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Abstract

The non-protein amino acid B-methylamino-L-alanine (BMAA), is a neurotoxic agent that is produced by
various strain of cyanobacteria. 2,4-diaminobutyric acid (2,4-DAB), and N-(2-aminoethyl) glycine (AEG) are
the common isomers of BMAA. 2,4-DAB exhibit neurotoxic properties like BMAA. Various studies have
shown that cyanobacteria produce BMAA and DAB, however, no studies have shown the detection of these
amino acids using liquid chromatography-electrospray ionization ion trap mass spectrometry (LC/ESI-ITMS)
method. This study aimed to assess the occurrence of BMAA and its isomer 2,4-diaminobutyric acid (DAB) in
axenic laboratory culture of cyanobacterial strain Nostoc MAC PCC 8009. Axenic laboratory cultures were
harvested after 12 weeks of growth and non-protein amino acids were extracted by trichloroacetic acid (TCA)
and methanol extraction. Liquid chromatography-electrospray ionization ion trap mass spectrometry (LC/ESI-
ITMS) was employed to analyse the presence of BMAA and 2,4-DAB. Both BMAA and 2,4-DAB were detected
in the axenic cultures, which confirms the production of these neurotoxic amino acids by cyanobacteria. Multiple

stage mass analysis by ESI-ITMS using [M+H] * was useful to distinguish between the two isomers.
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1. Introduction

B-N-methylamino-L-alanine (BMAA) is a non-protein
neurotoxic amino acid. Both animal and In vitro studies
have suggested the neurotoxicity of BMAA [1-6].
Cyanobacteria produce BMAA but accumulate
through trophic levels in different food webs and
ecosystems [7-13]. The pioneer study on the
production of BMAA by cyanobacteria was conducted
in cyanobacterial strain Nostoc sp. which is a symbiont
bacterium inhabiting Cycas micronesica roots [14].
This study instigated more research on the production
of BMAA in other cyanobacterial strains and led to the
suggestion that all known free-living and symbionts
cyanobacterial strains could produce BMAA [7]. With
some reports associating BMAA with
neurodegenerative disease [15, 16], concern has been
raised for human exposure to BMAA in food webs and
ecosystems.

The complexity of analytical methods and sample
matrices necessitate the development of a reliable
protocol for the analysis of cyanobacterial blooms. The
reactivity of BMAA with metal ions makes it difficult
to analyse by mass spectrometry [17, 18]. LC-MS,
HPLCUV, GCMS/MS, LC-MS/MS, GC-MS, HPLC-
fluorescence and amino acid analyzers were among the
different analytical methods used in the analysis of
BMAA [19]. Some of the aforementioned analytical
methods detected and even quantified BMAA directly
from the complex sample matrices, but others involved
derivatization. Presumably, extraction methods and

sample preparation might cause the differences in
results. Likewise, variations in results may as well be
contributed by the chromatographic separations or
detection parameters. To date, there has been very
limited reports on the use of LC/ESI-ITMS method to
assess the presence of BMAA and its isomer DAB in
cyanobacteria. This study employed LC/ESI-ITMS
analytical method to assess BMAA and DAB
production in axenic laboratory culture of
cyanobacteria Nostoc MAC PCC 8009.

2. Materials and Methods

2.1 Materials

BMAA and DAB standards were obtained from
Sigma-Aldrich, and amino acid derivatizing reagent 6-
aminoquinolyl-N-hydrosuccinimidyl carbamate
(AQC) (waters AccQ Tag Ultra kit) was purchased
from Waters, USA. Trichloroacetic acid (TCA) from
Fisher Scientific, formic acid from Sigma-Aldrich,
methanol from BDH Analar, hydrochloric acid (HCI)
from Fisher Scientific, ammonium hydroxide from
Across Organic.

2.2. Methods

2.2.1. Sample preparation

A strain of cyanobacteria; Nostoc MAC PCC 8009
from Matica lagoon in Brazil was kindly provided by
Nigel J. Robinson. The axenic culture was grown in
BG11 media (Sigma BG11, freshwater). Media was
prepared in 50 ml sterilized conical flasks, 600 pl/30
ml equivalent to 20 ml/L as specified by the
manufacturer. Media preparation was carried out in
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envair Bio2 (class 2 microbiological safety cabinet) to
ensure the sterility of the media. 200 pl of the
cryopreserved samples were added to the media. The
cultures were incubated at 28°C under 12-hour
light/12-hour dark on a shaking table. The culture was
grown for the period of eight (8) weeks after which the
cells were harvested by centrifugation.

2.2.2. Amino acids extraction and solid phase
extraction (SPE)

Methanol extraction of amino acids was carried out
based on the previous work [20]. Solid phase extraction
was performed based on method described by Li et al.
[21].

2.2.3. Derivatization

The dried sample pellet from the previous SPE process
was redissolved in 20 pl of 20 mM HCI followed by
addition of 70 pl of borate buffer to the dissolved
sample and then 30 pl of the ACQ tag was added. In
case of the TCA extracts 20 pl of the samples were
used. While for the derivatization of standard BMAA
and DAB, 20 pl of standard solutions (10 pg of
standards dissolved in 1 ml acetonitrile/water, 50:50
viv) were used. The samples were vortexed and
analyzed within 48 h.

2.2.4. Analytical HPLC-ESI-ITMS

Analytical HPLC-ESI-ITMS was accomplished as
described previously [22]. LC separation was carried
out with a Surveyor HPLC system (ThermoFinnigan
Hemel Hempstead, UK) fitted with a Phenomenex
(Macclesfield, UK) Gemini C18, 3um HPLC column
(150 x 2.0 mm 1.D) and a security guard column of the
same material. Separation was conducted at 300 pl/min
flow rate, with the column oven temperature set at 30
°C. Two different solvents gradients were applied;
solvent A: 0.1% formic acid in 93:7 water/acetonitrile
and solvent B: 0.1% formic acid in acetonitrile. An
aliquot of 15 ul sample was injected and for the
standard solutions, 10 pg/ml in 50/50 acetonitrile/water
was injected. LC-ESI-ITMS was performed using a
ThermoFinnigan LCQ ion trap mass spectrometer
equipped with an ESI source operated in positive ion
mode. Settings were: capillary temperature 280 °C,
spray voltage 4.0, sheath gas flow 30 and auxiliary gas
2 (arbitrary units). The instrument was tuned using
solutions containing both BMAA and DAB and the
target ion was m/z 459. Detection was achieved at an
isolation width of m/z 3.0 and fragmentation with
normalised collisional dissociation energy of 25%. The
activation Q value (parameter determining the m/z
range of the observed fragment ions) was set at 0.20
producing fragment ions in the range m/z 100-500. LC-
ITMS was carried out in MS/MS scan mode with 1
scan event only: MS? of m/z 459.

3. Results and Discussion

The presence of BMAA and DAB in the samples was
determined on the basis of retention time, mass-to-
charge ratio, and ratio of the product ions; the three
major criteria for determining the presence of BMAA
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and DAB in accordance with previous studies [23,24].
From the LC separation of the mixture of BMAA and
DAB standard solution, BMAA exhibits a retention
time of 8.17 min and DAB 8.24 min (Figure 3.1). From
the LC analysis of the Nostoc MAC PCC 8009 sample,
BMAA and DAB were identified by comparing the
retention time of the sample with that of the standard
and were found to be 8.16 min and 8.27 min for BMAA
and DAB respectively (Figure 3.1). The LC-ESI-ITMS
analysis of the BMAA standard reveal the
characteristics product ions for BMAA as 119 m/z,
145.2 m/z, 171.1 m/z, 257.9 m/z, 288.9 m/z, 314.8 m/z
and 458.9 m/z (Figure 3.2A) while the characteristic
product ions for BMAA in Nostoc MAC PCC 8009
sample were found to be 145.5 m/z, 171.0 m/z, 258.0
m/z, 289.0 m/z, and 459 m/z (Figure 3.2A). The LC-
ESI-ITMS analysis of the DAB standard reveal the
characteristics product ions as 118.9 m/z, 145.1 m/z,
171.1 m/z, 187.6 m/z, 288.9 m/z, 314.9 m/z and 459.0
m/z (Figure 3.3A). For the Nostoc MAC PCC 8009
sample, the LC-ESI-ITMS analysis shows the
characteristic product ions as 118.8 m/z, 145.1 m/z,
170.0 m/z, 186.9 m/z, 288.9 m/z, 314.7 m/z and 459.0
m/z (Figure 3.3B).

This study detected the presence of non-protein
neurotoxic amino acids BMAA and DAB in the axenic
culture of Nostoc MAC PCC 8009. Recently, BMAA
was detected from cultures of Nostoc 29150 sample
matrix using three different analytical methods [25].
BMAA and DAB standards exhibits identical
molecular mass and to some degree a similar
production  spectrum that could lead to
misidentification of these isomers. As previously
reported, when the carbon-nitrogen bond in both
BMAA and DAB is cleaved, the product ions 119 m/z,
145.1 m/z, 171.1 m/z, 289 m/z and 315 m/z of the
precursor at 459 m/z are derived [24]. On the other
hand, 145.1 m/z and 171.1 m/z are the [M+H*] of AQC
tag that resulted from the carbonyl carbon-amide
nitrogen bond cleavage [24], and this is not specific,
hence, cannot distinguish BMAA from DAB. The
product ions 315 m/z and 289 m/z are more relevant
because they incorporate amino acid structures [24],
however, they are still not efficient enough to
distinguish between amino acids with the same
molecular mass. The specific product ion fragment for
BMAA standard which is not exhibited in DAB spectra
is 258.1 m/z (Figure 3.2B), possibly this product ion
fragment originated by the cleavage of the bond
between the B-carbon and secondary amine nitrogen.
The product ion fragment 188.1 m/z present in DAB
spectra but absent in BMAA spectra originated from
cleavage of the bond between the a-carbon and primary
amine nitrogen of DAB [24].
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Figure 3.1: LC-ESI-ITMS Chromatograms of BMAA Standard, DAB Standard (10 pug/MI) And Nostoc MAC PCC 8009 Sample (15 pl/MI). ESI Full MS? Scan
of The Precursor lon 459 M/Z (Black). ESI Full MS? Scan of The Product lon 144.5-145.5 M/Z (Red). ESI Full MS? Scan of The Product lon 288.5-289.5 M/Z

(Green). ESI Full MS? Scan of The Product lon 315.5-314.5 M/Z (Blue).
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Figure 3.2: LC-ESI-ITMS Spectra of BMAA. (A) BMAA Standard (B) Nostoc MAC PCC 8009 Sample.
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Specific Product lon Fragment Circled.
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Figure 3.3: LC-ESI-ITMS Spectra for DAB. (A) DAB Standard (B) Nostoc MAC PCC 8009 Sample. Specific Product Fragment lon Encircled.
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In this study, the results obtained shows that the
specific product ion fragment for BMAA standard and
DAB standard were 257.9 and 187.6 respectively,
whereas, the specific product ion fragment for BMAA
and DAB from Nostoc samples were 258.0 and 186.9
respectively. This suggests that the present study
detected the presence of BMAA and DAB in the axenic
culture of Nostoc MAC PCC 8009 based on the criteria
for detecting these amino acids as previously reported
[24].

Cyanobacterial blooms in Nigeria are an increasing
concern, more often these blooms are found at very
near proximity to rural and urban localities. Rivers are
the major sources of water for significant agricultural
regions in Nigeria and, majority of these waters are
used for irrigation. These waters also serve as the
source of drinking water for the localities within the
proximity of these rivers. The persistent occurrence of
cyanobacterial blooms in waterbodies is therefore of
great concern because previously it has been reported
that plants take up and integrate BMAA into their
proteins [26, 27]. BMAA uptake and its subsequent
integration into plant proteins poses the risk of human
exposure [28]. Several evidences have indicated that
BMAA may bioaccumulate in animals that feed on
plant tissues with integrated BMAA in their proteins
[29, 30]. Previous reports on suckling rodent pups have
suggested that BMAA can be transferred through milk
[31, 32], which highlight the possibility that, in humans
BMAA can be transferred from mother to child. In
addition, it has been demonstrated recently that BMAA
accumulate within eggs after “C BMAA was
administered to laying quail hens and this shows that it
is likely that humans can be exposed to BMAA through
poultry products [33].

In support of previous studies that employed various
different detection methods [8, 10, 12, 19, 22, 34-37]
this study has detected the presence of BMAA and its
structural isomer DAB in cyanobacterial samples by
the application of LC-ESI-ITMS method. The detected
BMAA and DAB were not quantified due to poor LC
separation of the two isomers. Previously, Li and
colleagues attempted to analyse BMAA production in
cyanobacteria by ESI-ITMS method but was not able
to detect BMAA although they used underivatized
samples [21]. Our results suggest that it is possible to
detect BMAA in cyanobacterial samples by the
application of AQC-derivatized amino acids using LC-
ESI-ITMS analytical method but the limitation of this
method is the poor LC separation of the analytes of
interest which hindered the quantification of the
analytes. There is a need to further investigate the
presence of BMAA in cyanobacteria by the use of
advanced and more sensitive ESI-ITMS which will
allow for both qualitative and quantitative
determination of BMAA in cyanobacterial samples.

4. Conclusion
The non-protein neurotoxic amino acids BMAA and
DAB were detected in axenic culture of cyanobacterial
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strain Nostoc MAC PCC 8009. The persistent
occurrence of cyanobacteria that produces these toxins
in waterbodies used as a source of drinking water and
for irrigation presents a great risk to public health and
food security in Nigeria. Regulating the prevalent
occurrence of these emerging toxins in Nigerian waters
is required to pave way for appropriate decisions to be
made about the risks associated with their presence.

References

1. Weiss JH, Koh J, Choi DW. Neurotoxicity of B-N-
Methylamino-L-alanine (BMAA) and pB-N-
Oxalylamino-L-alanine (BOAA) on Cultured
Cortical Neurons. Brain Res. 1989; 497: 64-71.
Dunlop R, Cox P, Banack S, Rodgers A. The Non-
Protein Amino Acid BMAA is Mis-incorporated
into Human Proteins in Place Of L-Serine Causing
Protein Misfolding and Aggregation. PLoS One.
2013; 8(9):1-8.

de Munck E, Munoz-Saez E, Miguel BC, Solas
MT, Ojeda I, Martinez A, Gill C, Arahuetes, RM.
B-N-methylamino-L-alanine Causes Neurological
and  Pathological  Phenotypes  Mimicking
Amyotrophic Lateral Sclerosis (ALS): The First
Step Towards an Experimental Model for Sporatic
ALS. Environ Toxicol Pharmacol. 2013; 36:243—
255.

Yin HZ, Yu S, Hsu ClI, Liu J, Aca A, Wu E, Tao
A, Chiang BJ, Weiss JH. Intrathecal Infusion of
BMAA Induces Selective Motor Neuron Damage
and Astrogliosis in the Ventral Horn of the Spinal
Cord. Exp Neurol. 2014; 261:1-9.

Karlsson O, Jiang L, Ersson L, Malmstrom T, Ilag
LL, Brittebo EB. Environmental Neurotoxin
Interaction with Proteins: Dose dependent
Increase of Free and Protein-Associated BMAA
(Beta-N Methylamino-L-Alanine) In Neonatal Rat
Brain. Sci. Rep. 2015; 5:15570. Available from:
doi:10.1038/srep15570.

Tian KW, Jiang H, Wang BB, Zhang F, Han S.
Intravenous Injection of L-BMAA Induces A Rat
Model with Comprehensive Characteristics of
Amyotrophic  Lateral  Sclerosis/Parkinson—
Dementia Complex. Toxicol Res. 2016; 5:79-96.
Murch SJ, Banack SB, Cox PAA. Mechanism for
Slow Release of Biomagnified Cyanobacterial
Neurotoxins and Neurodegenerative Disease in
Guam. In: Proc Natl. Acad. Sci. 2004; 101:12228—
12231.

Cox PA, Banack SA, Murch SJ, Rasmussen U,
Tien G, Bidigare RR, Metcalf JS, Morrison LF,
Codd GA, Bergman B. Diverse Taxa of
Cyanobacteria Produce Beta-N-Methylamino-L-
Alanine, A Neurotoxic Amino Acid. Proc. Natl.
Acad. Sci. 2005; 102: 5074-5078.

Banack SA, Murch SJ, Cox PA. Neurotoxic Flying
Foxes as Dietary Items for the Chamorro People,
Marianas Islands. J. Ethnopharmacol. 2006; 106:
97-104.



Umar, A. A and Bagudo, A. I.: LC/ESI-ITMS Detection of the Neurotoxic Amino Acids in Cultured Cyanobacterial Isolate Nostoc MAC
PCC 8009

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

Brandt 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.

Jonasson S, Eriksson J, Berntzon L, Spacil Z, llag
LL, Ronnevi LO, Rasmussen U, Bergman B.
Transfer of a Cyanobacterial Neurotoxin within a
Temperate Aquatic Ecosystem Suggests Pathways
for Human Exposure. Proc. Natl. Acad. Sci. 2010;
107 (20): 9252-9257.

Jiang L, Aigret B, De Borggraeve WM, Spacil Z,
llag LL. Selective LC-MS/MS Method for The
Identification of BMAA From Its Isomers in
Biological Samples. Anal Bioanal Chem. 2012;
403:1719-1730.

Mondo K, Glover WB, Murch SJ, Liu G, Cai Y,
Davis D, Mash D. Environmental neurotoxins [3-
N-methylamino-L-alanine (BMAA) and mercury
in shark cartilage dietary supplements. Food Chem
Toxicol. 2014; 70:26-32.

Cox PA, Banack SA, Murch SJ. Biomagnification
of Cyanobacterial Neurotoxins and
Neurodegenerative Disease among the Chamorro
People of Guam. Proc. Natl. Acad. Sci.
2003;100:13380-3.

Spencer PS, Nunn PB, Hugon J, Ludolph AC,
Ross SM, Roy DN, Robertson RC. Guam
Amyotrophic Lateral Sclerosis—Parkinsonism—
Dementia Linked to A Plant Excitant Neurotoxin.
Science. 1987; 237 (4814): 517-522.

Cox PA, Sacks OW. Cycad Neurotoxins,
Consumption of Flying Foxes, and ALS-PDC
disease in Guam. Neurology. 2002; 58: 956-959.
Nunn PB, O’Brien P, Pettit LD, Pyburn SI.
Complexes of Zinc, Copper, And Nickel with the
Non-Protein  Amino  Acid  L-a-amino-f-
Methylamino propionic acid: A Naturally
Occurring Neurotoxin. J. Inorg. Biochem. 1989;
37:175-183.

Glover WB, Liberto CM, McNeil WS, Banack SA,
Shipley PR, Murch SJ. Reactivity of B-
Methylamino-L-Alanine in Complex Sample
Matrices Complicates Detection and
Quantification by Mass spectrometry. Anal Chem.
2012; 84:7946-7953.

Glover WB, Murch SJ. Analysis of f-
Methylamino-Alanine in Environmental and Food
Samples. Recent Adv Phytochem. 2014; 44:149—
174.

Eriksson J, Jonasson S, Papaefthimiou D,
Rasmussen U, Bergman B. Improving
Derivatization Efficiency of BMAA Utilizing
Accg-Tag in A Complex Cyanobacterial Matrix.
Amino Acids. 2009; 36:43-8.

Li A, Tian Z, Li J, Yu R, Banack SA, Wang Z.
Detection of the Neurotoxin BMAA Within
Cyanobacteria Isolated from Freshwater in China.
Toxicon. 2010; 55(5): 947-953.

37

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Umar AA, Isah MF. Detection of the Neurotoxins
BMAA and DAB in Cultured Cyanobacterial
Isolate Synechocystis NPLB 2 using LC/ESI-MS".
J. Innov Res. Life Sciences.2019; 1(1): 97-105
Rosen J, Hellenas K. Determination of the
neurotoxin BMAA (b-N-methylamino-L-alanine)
in Cycad Seed and Cyanobacteria by LC-MS/MS
(Liquid ~ Chromatography = Tandem  Mass
Spectrometry). Analyst. 2008; 133:1785-1789
Spacil Z, Eriksson J, Jonasson S, Rasmussen U,
llag LL, Bergman B. Analytical Protocol for
Identification of BMAA And DAB in Biological
Samples. Analyst. 2010; 135:127-132

Baker TC, Tymm FJM, Murch SJ. Assessing
Environmental Exposure to B-N-methylamino-L-
Alanine (BMAA) in Complex Sample Matrices: A
Comparison of The Three Most Popular LC-
MS/MS methods. Neurotox. Res. 2017; Available
from: DOI:10.1007/s12640-017-9764-3
Contardo-Jara V, Schwanemann T, Pflugmacher
S. Uptake of a Cyanotoxin, Beta-N-methylamino-
L-alanine, by wheat (Triticum aestivum). 2014.
Ecotoxicol. Environ. Saf. 104:127-131.
Contardo-Jara, V., Schwanemann, T,
Esterhuizen-Londt, M., Pflugmacher, S., (2018).
Protein association of beta-N-methylamino-L-
alanine in Triticum aestivum via irrigation. Food
Addit. Contam. Part A Chem. Anal. Control Exp.
Risk Assess. 35(4):731-739.

Esterhuizen-Londt M, Pflugmacher S, Downing,
TG. The Effect of Beta-N-methylamino-L-alanine
(BMAA) on Oxidative Stress Response Enzymes
of the Macrophyte Ceratophyllum demersum.
Toxicon. 2011; 57(5): 803-810.

Lirling M, Faassen EJ, Van Eenennaam JS.
Effects of the Cyanobacterial Neurotoxin b-N-
Methylamino-L-Alanine  (BMAA) On the
Survival, mobility and reproduction of Daphnia
magna. J. Plankton Res. 2011; 33(2): 333-342.
Baptista MS, Vasconcelos RGW, Ferreira PC,
Almeida CMR, Vasconcelos VM. Assessment of
the non-protein amino acid BMAA in
Mediterranean mussel Mytilus Galloprovincialis
after Feeding with Estuarine Cyanobacteria.
Environ. Sci. Pollut. Res. 2015; 22(16): 12501-
12510.

Andersson M, Karlsson O, Bergstrom U, Brittebo
EB, Brandt I. Maternal transfer of the
Cyanobacterial Neurotoxin b-N-methylamino-L-
Alanine (BMAA) Via Milk to Suckling Offspring.
PLoS One 2013; 8(10): 78133.

Andersson M, Karlsson O, Banack SA, Brandt I.
Transfer of Developmental Neurotoxin B-N-
Methylamino-L-Alanine (BMAA) Via Milk to
Nursed Offspring: Studies by Mass Spectrometry
and Image Analysis. Toxicol. Lett. 2016; 258
(Supplement C): 108-114.

Andersson M, Karlsson O, Brandt 1. The
environmental neurotoxin b-N-methylamino-L-
alanine (I-BMAA) is Deposited into Birds’ Eggs.



Umar, A. A and Bagudo, A. I.: LC/ESI-ITMS Detection of the Neurotoxic Amino Acids in Cultured Cyanobacterial Isolate Nostoc MAC
PCC 8009

34.

35.

Ecotoxicol. Environ. Saf. 2018; 147(Supplement
C): 720-724.

Banack SA, Johnson HE, Cheng R, Cox PA.
Production of the Neurotoxin BMAA by a Marine
Cyanobacterium. Mar. Drugs. 2007; 5: 180-196.
Johnson HE, King SR, Banack SA, Webster C,
Callanaupa WJ, Cox PA. Cyanobacteria (Nostoc
commune) used as a Dietary Item in The Peruvian
Highlands Produce the Neurotoxic Amino Acid
BMAA. J. EthnoPharmacol. 2008; 118(1): 159-
165.

38

36.

37.

Esterhuizen M, Downing TG. Beta-N-
methylamino-L-alanine (BMAA) in novel South
African cyanobacterial isolates. Ecotoxicol.
Environ. Saf. 2008; 71(2): 309-313.

Metcalf JS, Banack SA, Lindsay L, Morrison L F,
Cox PA, Codd GA. Co-occurrence of b-N-
Methylamino-L-Alanine, A Neurotoxic Amino
Acid with Other Cyanobacterial Toxins in British
Waterbodies. Environ. Microbiol. 2008; 10(3):
702-708.



