study of generic pathways perturbed by multiple neurotoxins other than BMAA within the NSC-

34 cell line (e.g., staurosporin, lead, etc.) would ensure that the cellular response to BMAA 

exposure are not simply the result of generic cellular response to neurotoxin exposure. 

Additionally, further data on the nature of BMAA mediated protein damage and misfolding is 

required. Herein, we have failed to identify misincorporation of BMAA into cellular protein. 

However, many of the approaches used to attempt to replicate and detect BMAA 

misincorporation are limited. For example, the in-vitro protein translation kit used within this 

study is designed to use bacterial transcription/translation machinery to produce protein when 

supplied with template DNA. Ideally, in-vitro protein synthesis carried out in future would 
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include a mammalian-based synthesis of protein. Additionally, protein hydrolysis followed by 

chip-based or derivatization followed by LC-based separation of amino acids and subsequent 

detection, while excellent for detection of BMAA within the sample, fails to provide spatially 

resolved data about the location of BMAA misincorporation. The failure of the methods detailed 

herein to detect BMAA misincorporation does not necessarily serve to disprove the hypothesis: 

incorporation of noncanonical amino acids into cellular protein is known to cause phenotypic 

changes at levels as low as 1 misincorporation per 10,000 amino acids. It is therefore possible 

that BMAA misincorporation into cellular proteins is occurring within the systems measured 

herein, however limitations on dynamic range of measurement are such that we are unable to 

detect misincorporation in these studies. In the future, it is possible that applying methods of 

enrichment of proteins misincorporating BMAA (e.g., immunoprecipitation using anti-BMAA 

antibodies) will allow for detection of protein misincorporation. It is imperative that proper 

methods be used to differentiate between protein association (whether through covalent or 

noncovalent binding) and misincorporation of BMAA into cellular protein. Specifically, 

evidence which shows BMAA misincorporation into cellular protein using a method that allows 

for site-resolved determination will be necessary to properly understand the nature of BMAA 

protein damage. 

With respect to future experiments, there are a number of avenues suggested for 

continuation of this research. The in-vitro data provided herein would be well supplemented with 

data collected in-vivo, given that data collected in cellular culture conditions cannot hope to 

completely predict the effects of a toxic exposure upon a living creature. There are a number of 

animal models which may be suitable for in-vivo study of BMAA exposure, including the mouse 

model, which is ubiquitously used for such experimentation, as well as the zebrafish. It is also of 
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interest to design experiments which will allow for comparison of the mechanisms which are 

perturbed by environmentally and genetically related ALS development. To this end, utilization 

of a number of genetic mouse and zebrafish variants might be leveraged to determine would be 

beneficial to determine the proteomic signatures common or unique to genetic and 

environmentally related to ALS. Furthermore, interaction between genetic and environmental 

factors causing ALS may be investigated in this way as well. Finally, though BMAA has been 

implicated in development of ALS-like symptoms, it is possible that, given the production of 

various forms of toxins produced by cyanobacteria including microcystins and 

cylindrospermopsin, exposure to BMAA is not solely response for symptom development. It is 

possible that exposure to mixtures including multiple cyanotoxins rather than only BMAA 

causes a much more pronounced toxic response. 

 


