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Abstract Algal blooms are well-known sources of acute
toxic agents that can be lethal to aquatic organisms. How-
ever, one such toxin, (3-N-methylamino-L-alanine (BMAA)
is also believed to cause amyotrophic lateral sclerosis, also
known as Lou Gehrig’s disease. The detection and identifi-
cation of BMAA in natural samples were challenging until
the recent introduction of reliable methods. However, the
issue of potential interference from unknown isomers of
BMAA present in samples has not yet been thoroughly
investigated. Based on a systematic database search, we
generated a list of all theoretical BMAA structural isomers,
which was subsequently narrowed down to seven possible
interfering compounds for further consideration. The seven
possible candidates satisfied the requirements of chemical
stability and also shared important structural domains with
BMAA. Two of the candidates, 2,4-diaminobutyric acid
(DAB) and N-(2-aminoethyl) glycine (AEG) have recently
been studied in the context of BMAA. A further isomer, (3-
amino-N-methyl-alanine (BAMA), has to be considered be-
cause it can potentially yield the fragment ion, which is
diagnostic for BMAA. Here, we report the synthesis and
analysis of BAMA, together with AEG, DAB, and other
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isomers that are of interest in the separation and detection of
BMAA in biological samples by using either high-
performance liquid chromatography or ultra-high-
performance liquid chromatography coupled with tandem
mass spectrometry. We detected for the first time BAMA in
blue mussel and oyster samples. This work extends the previ-
ously developed liquid chromatography—tandem mass spec-
trometry platform Spacil et al. (Analyst 135:127, 2010) to
allow BMAA isomers to be distinguished, improving the
detection and identification of this important amino acid.

Keywords ALS - Cyanobacteria - 3-amino-/N-
methylalanine (BAMA) - AEG - DAB

Introduction

The neurotoxic non-proteinogenic amino acid (3-N-
methylamino-L-alanine (BMAA) was first reported to be
produced by symbiotic cyanobacteria (Nostoc sp.) in the
coralloid roots of the cycad trees (Cycas micronesica Hill)
[2]. A subsequent report indicated that BMAA can also be
produced by 95 % of cyanobacterial genera in freshwater,
brackish water, and marine ecosystems [3]. Further reports
have shown that BMAA can be detected in other cyanobac-
terial samples [4—8]. However, controversy remains regard-
ing the distribution of BMAA in nature and its apparent
harmful effects based on animal model studies as well as
clinical results on patients. Therefore, the development of a
robust and reliable analytical method is critical to enable
confident identification of BMAA. A variety of methods
have been developed based on liquid chromatography-
fluorescence detection (LC-FLD), liquid chromatography—
mass spectrometry (LC-MS), liquid chromatography—tandem
mass spectrometry (LC-MS/MS) or gas chromatography—
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mass spectrometry (GC-MS), two-dimensional gas
chromatography-time-of-flight/mass spectrometry to detect ei-
ther underivatized BMAA [9—11] or BMAA derivatives using
reagents such as 9-fluorenylmethyl chloroformate [12], ethyl
chloroformate [13—15], or 6-aminoquinolyl-N-hydroxysucci-
nimidyl carbamate (AQC) [1,5-7,16-20]. However,
conflicting results have been obtained using different methods.
For instance, high quantities of BMAA were detected in cya-
nobacteria from across the world using LC-FLD and LC-MS
methods based on derivatization [3], whereas other studies
using an LC-MS/MS method and not employing derivatizaiton
failed to detect BMAA in large sets of cyanobacteria [11,21].
These discrepancies may be due to differences in the biological
materials (cultured under different laboratory conditions or
collected from different ecosystems), or they may be directly
related to the inherent properties of the analytical method, such
as insufficient sensitivity and/or selectivity for unambiguous
detection of BMAA in the complex sample matrices. Improved
selectivity has been achieved using techniques based on tan-
dem mass spectrometry (MS/MS) to detect BMAA diagnostic
product ions at m/z 88 (for native BMAA) or m/z 258 (for AQC
derivates of BMAA). The latter approach developed previous-
ly by our group [1], uses multiple features for confident
BMAA identification: (1) reversed-phase liquid chromato-
graphic separation, (2) MS/MS detection by selected reaction
monitoring (SRM) of diagnostic product ions (459>258 for
BMAA and 459>188 for 2,4-diaminobutyric acid (DAB)),
and (3) the consistent ratio of peak areas for two product ions
(119/258 for BMAA and 119/188 for DAB). Our recent anal-
ysis revealed that the ratio of SRM ion traces at m/z 119/258 for
cyanobacterial samples does not always correspond to the ratio
measured for standard solutions, which invokes the question of
possible chemical interferences by BMAA isomers.

We performed a database search (Scifinder, PubMed) and
identified about 260 theoretical structural isomers of
BMAA. The list was narrowed down dramatically by im-
posing certain restrictions namely: (1) the isomers which did
not contain two amino groups (either primary or secondary)
were excluded as this is a required feature to generate doubly
labeled AQC analogues of BMAA; (2) the isomers containing

carbamic acid, carbamate, amide, or ester functional groups
were excluded as these would be unstable during the strong
acid hydrolysis treatment required in the sample preparation
steps; (3) ring compounds and organic salts were excluded; (4)
unstable geminal diamines, which are believed to decompose
into iminium species that can then hydrolyse further to alde-
hydes were also excluded [22]; and (5) hydrazines were
excluded due to their apparently rare natural occurrence.
Based on these criteria, the list of BMAA isomers was
reduced to seven candidates (Fig. 1).

One isomer in the list of candidates, DAB, is believed to be
a hepatotoxic and neurotoxic non-protein amino acid that is
found in many prokaryotic and eukaryotic organisms. It has
already been widely investigated and can be distinguished
from BMAA using recently developed methods based on
LC and/or mass spectrometry [10,11,23]. Another BMAA
isomer, N-(2-aminoethyl) glycine (AEG), has also been stud-
ied previously [24]. However, to date, (3-amino-N-methyl-
alanine (BAMA) has not been studied in the context of
BMAA, even though it has the greatest potential among the
selected candidates to yield the BMAA diagnostic product ion
at m/z 258 when subjected to collision induced dissociation
(CID). In this study, we analyzed the above-mentioned
BMAA isomers, and showed that our improved LC-MS/MS
platform based on AQC-derivatization is sufficient for distin-
guishing of BMAA from DAB, AEG, and BAMA as well as
other potential isomers, enabling unambiguous identification
of BMAA. Furthermore, high performance liquid chromatog-
raphy (HPLC)- and ultra high-performance liquid chromatog-
raphy (UHPLC-)-based methods were developed to extend
the versatility of the application.

Experimental
Chemicals
[3-N-methylamino-L-alanine hydrochloride (B107, Sigma-

Aldrich, Germany) and L-2,4-diaminobutyric acid dihydro-
chloride (D8376, Sigma-Aldrich, Switzerland) were purchased.

AN 0 HoN i HoN Oy
2 2 OH
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NH, NH, o NH
B3-N-methylaminoalanine 2,4-diaminobutanoic acid N-(2-aminoethy)glycine 3-amino-N-methylalanine
(BMAA) (DAB) (AEG) (BAMA)
NH; O 0

NH O
OH HaN

NHEN OH
/\/L AN NHs OH ZV%
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2,3-diaminobutanoic acid  3,4-diaminobutanoic acid 3-amino-2-(aminomethyl)propanoic acid 2,3-diamino-2-methylpropanoic acid

Fig. 1 Structure of BMAA and selected isomeric compounds
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AEG was purchased from TCI (A1153, TCI, Japan), and
BAMA was synthesized as described below.

Equipment

Mass spectrometry was carried out on a TSQ Vantage triple
quadrupole mass spectrometer (Thermo Fisher Scientific,
San Jose, USA) coupled with an Accela pump and Accela
autosampler HPLC system (Thermo Fisher Scientific, San
Jose, USA). The software package Xcalibur 2.1 was used to
analyze the acquired data.

Synthesis of BAMA

The reaction strategy for the synthesis of BAMA is shown
in Scheme 1. The synthetic method consisted of three steps:

Firstly, to synthesize 5-(methylamino)-uracil, 5 g of 5-
bromo-uracil was dissolved in a 15-ml solution of 33 %
methylamine in ethanol contained in a large test tube which
was then placed inside a steel bomb. The bomb was heated
to 160 °C for 6 h, after which it was allowed to cool to room
temperature. The precipitated crude product was filtered
using a glass fritted funnel and then washed with water
followed by acetone and diethylether. The desired product
was obtained as white crystals with a yield of 64 %.

Secondly, to synthesize 5-(methylamino)-5, 6-
dihydrouracil hydrochloride, 2.354 g of 5-(methylamino)-
uracil was converted to its hydrochloric salt by treatment
with 10 % HCI in methanol. Excess solvent and acid were
removed in vacuo, and the salt was then suspended in 35-ml
water inside a hydrogenation flask. A catalyst, comprising
5 % rhodium on alumina (306 mg) was added to the flask,
and the mixture was hydrogenated at 50-60 psi for over
24 h, after which the catalyst was removed by filtering the
mixture through a celite pad. Water was then removed
azeotropically using toluene in vacuo. The resulting solid
was sufficiently pure to be used directly in the subsequent
reaction. The final yield of this step was 88 % [25].

Lastly, to synthesize BAMA, 2.375 g of 5-(methylamino)-
5,6-dihydrouracil hydrochloride was dissolved in 30-ml
6 N HCI and then refluxed for 5 days in a flask. After
cooling, the solvent was removed azeotropically using
toluene in vacuo. To the resulting yellow-orange oil,
boiling ethanol (ca. 15 ml) was added and water was
added drop-wise until complete dissolution was achieved.
Finally, acetone was added to the mixture until the product
almost precipitated at reflux temperature. The flask was

Scheme 1 The reaction le)
scheme of BAMA synthesis B

NH |
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wrapped and left to cool overnight. The resulting white crys-
tals were filtered and dried in vacuo. The filtrate was concen-
trated in vacuo, and the recrystallization procedure was
repeated to recover further product. The second fraction was
always slightly off-white, and this colour did not change upon
repeated recrystallization. The final product was confirmed to
be pure by NMR. The yield of this step was 58 % [25].

Preparation of biological samples

All samples analyzed in this study were kindly provided by
Ulla Rasmussen (Department of Botany, Stockholm Univer-
sity). The field cyanobacteria, blue mussels and oysters were
collected from the west coast of Sweden and stored at —20 °C
until use.

The sample preparation was performed according to the
method by Spacil et al. [1] with some modifications (Fig. 2).
Briefly, the mussels and oysters were cut into thin strips and
ground in liquid nitrogen using a mortar and pestle to get a
solid—liquid mixture. Afterwards, 600 pl of this sample
mixture were mixed with 600-pl 80 % methanol in water
(v/v) and sonicated for nine cycles, 30 s each at 70 %
intensity using an ultrasonicator (SONOPLUS, HP 2070,
Bandelin electronic, Berlin, Germany). The cyanobacterial
samples were mixed with 80 % methanol directly, then
freezing/thawing in liquid nitrogen three times before ultra-
sonication. During the sonication, the sample tube was
placed in an ice-water bath for 30 s in between two cycles
to prevent protein degradation. Then the samples were
centrifuged at 5,000xg for 3 min, and only the supernatants
were used for further analysis.

To determine protein concentration (RC/DC Protein
Assay, Biorad, Sweden), 5 pl of sample supernatant was
used in triplicates and the remaining material was dried
in a speedvac (DNA 100 Speedvac, Savant) overnight at
55 °C. The dried samples were dissolved in 600 pL
6 M HCI and hydrolyzed at 110 °C for 20 h. The
hydrolysates were filtered through the centrifugal filter
(Ultrafree-MC, Millipore) at 12,200xg for 1 min, and
the excess hydrochloric acid was evaporated using air-
flow at 55 °C in a heating block. The dried samples
were reconstituted in 20 mM HCI solution to reach
12.5 mg/ml protein concentration. An aliquot (200 ul)
of this solution containing 2.5 mg of protein equivalent
was diluted by 800 pl 0.1 % formic acid in water (v/v)
before solid phase extraction (SPE).

(0]

NH NH 0 |
> H2,Pd/C  NH ~ HCI 6N NH.HCI
— L —— OH
N

o)
H NH,.HCI
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AQC derivates

l

LC-MS/MS analysis

Fig. 2 The scheme of biological sample preparation for determining
total BMAA

The SPE column (Isolute HCX-3, 100 mg, Sorbent AB,
Sweden) was conditioned by 1 ml of methanol and equili-
brated by 1 ml of 0.1 % (v/v) formic acid solution subse-
quently. After loading 1 ml of the sample, the column was
washed by 1 ml of 0.1 % formic acid solution followed by
1 ml of 0.1 % formic acid in 25 % methanol (v/v). Finally,
BMAA was eluted from the column by 1-ml 2 % ammoni-
um hydroxide in methanol (v/v). The eluates were dried over
night in a Speedvac at 50 °C. Finally, half of the material
(i.e., 1.25 mg of protein equivalent) was reconstituted in 20-
pnl 20 mM HCI solution before derivatization with 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC)
using Waters AccQ-Tag kit (WAT052880, Milford, MA,
USA).

HPLC and UHPLC

HPLC separation was carried out with a Hypersil GOLD
C18 column (100%x2.1 mm, 3-um particle size; Thermo
Scientific, San Jose, CA) and a binary mobile phase (solvent
A: 5 % acetonitrile in water with 0.3 % acetic acid and
0.005 % trifluoroacetic acid (TFA); solvent B: acetonitrile
with 0.3 % acetic acid and 0.005 % TFA) delivered at a flow
rate of 400 ul/min. The linear gradient elution program used
was as follows: 0.0 min, 0 % B; 10.0 min, 10 % B; 15.0 min,
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80 % B; 17.0 min, 80 % B; 18.0 min, 0 % B; and 25.0 min,
0% B.

UHPLC separation was carried out with an Agilent Bo-
nus RP Rapid Resolution High Throughput (RRHT) column
(100x2.1 mm, 1.8 pm particle size; Agilent, USA) and a
binary mobile phase (solvent A: 0.1 % formic acid in water;
solvent B: 0.1 % formic acid in acetonitrile) delivered at a
flow rate of 400 pl/min. The linear gradient elution program
used was as follows: 0.0 min, 5 % B; 5.0 min, 15 % B;
7.5 min, 80 % B; 8.5 min, 80 % B; 9 min, 5 % B; and
13 min, 5 % B.

The HPLC or UHPLC chromatographic resolution eval-
uated between two adjacent peaks for BMAA, BAMA,
DAB and AEG in the presence of different mobile-phase
additives was calculated from the formula: R;=2 (trg—tr4)/
(wptw,) where Ry is the chromatographic resolution, #5 is
the retention time, and w is the width at the base of the
chromatographic peak. B is the late-eluted and A4 is the early
eluted analyte for two adjacent peaks.

Tandem mass spectrometry

AQC derivatives of BMAA were analyzed in positive ion
detection mode using SRM scan type with the electrospray
ionization (ESI) technique. The first quadrupole mass ana-
lyzer (Q1) was operated in high resolution mode with a full-
width half maximum (FWHM) of 0.1 Da, whereas the
second quadrupole mass analyzer (Q3) was operated at 0.7
FWHM resolution. For selective identification of BMAA,
four SRM transitions were monitored (collision energies
(CE) in eV are given in the brackets): 459.18>119.08
(CE=20), 459.18>258.09 (CE=25), 459.18>188.08 (CE=
35), 459.18>214.10 (CE=35). The ion source parameters
were optimized as below: spray voltage (5,000 V), vaporizer
temperature (300 °C), capillary temperature (300 °C), sheath
gas pressure (30 psi), ion sweep gas pressure (0 psi), auxil-
iary gas pressure (20 psi), S-lens (110), de-clustering volt-
age (0 V), and argon collision gas pressure (1.5 mTorr).

Results and discussion
BMAA and its isomers
The use of SRM with triple quadrupole mass spectrometers

has proven to be the method-of-choice for biological anal-
ysis due to high sensitivity and selectivity in the presence of

Fig. 3 ESI-MS/MS product ion spectra of a BMAA (CE=30 ¢V), b p

DAB (CE=30 ¢V), ¢ AEG (CE=30 ¢V), and d BAMA (CE=28 ¢V).
The experiment was performed on a triple quadrupole mass spectrom-
eter instrument API2000 (AB Sciex) using N, as collision gas with gas
pressure at 3¢ > Torr
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complex matrices. The first (Q1) and third (Q3) quadrupoles
can operate either as ion transmission or mass filter devices,
whereas the second (Q2) quadrupole functions as a collision
cell. In an SRM experiment, both Q1 and Q3 function as
mass filters by allowing only particular m/z precursor ions to
pass through Q1 or product ions through Q3. Therefore the
technique has very high specificity, enabling structure-based
identification.

The unambiguous identification of AQC-derivatives of
BMAA using the proposed LC-MS/MS method was en-
sured by a four-stage screening procedure, namely: (1)
reversed-phase chromatographic separation of BMAA from
its isomers DAB, BAMA and AEG; (2) isolation of ions
with m/z 459.18 corresponding to AQC doubly labeled
BMAA, at Q1; (3) monitoring one general (459.18>
119.08) and one specific SRM transition (459.18>258.09
for BMAA/BAMA, 459.18>214.10 for AEG, and 459.18>
188.08 for DAB) to obtain structural information for each
compound; and 4) determination of the peak area ratios of
two transitions (119.08/258.09 for BMAA/BAMA, 119.08/
214.10 for AEG, and 119.08/188.08 for DAB) to enhance
selectivity.

The TSQ Vantage triple-quadrupole mass analyzer has a
capability of up to 0.1 FWHM mass resolution, which only
allowed ions with a narrow mass range (0.1 Da) around the
precursor ion to pass Q1 eliminating majority of interference
by ions with m/z similar to BMAA derivates. Thus, in-
creased selectivity can be achieved at the cost of decreased
ion transmission. To evaluate loses in ion transmission, we
tested 0.1, 0.2, 0.4, and 0.7 FWHM settings on Q1 using a
BMAA spiked cyanobacterial sample (0.15 ng of derivat-
ized BMAA was spiked in 2 mg (dry weight) of pre-treated
cyanobacteria, Synechocystis sp. PCC6803). The peak area
of 459.18>119.08 SRM signal from BMAA was used for
comparison. For Q1 mass resolution setting at 0.7 to 0.4,
0.2, and 0.1 FWHM, the measured peak area of 459.18>
119.08 SRM (n=3) decreased by 1.12 %, 14.13 %, and
42.74 %, respectively. Considering signal interferences, data
of equal quality were acquired for 0.2, 0.4, and 0.7 com-
pared with 0.1 FWHM mass resolution setting in the sample
we examined. However, we investigated 0.1 FWHM set-
tings, because more complex biological samples, particular-
ly samples from higher organisms may contain unknown
interferences with precursor ion at m/z similar to BMAA.
The high-resolution setting on Q1 helps to eliminate those
putative interferences in Q1 which works as the first mass
filter in a SRM procedure. For trace level of BMAA analysis
in biological samples, 0.2 FWHM setting on Q1 is recom-
mended without substantial loss of signal on a TSQ Vantage
instrument. Loses in ion transmission by increasing mass
resolution in Q1 must be determined experimentally when
using other conventional quadrupole instrument. Together
with the product ion at m/z 119.08, which corresponds to the

@ Springer

protonated BMAA molecule as well as its isomers, another
BMAA structure-specific product ion at m/z 258.09 was
selected in Q3. The product ion at m/z 258.09 is generated
by the cleavage of the C—N bond between the 3 carbon and
the secondary amine nitrogen of BMAA, and therefore
provides structure-specific information (Fig. 3a). This diag-
nostic ion can be used to distinguish BMAA from the
isomers which do not generate product ion at m/z 258.09,
e.g., DAB and AEG. The diagnostic product ions at m/z
188.08 for DAB and 214.10 for AEG were also found to be
structure-specific and hence were used to differentiate them
from BMAA (Fig. 3b, c¢). Combined with different LC
properties of BMAA, DAB, and AEG, the MS/MS data
allowed BMAA to be confidently distinguished from DAB
and AEG as well as other potential isomers which do not
yield m/z 258.09 product ions.

In principle, BMAA isomers may co-elute with BMAA,
again giving a product ion at m/z 258.09. According to our
database search and the method selectivity criteria named
above, BAMA was the only candidate that is stable in nature
and can potentially yield the diagnostic product ion at m/z
258.09. For the remaining candidates, cleavage of the C-C
bond to generate product ion at m/z 258.09 was not favor-
able under the CID conditions used in our method (Fig. 1).
By BAMA synthesis and analysis of its AQC derivates
using MS/MS, we confirmed that BAMA can yield the same
product ions as BMAA, including the diagnostic ion at m/z
258.09 (Fig. 3a, d). Therefore, in an attempt to distinguish
BMAA from BAMA, we evaluated the ratio of the two
product ions at m/z 119.08 and 258.09. Based on the ac-
quired MS/MS data, the yield of the product ion at m/z
258.09 for BMAA was higher than that of BAMA under
the same CID conditions. The supposed fragmentation
mechanisms and the structures of BMAA and BAMA prod-
uct ions at m/z 258.09 are shown in the Fig. 4a, b, respec-
tively. In both cases, the fragmentation mechanism is driven
by proton transfer from « or (3 positions (of BMAA and
BAMA, respectively) to the carbonyl oxygen of the respec-
tive ureido group. However, it is not possible to determine
whether the adjacent charge is involved in the fragmentation
or a charge-remote dissociation mechanism is at play. We
have to consider both possibilities given the similar gas-
phase basicities of the tertiary carbamate nitrogen and ter-
tiary nitrogen in chinoline heterocycle. Further experiments
are required to fully elucidate the gas phase chemistry. The
practical result was that the ratio of 119.08/258.09 was
found to be specific for BMAA and BAMA, and can be
used to distinguish BMAA from BAMA as well as other
potential isomers. The ratios for BMAA and BAMA mea-
sured in standard solutions with different concentrations are
given in Table 1. For 0.1 ppm solution, the ratios were 4.4
and 18.4 for BMAA and BAMA, respectively. The consis-
tency of the product ion ratios for BMAA and its isomers
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was investigated using standards solutions at three concen-
trations, corresponding to different 119.08 peak areas and
representing levels expected in real samples. The calculated
ratios showed an increasing trend from high to low concen-
tration. The variability of repeated measurements (n=5) of
the 119.08/258.09 ratios was relatively higher at lower con-
centrations, probably due to distorted peak shapes, which
would result in less accurate quantification. To determine
the influence of sample matrix affects on the ratio, three

different levels of BMAA, BAMA, and DAB standards
were spiked into 1.25 mg protein equivalent of cyanobacte-
rial matrix (Synechococcus sp.). AEG was not used because
it co-eluted with an interference present in the sample ma-
trix. The results showed that the SRM product ion ratios
correlate well with those in standard solutions, if the analy-
tes were separated on the LC column (Table 1). Based on
these results, it can be concluded that for the identification
of BMAA in biological samples, the ratio of 119.08/258.09

Table 1 Repeatability (n=5) of SRM peak area ratios and HPLC retention times of AQC derivatives in neat standard solutions and in spiked

cyanobaterial matrix

In standard solution®

In cyanobacterial matrix® (1.25 mg protein equivalent)

Concentration (ppm)

SRM ion trace ratio®

RT (min)

Spiked amount (ng)

SRM ion trace ratio®

RT (min)

BAMA 0.02 24.63+11.28 % 4.01+0.57 % 0.2 19.85+10.19 % 4.07+0.78 %
0.1 18.39+7.90 % 3.97+£0.38 % 1 19.58+3.39 % 4.01+0.55 %
0.4 16.98+4.50 % 3.96+0.58 % 4 19.06+2.78 % 4.01+0.22 %
BMAA 0.02 4.58+5.87 % 5.10£0.73 % 0.2 4.45+4.40 % 5.36£0.61 %
0.1 4424442 % 5.12+£0.45 % 1.0 4.63+2.98 % 5.30£0.59 %
0.4 4.33+1,68 % 5.10£0.59 % 4.0 4.47+£2.14 % 5.31+0.19 %
AEG 0.02 6.03£10.45 % 5.42£0.56 %
0.1 5.56+5.81 % 5.39+0.45 %
0.4 5.25+4.87 % 5.36+0.33 %
DAB 0.08 4.84+10.38 % 6.20£0.67 % 0.8 4.50+3.81 % 6.28+0.46 %
0.4 4.95+3.20 % 6.17£0.53 % 4.0 4.44+2.78 % 6.21£0.42 %
1.6 4.81+£3.94 % 6.08+0.43 % 16 4.49+2.85 % 6.19+£0.23 %

#Used the HPLC method with 0.3 % acetic acid and 0.005 % TFA as mobile phase additive
®Used the HPLC method with 0.3 % acetic acid as mobile phase additive
¢SRM ion trace ratios were calculated as 119.08/258.09 for BAMA and BMAA, 119.08/214.10 for AEG, and 119.08/188.08 for DAB
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should be consistent with the ratio measured in BMAA
standard solutions at similar concentrations, within an
error of £10 %. However, two situations may cause the
ratio to be significantly higher than the standard refer-
ence solutions at similar concentration. Firstly, an
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isomer, such as BAMA may give a product ion at m/z
258.09, which consequently shifts the ratio of 119/258.
Alternatively, an isomer, such as DAB or AEG, may co-
elute with BMAA, which would give a product ion
peak at m/z 119.08 but not 258.09.
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Fig. 5 LC-MS/MS chromatograms showing the effects of different mobile-phase additives on BMAA, BAMA, AEG, and DAB analysis by HPLC
—a 0.1 % formic acid, b 0.3 % acetic acid, ¢ 0.3 % acetic acid+0.005 % TFA and by UHPLC—d 0.1 % formic acid
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Separation using HPLC and UHPLC

The HPLC separation was optimized using different mobile
phase additives in a binary eluent system (eluent A, 5 %
(v/v) acetonitrile in water and eluent B, acetonitrile) with the
linear gradients condition and flow rates described in the
“Experimental” section. Formic acid (0.1 %, v/v) in both
eluents was tested initially, but BMAA and AEG were found
to co-elute completely (Fig. 5a). Acetic acid (0.3 %, v/v) was
therefore chosen to alter the chromatographic selectivity of
the LC separation. Under this condition, the BMAA peak
was partly separated from that for AEG, and the MS/MS
detection sensitivity was improved. However, the chromato-
graphic peak shapes were distorted (Fig. 5b). Therefore,
TFA at a concentration of 0.005 % (v/v) was added to the
mobile phase in order to improve the peak shape and thus
separation efficiency (Fig. 5c), despite TFA is known to
cause strong ion suppression during ESI particularly for
basic compounds [26]. Pentadecafluorooctanoic acid
(PDFOA) was also tested as an alternative to TFA but with
less ion suppression potential [27]. Using PDFOA, the ion
suppression effect was reduced, but the signal-to-noise ratio
was not significantly improved and excessive peak broad-
ening was also apparent. Thus PDFOA was not employed
further. The mobile phase with 0.3 % acetic acid resulted in
the method with the lowest detection limit, while the mobile
phase with 0.3 % acetic acid and 0.005 % TFA gave the
highest performance suitable to separate all studied BMAA
isomers. The repeatability of the retention time (n=35) for
each compound is shown in Table 1. To account for the
method sensitivity when using 0.3 % acetic acid as mobile
phase additive, 2 mg (dry weight) of pre-treated cyanobac-
teria (Synechocystis sp. PCC6803) was spiked with 0.2 ng
BMAA before derivatization. The signal-to-noise ratio of 22
was measured for 459.18>258.09 SRM transition from
BMAA, thus detection limit in cyanobacteria is below
0.1 pg/g dry weight, assuming 100 % recovery during
sample preparation.

The UHPLC separation was performed using an Agilent
Bonus RP RRHT column (100%2.1 mm, 1.8 pum particle
size). This column has a polar-embedded C14 stationary
phase which gives an alternative selectivity compared with

the C18 column and a stable performance when using highly
aqueous mobile phases. Indeed, the elution order of
BMAA and AEG was reversed on this column com-
pared with the CI8 stationary phase (as used in the
HPLC method described above), which allows for iden-
tification of some interfering isomers. We also achieved
a relatively high throughput separation of BMAA, and
its isomers within 13 min, including column wash and
equilibration steps (Fig. 5d). The HPLC and UHPLC
chromatographic resolution between BMAA, and its
three isomers at different conditions was calculated
and listed in Table 2.

The biological samples

Initially, we examined laboratory-cultured cyanobacterial
samples by HPLC-MS/MS with 0.1 % formic acid in the
mobile phase. Under these conditions, we often observed
the m/z 119.08 SRM ion trace peak occurred at an equiva-
lent retention time to the BMAA standard. However, the
diagnostic SRM ion trace peak at m/z 258.09 detected for
the samples was either missing or significantly less intense
than in the BMAA standard solutions while the peak areas
of 119.08 SRM ion trace were similar for both the samples
and standard solutions. Consequently, the resulting 119.08/
258.09 ratio for the biological samples was inconsistent with
that obtained for the BMAA standard. When the cyano-
bacterial samples were spiked with the BMAA standard,
the SRM chromatograms revealed that the BMAA from
the standard co-eluted with the compound giving the
ions at m/z 119.08 in the cyanobacterial samples and
suggested the presence of an impurity. The absence of
the 258.09 peak may be due to: (1) insufficient concen-
tration of BMAA in the sample, since the intensity of
the 258.09 peak is about 4.5 times lower than the
intensity of the 119.08 peak. Therefore, it is possible
that the 119.08 SRM ion trace is detected, but the
intensity of the 258.09 SRM ion trace was below the
detection limit or (2) the presence of a BMAA isomer,
which exclusively gives an SRM ion trace at 119.08,
but not 258.09 (e.g., AEG). The elevated 119.08/258.09
ratio may arise because: (1) BMAA co-elutes with an

Table 2 The chromatographic resolutions between two adjacent peaks of BMAA, DAB, AEG, and BAMA in the presence of different HPLC and

UHPLC mobile-phase additives

Mobile-phase additive BAMA
HPLC 0.1 % formic acid
0.3 % acetic acid
0.3 % acetic acid +0.005 % TFA
BAMA
UHPLC 0.1 % formic acid

BMAA AEG DAB
1.65 0 1.36
2.49 0.56 1.25
3.06 0.80 2.18

AEG BMAA DAB
0.80 1.51 0.95
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interfering compound which does not generate a product
ion at m/z 258.09 or (2) a BMAA isomer is present,
which generates product ions at both m/z 119.08 and

a . .
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Fig. 6 LC-MS/MS chromatograms of biological samples a BMAA-
negative laboratory-cultured cyanobacterial sample spiked with
BMAA standard, b BMAA-negative field cyanobacterial sample
spiked with BMAA standard, ¢ BMAA-positive field blue mussel field
sample, d BMAA-positive field oyster field sample. Identification
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258.09, and eclutes with a similar retention time as
BMAA, but has a higher 119.08/258.09 product ion
ratio.
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based on retention times and characteristic SRM ion traces was con-
firmed comparison with a BMAA standard solution. The retention time
shift observed in samples (a) and (b) versus (¢) and (d) was attributed
to using a new batch of HPLC column



Selective LC-MS/MS method for the identification of BMAA

1729

We further analyzed some field samples of cyanobacteria,
blue mussel and oyster from a related study using the
HPLC-MS/MS method with 0.3 % acetic acid as mobile-
phase additive. We often observed a peak of the 459.18>
119.08 SRM transition by an interference that eluted close
to the expected AEG retention time. However, AEG quali-
fier peak at m/z 214.10 was either missing or at lower
intensity than that detected for AEG standard. We were
not able to assign a structure to this interference based on
current data. As an example, we spiked a BMAA-negative
laboratory-cultured (Synechococcus sp.) and field-collected
cyanobacteria (Fig. 6a, b) from the west coast of Sweden
with a BMAA standard addition. (The injected amount of
BMAA was 10 pg spiked in 250 pg protein equivalent of
cyanobacteria.) The results showed the interference peak
appeared in the immediate vicinity of the BMAA peak with
the chromatographic resolution of 0.83 and 0.93 for
laboratory-cultured and field-collected cyanobacteria, re-
spectively. Similar results were obtained with blue mussel
(Mytilus edulis) and oyster (Ostrea edulis) samples from
west coast of Sweden, which contained BMAA (Fig. 6c,
d). The chromatographic resolutions between the interfer-
ence and BMAA were 0.98 and 0.85 for blue mussel and
oyster, respectively. The comprehensive identification of the
interfering compound is unfortunately beyond the scope of
this study. Interestingly, we also detected BAMA in these
blue mussel and oyster samples. BAMA was well separated
from BMAA by LC retention time and the ratio of 119.08/
258.09 was higher for BAMA (ca. 19.5) compared with
BMAA (4.3), allowing these two compounds to be readily
distinguished using the proposed SRM detection method.
Nevertheless, the presence of BAMA in real samples may
give false positives because several of the product ions
generated from BAMA are identical to BMAA, including
the diagnostic product ion at m/z 258.09. Additionally, the
presence of the interference in most of real samples has to be
considered as this interference may complicate BMAA iden-
tification due to very similar retention properties and gener-
ation of product ion at m/z 119.08. Therefore, errors in
BMAA identification are possible if the methods of separa-
tion and detection are not optimized carefully.

Several studies have reported interfering compounds or
isomers co-eluting with BMAA. DAB was the first BMAA
isomer found in a cyanobacteria sample (Calothrix
PCC7103) which has similar retention characteristics to
BMAA [11]. Another research group discovered several
compounds in animal tissue samples which eluted in close
proximity to BMAA, including a compound that completely
co-eluted with BMAA in the first but not the second dimen-
sion of gas chromatography data [14]. Our study here com-
plements and further extends the previous reports in
common effort of unequivocal differentiation of BMAA
from its isomers using either HPLC or UHPLC separation

coupled with MS/MS detection since the unknown interfer-
ing compound(s) eluting slightly later than BMAA were
often observed in the cyanobacterial samples.

Conclusions

This paper presents a reliable protocol for BMAA identifi-
cation while addressing issues concerning all known BMAA
isomers, by using either HPLC or UHPLC coupled to MS/
MS. The presence of a BMAA isomer, BAMA, is reported
for the first time in natural samples. The frequently observed
interfering compound(s) in biological samples can be well
separated by our UHPLC- or partially separated by our
HPLC method, and further distinguished unambiguously
from BMAA by MS/MS procedure, although it is not pos-
sible to assign a structure to this interference based on
current data. Nevertheless, the analytical approach we pres-
ent here proves to be a robust method for distinguishing
BMAA from complex biological matrices and will contrib-
ute to resolve the controversial findings reported to date in
the BMAA research field. This is particularly important
because the toxicity pathway of BMAA has not yet been
clearly established. Hence, the availability of a reliable
analytical method is essential for the correct identification
of BMAA and to prevent the misinterpretation of data.
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