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Abstract

The goal of this study is to investigate the molecular pathways perturbed by in-vitro exposure of 

beta-methylamino-L-alanine (BMAA) to NSC-34 cells via contemporary proteomics. Our analysis 

of differentially regulated proteins reveals significant enrichment (p<0.01) of pathways related to 

ER stress, protein ubiquitination, the unfolded protein response, and mitochondrial dysfunction. 

Upstream regulator analysis indicates that exposure to BMAA induces activation of transcription 

factors (X-box binding protein 1; nuclear factor 2 erythroid like 2; promyelocytic leukemia) 

involved in regulation of the UPR, oxidative stress, and cellular senescence. Furthermore, we 

examine the hypothesis that BMAA causes protein damage via misincorporation in place of L-

Serine. We are unable to detect misincorporation of BMAA into protein via analysis of cellular 

protein, secreted protein, targeted detection of BMAA after protein hydrolysis, or through the use 

of in-vitro protein translation kits.
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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 atrophy [1]. The average survival time starting from 

onset of symptoms in ALS patients falls between 3 and 5 years [2]. 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 sports [3], immune 

response to bacteria [4], military service [5], and geographical location [6].
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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 baseline [7]. An epidemiological study linked preference for 

traditional Chamorro food to symptom development [8]. 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 worldwide [10]. 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 not in control patients or those who had died of Huntington’s disease [11]. 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 ALS [12, 

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 BMAA [14, 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 

death [16]. 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 

synthetases [17, 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 ALS [21].

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 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.

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, 
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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). Cells were maintained, and 

SILAC labeled cell lysate was generated as described in Supplemental Method – SILAC 

Spike-in Preparation.

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 × 106 cell/well seeding density. All experimental treatments 

were carried out in a randomized and blocked fashion to control for plate effect. Control and 

500 μM BMAA-treated samples each had three replicates to account for biological 

variability. A detailed description of cellular exposure and isolation can be found in 

Supplemental Method – BMAA Exposure and Isolation.

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

Details regarding cell lysis, SILAC spike-in, sample reduction, alkylation, and finally 

digestion by filter aided sample preparation (FASP) can be found in Supplemental Method – 

Protein Digestion. Peptides were then separated into four fractions through use of a Pierce 

High pH Reversed-Phase Peptide Fractionation Kit (Thermo, catalog number 84868) using 
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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).

NanoLC MS/MS

Details regarding the data-dependent LC-MS/MS data collection are provided in 

Supplemental Method – LC-MS/MS Analysis. A quality control bovine serum albumin 

digest was run every fifth injection to ensure proper LC-MS/MS reproducibility [22], 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 well as stability of MS 

dynamic range [23]. QC data were uploaded to Panorama using Panorama AutoQC [24], 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) [25]. 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 percolator [26] to 

enforce a peptide spectral match threshold of q-value<0.01. The law of strict parsimony was 

used for protein inference and grouping [27]. All quantitation was performed on the peptide 

level using one peptide for protein identification, and peptide identification output from 

Proteome Discoverer is included in supplemental information.

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 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. P-value and fold change calculations are included in 

a supplemental file.

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 
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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. Detains regarding this experiment may be found in Supplemental Method – 

Protein Acid Hydrolysis and Analysis.

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. Details about 

SOD1 G93A Template purchase and modification for in vitro protein synthesis may be 

found in Supplemental Method – SOD1 G93A Plasmid Preparation.

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 for two hours at 37°C and then stored overnight at −20°C prior to digestion 

and LC-MS/MS analysis.

Results and Discussion

A general overview of the experimental design is illustrated in Figure 1. In brief, cells were 

plated into a 6-well plate and treated either with L-Ser or 500 μM BMAA in triplicate 

(Figure 1A). To determine appropriate dosage concentration of BMAA, a dose response 

(Supplemental Figure 1) was conducted using a trypan blue cytotoxicity assay. The 

maximum concentration at which less than 20% cytotoxicity was observed was used for 

subsequent experiments. Cells were lysed, protein isolated, and spiked with SILAC labeled 

NSC-34 lysate for label-based quantitation (Figure 1B). After digestion, peptides were 

fractionated and analyzed by LC-MS/MS. Figure 1C 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 1D shows the 

experimental design for in-vitro synthesis of hSOD1-G93A protein with increasing ratio of 

BMAA:L-Ser.

Differential Protein Expression Due to BMAA Exposure

Figure 2A shows the top 24 pathways, enriched by pathway analysis of significantly 

differentially expressed proteins (p ≤ 0.05), which were perturbed in BMAA-exposed 
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replicates compared to control. Also shown are the percent of proteins within each pathway 

that were found to be up- or down-regulated. Supplemental Table 1 lists each pathway found 

to be significantly perturbed by BMAA exposure along with the p-value for enrichment. 

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). However, exposure to other neurotoxins linked with ALS development, 

such as increased glutamate concentration (Supplemental Figure 2) 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 excitotoxicity [28]. 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.

To visualize the protein interactions, protein data were also analyzed within Cytoscape 

version 3.3.0 [29] using the stringApp application for protein interaction network analysis. 

Protein interaction networks were created for proteins found to be significantly upregulated 

(Figure 2B) and significantly downregulated (Figure 2C) in the BMAA treated samples 

compared to control. Groups of interacting proteins were isolated and subjected to functional 

annotation analysis using DAVID 6.8 [30] 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.

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 folding 

[31]. Stringent quality control mechanisms prevent improperly folded proteins from exiting 

the ER, 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 degradation [32]. 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 disorders [33]. 

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 
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proper protein folding, 2) attenuation of translation, and 3) activation of cellular apoptosis 

machinery in the event of irreversible ER stress [34]. Activation of the UPR due to BMAA 

exposure has previously been described in exposed zebrafish by Frøyset and coworkers [35].

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 2B and 2C), 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 

ALS [36, 37].

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 mitochondria [38]. The oxidative 

phosphorylation pathway is comprised of several protein complexes that make up the 

electron transfer chain, and use the energy precursors produced by the TCA cycle to create 

additional ATP [39]. The NRF2 oxidative stress response plays an important role in 

maintaining cellular redox homeostasis [40], as well as provide aid for proper mitochondrial 

structure and function [41]. 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 homeostasis [42] 

and altered electron transport chain [43]. Furthermore, these results are supported by a 

significant (p<0.05) reduction of mitochondrial function upon BMAA exposure using an 

MTS assay (Supplemental Figure 3).

Predicted Upstream Transcription Regulator Analysis

Next we aimed to identify the upstream transcription regulators which BMAA acts upon. 

Supplemental Table 2 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 spliced 

[44] and produces the transcription factor that regulates the expression of genes related to 

protein folding and quality control [45], which is a potential upstream cause of ER stress and 

unfolded protein response 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 ALS [46].
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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 proteasome [47]. 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 2B and 2C). 

Activation of NRF2 has been noted in transgenic mouse models for ALS both in astrocyte 

cells [48] as well as in spinal cord and muscle [49], and activation of NRF2 by activator 

molecules has been shown to have a neuroprotective effect in mouse ALS models [50].

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 3). 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 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 
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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. Supplemental Figure 4 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 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 4 shows the 

result of extracted MS1 peptide peak area analysis for a hSOD1 G93A peptide containing no 

L-Ser (Figure 4A) and a peptide containing L-Ser (Figure 4B). 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 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.

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 
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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 dementia 

[51-53]. 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 investigations [54].

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 

endogenous amino acids does naturally occur but at an extremely low stoichiometric level 

(one error for 103-104 codons) [55, 56]. 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 production [57]. 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 cyanobacteria [58] likely result in co-

exposures with BMAA that could augment toxicity. As such, future experiments will entail 

investigation of molecular pathways perturbed by coexposure with BMAA and other 

cyanotoxins.

Supplementary Material
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Statement of significance of the study

LC-MS/MS and subsequent peptide-level SILAC spike-in quantitation of NSC-34 cells 

subjected to 72 hour exposure to 500 μM BMAA resulted in perturbation of various 

molecular pathways known to be implicated in ALS development. Pathways include 

protein ubiquitination, endoplasmic reticulum stress, eIF2 signaling, and unfolded protein 

response pathways. Perturbation of these pathways is indicative of increased incidence of 

misfolded protein within the cell, which is a hallmark of several neurodegenerative 

disease including ALS. Also perturbed were the oxidative phosphorylation, TCA cycle, 

NRF2 oxidative stress response, and mitochondrial dysfunction pathways. Disruption of 

these pathways is indicative of disrupted cellular electron transport and mitochondrial 

damage, which are conditions linked to ALS. The hypothesis of BMAA misincorporation 

into cellular protein was also tested, though no BMAA misincorporation was identified 

within cellular lysate or protein synthesized using an in-vitro protein synthesis kit. Our 

data presented here represent a novel analysis of the effects of BMAA exposure and its 

relation to ALS development.
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Figure 1. 
Experimental design for (A) 72-hour exposure of NSC-34 cells to 500 μM BMAA, (B) 
SILAC spike-in and sample preparation for untargeted proteomic analysis of BMAA-

exposed NSC-34, (C) acid hydrolysis, derivatization, and SRM analysis of exposure media 

and cellular lysate samples, and (D) in-vitro synthesis of hSOD1 G93A protein in presence 

of increasing concentrations of BMAA.
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Figure 2. 
(A) Pathway enrichment results for proteins found to have significant differential regulation 

due to exposure to 500 μM BMAA compared to control. Upregulated (green) and 

downregulated (red) are plotted as a percentage of the total number of proteins within the 

pathway, shown on top of the bar chart. (B) Protein interaction network for proteins found to 

be upregulated in 500 μM BMAA exposed cells compared to control. (C) Protein interaction 

network for proteins found to be downregulated in 500 μM BMAA exposed cells compared 

to control.
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Figure 3. 
Ratio of BMAA peak area to d3-BMAA peak area in acetone precipitated experimental 

lysate protein, acetone precipitation supernatant, exposure media concentrate, and exposure 

media concentration flow through. Samples were spiked with 3.25 μM BMAA.
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Figure 4. 
Targeted peak area analysis of (A) a peptide containing no serine, and (B) a serine-

containing peptide of in-vitro synthesized hSOD-1 G93A. In-vitro synthesis kit was supplied 

with either no BMAA (control) or 1:1, 10:1, or 100:1 BMAA:L-Ser (decreasing amounts of 

L-Ser).
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