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Abstract :
Rationale

The dinoflagellate genera Gambierdiscus and Fukuyoa are producers of toxins responsible for Ciguatera
Poisoning (CP). Although having very low oral potency, maitotoxins (MTXs) are very toxic following
intraperitoneal injection and feeding studies have shown they may accumulate in fish muscle. To date,
six MTX congeners have been described but two congeners (MTX2 and MTX4) have not yet been
structurally elucidated. The aim of the present study was to further characterize MTX4.

Methods

Chemical analysis was performed using Liquid Chromatography coupled to a Diode Array Detector (DAD)
and positive ionization mode High Resolution Mass Spectrometry (LC/HRMS) on patrtially purified extracts
of G. excentricus (strain VGO792). HRMS/MS studies were also carried out to tentatively explain the
fragmentation pathways of MTX and MTX4.

Results

The comparison of UV and HRMS (ESI+) spectra between MTX and MTX4 led us to propose the
elemental formula of MTX4 (C157H241NO68S2, as unsalted molecule). The comparison of the
theoretical and measured m/z values of the doubly charged ions of the isotopic profile in ESI+ were
coherent with the proposed elemental formula of MTX4. The study of HRMS/MS spectra on the tri-
ammoniated adduct ([M—H+3NH4]2+) of both molecules gave additional information about structural
features. The cleavage observed, probably located at C99-C100 in both MTX and MTX4, highlighted the
same A-side product ion shared by the two molecules.

Conclusion
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All these investigations on the characterization of MTX4 contribute to highlighting that MTX4 belongs to
the same structural family of MTXs. However to accomplish a complete structural elucidation of MTX4,
NMR-based study and LC/HRMSn investigation will have to be carried out.



INTRODUCTION

The epi-benthic dinoflagellate genera Gambierdiscus and Fukuyoa are the primary producers

of the toxins responsible for Ciguatera Poisoning (CP), the most common non-bacterial food
poisoning, mostly due to consumption of fish 13,

Recent studies revealed that G. excentricus is one of the most toxic species known to date, for
production of both ciguatoxins (CTXs) and maitotoxins (MTXs) *. Ciguatoxins (CTXs) are
the main known causative agents of CP & Although having very low oral potency ',
maitotoxins (MTXs) are very toxic following intraperitoneal injection 1° and feeding studies
by Kohli et al ** in laboratory-controlled conditions have shown they may accumulate in fish
muscle. To date, six MTX congeners have been described: maitotoxin (MTX) 1012714
maitotoxin-2 (MTX2) °, maitotoxin-3 (MTX3) ‘¢ and maitotoxin-4 (MTX4) ', as well as two
further mono-sulfated analogues of MTX 8, Maitotoxin (MTX) is the largest non-polymeric
marine toxin identified to date, consisting of a ladder-shaped cyclic polyether that is composed
of 32 fused ether rings, 28 hydroxyl groups, 21 methyl groups, two sulfates and 98 chiral
centers (elemental formula: C164H256068S2Na2, accurate mono-isotopic mass of 3423.5811 Da
for the di-sodium salt) (Figure 1) 101920,

Since the most recent taxonomic separation into species and phylotypes, production of MTX
has solely been confirmed in strains of G. australes 17?%24, The first description of MTX3 dates
back to 1994 6. Since then, LC/MS/MS analyses revealed the presence of putative MTX3 in
several Gambierdiscus and Fukuyoa species 1”237, The molecular structure of this compound
was recently elucidated in two concurrent articles, after isolation from both G. australes * and
G. belizeanus *. Both articles agree with MTX3 actually being 44-methylgambierone, a
congener of gambierone, another sulfated polyether compound that has recently been isolated
from G. belizeanus “°. Since the recent structural description of 44-methylgambierone, it has
also been detected in other Gambierdiscus species 4142,

Two MTX congeners (MTX2 and MTX4) have not yet been structurally elucidated *>1743, The
recent investigation of MTX4 (accurate mono-isotopic mass of 3292.4860 Da for the free acid
form) included neuro-2a cytotoxicity data and high resolution mass spectrometry (HRMS)
analysis in negative electrospray ionization mode (ESI") and suggested that this toxin is specific
to G. excentricus 7,

The previous HRMS/MS (ESI") experiments on MTX and MTX4 were not very informative,
as they only resulted in the loss of sulfate group(s) 1”. The aim of the present study was to make
a step further into the chemical characterization of MTX4. In order to achieve this goal,

chemical analyses were performed using a UHPLC system coupled to a diode array detector
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(DAD) and a Q-Tof 6550 iFunnel high resolution mass spectrometer (Agilent Technologies,
Santa Clara, CA, USA) operating in positive electrospray ionization mode (ESI*).

Comparison of UV, HRMS (ESI") and HRMS/MS (ESI™) spectra brought to light new
similarities and differences between MTX and MTX4. The elemental formula of MTX4 was

proposed and additional information was gained about its structural features.

EXPERIMENTAL

Chemicals and Reagents

Maitotoxin (MTX) was purchased from Wako Chemicals GmbH (Neuss, Germany) and was
used as reference standard for DAD and mass spectral analyses. MTX was dissolved and stored
in MeOH:H0 (1:1, v/v). The stock solution was prepared at a concentration of 50 pg mL 2.

HPLC-grade methanol was purchased from Sigma Aldrich (Saint Quentin Fallavier, France).
Milli-Q water was supplied by a Milli-Q integral 3 system (Millipore, Saint-Quentin-Yvelines,
France). High purity water (Optima LC-MS quality), acetonitrile (Optima LC-MS quality),
formic acid (Puriss quality) and ammonium formate (Purity for MS) were used to prepare

mobile phases; they were purchased from Fisher Scientific (Illkirch, France).

Sample Preparation

Cell pellets were collected from Gambierdiscus excentricus culture (strain VGO792, Punta
Hidalgo, Tenerife, Canary Islands, Spain). Full details description on culture conditions,
extraction and purification steps can be found in Pisapia et al 1”. The most concentrated toxic

fractions of G. excentricus extracts containing maitotoxin-4 (MTX4) were used for this study.

Liquid chromatography-high resolution mass spectrometry (Q-Tof 6550 iFunnel)

Liquid chromatography coupled to high resolution mass spectrometry (LC/HRMS) was
performed using a UHPLC system (1290 Infinity 11, Agilent Technologies) coupled to a diode
array detector (DAD, Agilent Technologies, CA, USA) and to a high resolution time-of-flight
mass. spectrometer (Q-Tof 6550 iFunnel, Agilent Technologies) equipped with a Dual Jet
Stream® electrospray ionization (ESI) interface.

Toxins were separated using a reversed-phase Cis Kinetex column (100 A, 2.6 um, 50 x
2.1 mm, Phenomenex, Le Pecq, France) with water (A) and 95% acetonitrile/water (B), both
containing acidic buffer consisting of formic acid (HCOOH), 50 mM, and ammonium formate
(HCOO NH4"), 2 mM. The column oven and the sample tray temperatures were set at 40 °C

and 4 °C, respectively. The flow rate was set at 0.4 mL min™t, and the injection volume was set
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at 3 pL. Separation was achieved using the following mobile phase gradient: from 10% to 95%
B in 10 min, plateau at 95% B for 2 min, return to the initial condition (10% B) in 0.1 min and
a re-equilibration period (10% B) for 3.9 minutes. The chromatographic run lasted 16 min per
analysis. The MTX standard used for LC/HRMS experiments was at a concentration of
20 pg mL MeOH:H20 (1:1, viv).

The diode array detector (Agilent Technologies) was set to acquire spectra in a range of
wavelengths between 200 and 400 nm, every 2 nm. The extracted signal for MTX and MTX4
was chosen as follows: 260 + 30 nm. UV spectra of a blank sample, consisting of MeOH:H>0
(2:1, v/v) injected under the same analytical conditions, were subtracted from MTX and MTX4
spectra. The conditions of the ESI* source were set as follows: source temperature, 200 °C;
drying gas, N2; flow rate, 11 mL min?; sheath gas temperature, 350 °C; sheath gas flow rate,
11 mL minY; nebulizer, 45 psig; capillary voltage, 3.5 kV; nozzle voltage, 500 V. The
instrument was mass calibrated in positive ionization mode before each analysis, using the
Agilent tuning mix. A mixture solution of reference mass compounds (purine, 2 mL L™; HP-
0921, 1 mL L' HP-1221, 1 mL L% HP-1821, 2 mL LY HP-2421, 2 mL L) in MeOH:H,0
(95:5, v/v) was infused with an isocratic pump to a separate ESI sprayer in the dual spray source
at a constant flow rate of 1.5 uL min-t. HP-0921 and purine allowed for correction of the
measured m/z values throughout the batch. Mass spectral detection was carried out in full scan
and targeted MS/MS mode in positive ion mode. The full scan acquisition operated at a mass
resolution of 45,000 Full Width at Half Maximum (FWHM) over a m/z range from 100 to 3200
with a scan rate of 2 spectra s*. The targeted MS/MS mode was performed in a Collision
Induced Dissociation (CID) cell using a mass resolving power of 45,000 FWHM over the m/z
range from 40 to 3200 with a MS scan rate of 10 spectra s and a MS/MS scan rate of 3 spectra
s7L. Different collision energies (from 10 to 50 eV) were applied to the precursor ions to obtain
good fragmentation. All the acquisition and analysis data were controlled by MassHunter

software (Agilent Technologies).

Elemental formula modelling of MTX4 using ChemCalc

Isotope ratio modelling and determination of elemental formulae were performed with
ChemCalc, an open source software 4. For each monoisotopic ion (and bi- and tri-charged
molecule-related ions acquired in negative and positive ion mode), the measured accurate mass
and its charge were entered in the Molecular Formula Finder application, to obtain the most
appropriate hypothetical elemental formulae. To increase the relevance of the search, elemental

formulae presenting a |Appm| < 10 were pre-selected and other filters were added, such as the
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most likely range for the number of carbon, nitrogen, oxygen, hydrogen, sulfur atoms and
unsaturations. Subsequently, the theoretical isotopic ratio profiles simulated by ChemCalc

were compared with the experimental ones.

RESULTS and DISCUSSION

Retention times

For the present study in positive ion mode, the mobile phases were buffered with formic acid
(HCOOH, 50 mM) and ammonium formate (HCOO NH4", 2 mM). The acidic buffer improved
positive ionization of MTXs as it allowed the formation of intense ammonium adducts.

An increase of the retention time (RT) of both MTXs was observed compared with the previous
study 7. MTX eluted at 5.74 min (instead of 4.09 min), and MTX4 eluted at 5.56 min (instead
of 4.58 min) (Table 1). This increase in RT can be explained by the presence of the sulfate
groups, i.e. anionic functional groups. In agueous mixtures, sulfated compounds undergo acid-
base equilibrium between the acid-form (R-OSOsH) and the deprotonated form (R-OSOz"). In
acidic conditions, a shift of this equilibrium in favor of the acid-form make MTXs less polar,
resulting in increased retention on a reversed-phase column. Interestingly, the increase in RT
was less pronounced in MTX4 (ART = +0.98 min) than in MTX (ART = +1.65 min).

UV spectra

Maitotoxin (MTX) was characterized by a single UV absorbance maximum at 232 nm
(Figure 2B), slightly higher than what was previously reported by Yokoyama, et al
(i.e: Amax = 230 nm). The UV absorption is due to the presence of a conjugated diene function
at one extremity of the molecule (C>—Cs—C4—Cu4, Figure 1).

Maitotoxin-4 (MTX4) exhibited a UV spectrum composed of a UV maximum at 275 nm with
two shoulders (Figure 2D). The bathochromic effect of +43 nm, compared with MTX, suggests
the presence of more conjugated unsaturations or the presence of an amine- (or even amide-)
substituent on a conjugated diene function “6. The presence of an amine function is supported
by the earlier elution of MTX4 than of MTX under acidic mobile phase conditions. Indeed,
when the pH is decreased the sulfate group is protonated for MTX and MTX4, increasing the
lipophilicity of the two molecules, while the amine group is also protonated for MTX4, leading

to a decrease in lipophilicity.
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Elemental formula determination of MTX4

As previously described ', MTX4 was assumed to have an accurate calculated mass of
3292.4860 (free acid form) with a bi-charged [M—2H]? anion at m/z 1645.2357 and a tri-
charged anion at m/z 1096.4889 [M-3H]*. In the same manner, this study found a doubly
charged cation at m/z 1647.2500 [M+2H]?" in positive HRMS spectra of MT X4 allowing us to
confirm: (i) the calculated mass of 3292.4860 for MTX4 and (ii) the difference of 87.13 Da
from MTX.

For modelling of the elemental formula of MTX4 in ChemCalc, the following assumptions
were made: the molecule had 30 to 45 unsaturations, two sulfur atoms and one to five nitrogen
atoms. The assumption of two sulfur atoms derived from the mass spectral evidence described
late, i.e. two sulfate losses (Table 3 and Figure 4). The assumption of a similar number of
unsaturations in MTX4 and MTX was derived from the similar molecular size of MTX4 to
MTX, the substantial similarity in the A-side of the molecule and the bathochromic effect
described above (UV spectra), suggesting an increased number of conjugated unsaturations.
Therefore, a range from 30 to 45 unsaturations was chosen in ChemCalc. The presence of an
uneven number of nitrogen atoms in MTX4 derived from the “nitrogen rule” #, considering
the absence of nitrogen in MTX and the uneven mass difference between MTX and MTX4.
The accurate mono-isotopic m/z value of the eight ion species of MTX4 reported in Table 2
were used for modelling the elemental formula of MTX4 in ChemCalc. The following filters
were applied: (i) range of atoms: C100-200 H200-400 N1-5 O50-150 S2, (ii) 30-45
unsaturations and (iii) mass accuracy range of £10 ppm. The average of the absolute values of
Appm (|Appm|) was calculated for each of the formulae proposed, taking into account all the
eight ion species of MTX4 (Table S1, supporting information). A total of 20 raw formulae
with an average [Appm| < 10 were considered as potential candidates for the elemental formula
of MTX4 (Table S1, supporting information). The first seven formulae with the best ranking
score (average |Appm| < 3, Table S1, supporting information) were chosen for further
consideration. The experimental isotopic profiles of the most intense ion clusters of th full scan
positive and negative ion spectra of MTX4 ([M-H+3NH4]?*, [M+2NH4]*" and [M-2H]?) were
compared with the theoretical ones simulated by ChemCalc for the seven sum formulae. The
study of the isotopic profiles did not allow for discrimination between the seven formulae since
the relative abundances of isotopic peaks were very similar (Table S2, supporting
information). Nevertheless, some of the formulae (#02, #03, #05, Table S1, supporting
information) could be excluded considering that the degrees of unsaturation were either too
low (30 for #02) or too high (43 for #03 and #05) compared with MTX (36). Also, the formulae
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containing three (#01 and #03, Table S1, supporting information) and five (#02, #05 and
#06, Table S1) nitrogen atoms seem unlikely compared with MTX. Therefore, the elemental
formula of MTX4 could be either C157H241NOssS2 (#04, average |Appm| = 2.3, 38 unsaturations,
Table S1, supporting information) or CissH2a1NO71S2 (#07, average |Appm| = 2.9, 34
unsaturations, Table S1, supporting information). Based on the lower average |Appm|, and
further mass spectrometric evidence of positive ion product ions presented below, we propose
a formula of C157H241NOesS2 (#04): MTX4 would thus contain one nitrogen atom more than
MTX, and seven carbons and 17 hydrogens less than MTX, and presents two additional

unsaturations, i.e. MTX4 has 38 unsaturations, and MTX has 36 unsaturations.

Positive electrospray HRMS spectra

Due to the knowledge of the elemental formula of the MTX, the assignment of the most intense
positive ion clusters was readily achieved and attributed to the singly, doubly and triply
ammoniated adducts at m/z 1699.3240, 1707.8323 and 1716.3500, [M+H+NH4]**,
[M+2NH4]?" and [M-H+3NH4]?*, respectively (Figure 3A; Table 2). In parallel, the HRMS
spectra of MTX4 presented the same ion cluster profile with mono-isotopic ions at
m/z 1647.2500, 1655.7575, 1664.2725 and 1672.7870, corresponding to [M+2H]?,
[M+H+NH4]?*, [M+2NH4]*" and [M-H+3NH4]?*, respectively. For both MTXs, the mass
differences (Appm) between measured and exact theoretical mass were acceptable (< 7 ppm)
for all the mono-isotopic ions (Table 2) and also confirmed the elemental formula of MTX4
(C157H241NOgsSy).

Differences in intensity ratios between the ion clusters of MTX and MTX4 in positive mode
were observed (Figure 3). The ion species [M+2NH4]** was predominant in the spectrum of
MTX (Figure 3A), whereas [M—H+3NH4]%" was the most intense cluster in the case of MTX4
(Figure 3B).

Molecule-related ion cluster fragmentation patterns of MTX and MTX4 (losses of water
and sulfate)

Fragmentation of the doubly charged molecular anions [M—2H]?>~ of MTX and MTX4 in
negative ESI HRMS/MS mode was provided in a previous study ’. In both cases, the
HRMS/MS spectra were dominated by a single product ion peak corresponding to the
hydrogenated sulfate anion ([HOSO3]").
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In positive ioni mode, it was not possible to target the doubly charged molecular cation
[M+2H]?* since its intensity was too weak. Due to its large intensity, the tri-ammoniated adduct
([M—H+3NH4]#") of MTX4 was chosen for fragmentation studies (Figure 3B). In order to have
the same corresponding precursor ion, the tri-ammoniated adduct ([M—H+3NH]?*) was also
chosen for MTX. The measured ion species were assigned for both MTX and MTX4 (Tables 3
and 4). The comparison of HRMS/MS spectra in the m/z region from 1490 to 1720 led to the
identification of [M—2(SO3)+2H]?" and [M—2(SOs)-n(H20)+2H]?* patterns (Figures 4A and
4B; Table 3).

HRMS/MS data in positive ion mode from the present study confirm the presence of two sulfate
ester groups in MTX4 and add important information, as they clearly show that MTX4 presents

two sulfate losses, in a similar fashion to MTX.

Assignment of MTX product ions

For MTX, the product ions observed at m/z 911.5878, 893.5724, 875.5658 and 857.5542 were
respectively assigned to the following ion species: [Cs3HgsO12]", [CsaHgsO12—(H20)]",
[Cs3Hg3012-2(H20)]* and [Cs3Hs3012-3(H20)]* (Figure 4C; Table 4). Knowledge of the
molecular structure of MTX and the elemental formulae of these ions allowed us to attribute
these ions to the A-side of the molecule, corresponding to the cleavage #1 (Figure 5).

Indeed, the interpretation of the HRMS/MS fragment ions is in accordance with: (i) the
breaking of the Co9—C100 bond probably associated with ring-opening of ring W at C100-Cioz,
with the positive charge attributed to the A-side, and (ii) subsequent losses of up to three
molecules of water (Figure 5; Table 4).

The cleavage between Cgg9 and Cioo also results in a number of product ions on the right hand
side (B-side) of the molecule. On the B-side of the molecule, all the observed product ions
appear to have been derived after losses of two sulfates. Fragmentation #1 (Figure 5) was
confirmed by the following ions observed at m/z 2256.0787, 2238.0846, 2220.0535 and
2202.0443, corresponding to the right hand side (B-side) of the molecule, being assigned to the

following ion species: [C111H175055S2-2(SO3)-n(H20)]", where n is respectively equal to 2 to

5 (Table 4; Figure S1, supporting information). Since the A-side of the molecule had the
same elemental formula as the A-side of MTX (structure known, see Figure 5), the elemental
formulae proposed for the B-side matched with a high accuracy to the MTX B-side product

ions with seven carbons and 17 hydrogens less (while with the other suggested molecular
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formula #07, the accuracies for B-side product ions were over 5 ppm). This further corroborates
the proposed elemental formula of MTX4.

In ‘addition, the ion at m/z 453.2691 (Table 4; Figure S2, supporting information) was
assigned to the elemental formula C21Ha1010". This formula allowed us to correlate this ion to
a fragmentation pathway on the central part of the backbone of MTX, i.e. a combination of two
cleavages, at #2+#6, with the opening of the P-ring (Figure 5). In analogy, other ions
presenting lower m/z values could be related to cleavages on the central part of the backbone:
(i) the ions at m/z 395.2265 and 359.2061 (C1gH3s09" and C1gH3107"), resulting from cleavages
#3+#6 (Figure 5), followed, or not, by two water losses; (ii) the ions at m/z 337.1848 and
301.1638 (C1sH2908" and C15H2506"), resulting from cleavages #4+#6 (Figure 5), followed, or
not, by two water losses; and (iii) the ion at m/z 243.1231 (C12H1905"), resulting from cleavages
#4+#5 (Figure 5) followed by two water losses (Table 4; Figure S2, supporting
information).

Ultimately, the ions at m/z 267.1948 and 249.1847 were assigned to ions with elemental
formulae of, respectively, CisH27O3" and CieH2s0.". These ions were correlated to a
fragmentation pathway on the right side of the molecule, i.e. cleavage #7 (Figure 5), followed
by one and two water losses, respectively (Table 4; Figure S2, supporting information).

All these fragmentations occurred on the B-side tail of MTX backbone and give additional

information on the fragmentation pattern of MTX.

Comparison of MTX4 product ions with those of MTX

MTX and MTX4 showed identical product ions in the m/z region of 850-920 (Figures 4C and
4D; Table 4) corresponding to the left hand side (A-side) of the MTX backbone (cleavage #1,
Figure 5). Probably, as the accurate mass of the A-side product ion is the same in MTX4 as in
MTX, this part of the molecule is identical for both MTX and MTX4. Interestingly, some of
the lower mass product ions of MTX4 matched with a central part (between cleavages #2 and
#6, Figure 5; Figure S2, supporting information; Table 4) and with the terminal part of the
MTX backbone (cleavage #7, Figure 5; Figure S2, supporting information; Table 4),
suggesting that these parts of the structure are also conserved between the two molecules.
However, no product ions could be assigned to (i) the central part of MTX and MTX4, between
cleavages #1 and #2 (Figure 5), nor to (ii) the right hand side of MTX and MTX4, starting
from cleavages #6 to #7 (Figure 5). Consequently, the nitrogen atom contained in MTX4

should be located in one of these two unresolved parts of the molecule.
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CONCLUSIONS
The LC/HRMS and LC-UV analyses of partially purified G. excentricus (VGO792) extract
carried out in this study provide us more information to clarify the elemental formula of MTX4.

First of all, the bathochromic effect of +43 nm compared with MTX and the earlier elution of
MTX4 before MTX under acidic conditions, suggested the presence of an amine group situated
on a conjugated diene function in MTX4.

Furthermore, the similarities between the ion cluster profiles of the most abundant doubly
charged ions of full scan positive and negative MS spectra of MTX and MTX4, allowed us to
propose the elemental formula of MTX4 (C157H24:1NOegS2, as unsalted molecule).

Further investigations of HRMS/MS spectra in positive ion mode were carried out to clarify
the fragmentation pathways of MTX and MTX4. Relevant information was provided by the
cleavage observed at Cgoo—Cioo in both MTX and MTX4, highlighting that the same A-side
structure is shared by the two molecules. The proposed formula is thus also corroborated by
the accuracy of both A- and B-side fproduct ions.

These investigations also confirm that MTX4 belongs to the same structural family of MTXs
as MTX. However, in order to accomplish a complete structural elucidation of MTX4, studies
based on NMR, LC/HRMS", and possibly chemical reactions may have to be carried out 6, At
this stage, we have accumulated a large amount of G. excentricus biomass to continue with the

isolation of the compound which needs to precede further analytical studies.
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Table 1. Comparison of retention times (RT, min) in UPLC/HRMS analysis of maitotoxin (MTX) and
maitotoxin-4 (MTX4) between this study and Pisapia et al '. The two studies used the same

chromatographic conditions except for the composition of the mobile phases.

Ref. Mobile phases Retention time (RT, min) lonisation mode
A: H0
B: MeCN:H20 (95:5, viv) MTX MTX4

Pisapia, et al. [13] Without acidic buffer 4.09 458 NEG

This study With acidic buffer * 5.74 5.56 POS

* formic acid (HCOOH, 50 mM) and ammonium formate (HCOO NH4*, 2 mM)

Table 2. List of the assigned HRMS ion species for MTX and MTX4 in positive and in negative ESI
ionization modes. The m/z values in the Table correspond to the accurate mono-isotopic ion m/z. Mass

differences (Appm) for MTX and MTX4 were compared between measured and exact theoretical mass.

MTX (m/z) MTX4 (m/z) Ref.
Elemental formula
) C164H258068S2 C157H241NO6sS2
(free acid form)
[M+2H]%* 1690.8166 (Appm: +0.4)  1647.2500 (Appm: —0.5) This study
[M+H+NH4?*  1699.3240 (Appm: —3.0)  1655.7575 (Appm: —4.0) This study
[M+2NH4]?* 1707.8323 (Appm: —=5.9)  1664.2725 (Appm: —3.0) This study
lon species M-H+3NHz]?*  1716.3500 (Appm: —3.3) 1672.7870 (Appm: —2.2) This study
(accurate

- 2- . - H H 17
milno-Botadlh) M-2H] 1688.8027 (Appm: +0.8)  1645.2357 (Appm: —0.4) Pisapia et al

M+2Na—4H]>"  1710.7814 (Appm: —1.1)  1667.2075 (Appm: —6.5) Pisapia et al 17
M-3H]>" 1125.5334 (Appm: +1.4)  1096.4889 (Appm: +0.4) Pisapia et al Y
M—4H]* 843.8989 (Appm: +2.3) n.d* Pisapia et al Y7

[
[
[M+Na—3H]* 1699.7914 (Appm: —0.5) 1656.2256 (Appm: —1.0) Pisapia et al 17
[
[
[

*n.d: non detected
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Table 3. List of the assigned HRMS/MS ion species deriving from losses of H20 and SOs for MTX and MTX4 (other ion species corresponding to product ions
suggested in Figure 5 are reported in Table 4). Accurate mass data were obtained from HRMS/MS spectra of [M—H+3NH,]?* with a collision energy (CE) of
40 eV for MTX and MTX4. The m/z values in the Table correspond to the accurate mono-isotopic m/z.

MTX MTX4
lon species Elemental formula 'nl;?zeoretical ri)/(zperimental Appm Elemental formula ;?Zeoretical E)/(Zperimental Appm
Parent ion [M—H+3NH4]?* C164H2690N306852(2" 1716.3557 1716.3500 -33 Ci57H252N4068S2(2" 1672.7907 1672.7870 -2.2
[M—(SOs)+2H]?* C164H2600655 " 1650.8375 1650.8388 +0.8 C157H243NOgsS (" 1607.2725 1607.2672 -33
[M—(SOs)-1(H20)+2H]** C164H258064S " 1641.8322 1641.8229 -5.7 C157H241NOgaS@? 1598.2672 1598.2636 -23
[M—(SOs)-2(H20)+2H]* C164H2560635" 1632.8269 1632.8155 -7.0 C157H239NOg3S?? 1589.2619 1589.2489 -8.2
[M—(S03)-3(H20)+2H]?* Ci64H254062S@" 1623.8216  1623.8072 -8.9 Ci57H237N062S@" 1580.2566 1580.2407 -10.1
[M—(SO3)-4(H20)+2H]?> C164H2520615%") 1614.8163 n.d* Ci57H235NO61S# 1571.2514 1571.2466 -3.1
[M—2(SO3)+2H]?* Ci6aH2600622" 1610.8591  1610.8500 5.6 Cis7H24sNOp2®) 1567.2941 n.d
Fragment |[M-2(SOs)-1(H20)+2H]**  CieaHzs8061") 1601.8538  1601.8365 -10.8 C157H241N Q1?9 1558.2888 1558.2819 4.4
ions [M—2(S03)—-2(H20)+2H]?*  CagsHas60602") 1592.8485  1592.8335 94 Ci57H230NOg0®) 1549.2835 1549.2723 -7.2
[M—2(S03)-3(H20)+2H]%" = Cie4H254059(2" 1583.8432  1583.8317 -7.3 Cis57H237NOs0(%*) 1540.2782 1540.2789 +0.5
[M-2(S03)-4(H20)+2H]?* | CisaH252052" 1574.8379  1574.8227 9.7 Cis7H23sNOss??) 1531.2729 1531.2603 -8.2
[M-2(S03)-5(H20)+2H]**  Ci64H2500573" 1565.8327  1565.8163 -10.5 C157H233NOs7(2" 1522.2677 1522.2777 +6.6
[M—2(S03)-6(H20)+2H]?*  CieaH2480562" 1556.8274  1556.8155 -7.6 Ci57H231NOs6(2*) 1513.2624 1513.2920 +19.6
[M=2(S03)-7(H20)+2H]**  Ci64H246055%*) 1547.8221  1547.8135 -5.6 C157H229N 05524 1504.2571 1504.2389 -12.1
[M—2(S03)-8(H20)+2H]?*  CiesH2440542" 1538.8168  1538.8164 0.3 Cis7H227NOs42") 1495.2518 1495.2651 +8.9

*n.d: non detected
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Table 4. Assignment of HRMS/MS product ions observed in HR CID MS2 spectra of MTX and MTX4, corresponding to the cleavages reported in Figure 5.
Accurate measured mass data were obtained from HRMS/MS spectra of [M—-H+3NH4]?" with three fixed collision energies (CE = 30, 40 and 50 eV) for both

molecules. The m/z values in the Table correspond to the accurate mono-isotopic m/z.

MTX MTX4
Cleavage Theoretical m/z Experimental m/z Y::Ist:sr Formula® RDB® Appm® Theoretical m/z Experimental m/z Y(Ysast(Ssr Formula RDB Appm
#1/ A-side 911.5879 911.5878 Cs3Hg301" 12 -0.1 911.5879 911.5877 CssHg3010" 12 -0.2
893.5773 893.5724 1 Cs3Hg1011" 13 -5.5 893.5773 893.5758 1 Cs3Hg1011" 13 1.7
875.5668 875.5658 2 Cs3H79010" 14 -1.1 875.5668 875.5644 2 Cs3H79010" 14 -2.7
857.5562 857.5542 3 Cs3H770g" 15 -2.3 857.5562 857.5556 3 CssH7700" 15 -0.7
#1/ B-side 2256.0985 2256.0787 2 Ci1iH171047* 26 -8.8 2168.9686 2168.9692 2 Ci04H154NO47* 28 +0.3
2238.0879 2238.0846 3 Ci11H160046" 27 -1.5 2150.9580 2150.9541 3 Ci04H15:NOss" 29 -1.8
2220.0774 2220.0535 4 Ci11H167045" 28 -10.8 2132.9474 2132.9391 4 Ci04H150NOss* 30 -39
2202.0668 2202.0443 5 C111H165044" 29 -10.2 2114.9369 2114.9360 5 C104H14sNOus” 31 -0.4
#2+#6 453.2694 453.2691 C21H41010" 1 -0.7 453.2694 453.2681 C21H41010" 1 -2.9
#2+#6-2H,0 417.2483 n.d? 2 CyH3708" 417.2483 417.2475 2 CyH3708" 3 -1.9
#3+#6 395.2276 395.2265 Ci8H3500" 1 -2.8 395.2276 395.2265 CisH3500" 1 -2.8
#3+#6-2H,0 359.2064 359.2061 2 Ci1sH3 07" 3 -0.8 359.2064 359.2053 2 CisH307* 3 -3.1
#HA+#6 337.1857 337.1848 Ci5H200g" 1 -2.7 337.1857 337.1846 CisH2908" 1 -3.3
#4+#6-2H,0 301.1646 301.1638 2 C1sH2506" 3 2.7 301.1646 301.1644 2 C1sH2506" 3 -0.7
#4+#5-2H,0 243.1227 243.1231 2 Ci2H1905" 3 +1.6 243.1227 243.1226 2 Ci2H1905" 3 -0.4
#7-H,0 267.1955 267.1948 1 Ci6H2705" 3 -2.6 267.1955 267.1952 1 Ci16H2705" 3 -1.1
#7-2H,0 249.1849 249.1847 2 Ci6H250," 4 -0.8 249.1849 249.1861 2 Ci6H250," 4 +4.8
& Elemental formula
b: Relative Double Bond equivalent
Z: Error in ppm

: non detected
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Figure 1. Structure of maitotoxin (MTX) 9 with absolute stereochemistry according to Sasaki,
et al 18 and Nonomura, et al 19.
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Figure 2. HPLC-UV chromatogram and UV spectra of (A), (B) maitotoxin (MTX) standard
(20 pg mL-1) and (C), (D) maitotoxin-4 (MTX4) from G. excentricus VGO792. MTX
standard is characterized by a single UV absorbance maximum at Amax = 232 nm. MTX4 has

a UV maximum peak at A = 275 nm between two shoulders.
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Figure 3. Positive electrospray HRMS spectra of (A) maitotoxin (MTX) standard (Wako, 50
pg mL—1) and (B) maitotoxin-4 (MTX4) from G. excentricus VGO792.

This article is protected by copyright. All rights reserved.



X101 [M-2(SOs)-n(Hz0)+2HP*

et [CssHsnOr2-H0)

A =2 s < 8035724
8 [M-SOs-n(H:0)+2HP* 2
n=3) 8 —, i)
o = & e
5 |2 R & :
2 [T 8 X
"3 @ o
6 =) B 8 o Q
8 bl € 1) S 5
o > n=
s =5 g 8 o 8 (CesHesOual*
3 = 3 & = [CssHez012]
e 2 2 7} 2 3 [CssHesOr2-2H20) || 911.5878
= & 3 €
n=7) 3 g 2 =3 | 2 A 8755658
5 8 @ = & i
: Ladr g & &
3 S g g 8 s &
e @ B = © 5 £
50 @ s g S ~ 3 .
25 g @ 8o g [CssHes012-3H:0]
o v 5% ® 857.5542
e s
Ll il - \I- MJI
1 © 2 8115334 8395467
o umﬂ.uul,mhm ™ § Ja.l‘.|.mh..h.uuL..Hr.1J I \Im J\ ‘U.u._ “u.!\ bt arbeddl . abid

b adid
720 170 1760

1480 490 1500 1510 1520 1530 1540 1550 1560 1570 1580 1550 1600 1610 1620 1630 1640 1650 1660 1670 680 1650 1700 17 ! 800 810 820 830 840 850 860 870 880 890 900 910 920 90 N0 950
[M-2(S0s)-0(H20)+2HE*
x10° 2 2 10!
32 &2 s X [CesHasOr2-Hz0]
B) g : [M-SO3-n(H20)+2HF" 9 D) 8935758
3 B (0=2)
(n=4) 2 8
15 § n=3) I
P
~
(n=5) & g ‘?’.3 &
~ B ] ®
s ¢ (n=1) § =1 by 6 [CssHg:012)*
9 @ - ] o~
P 2 (e 5 9 ¥ : 9115877
L e g g =2 g ¢ & 5 [CsaHes012-2H:0}*
(n-lz 2 g 2 o § 8 5,9 [M-H+3NHeP* 8755644
§ T E * 8 § 3% g
-n & s ©
(n=7) o ° 2 23 2
n8 g b - e g o S [CeaHe012-3H:0}
o b 3 e 857.5556
- b 2
! u
g @
o) bl ity ' k b U iabl b e e ot oot \In.mt.dum.l.Lm“u ||n. I .LJIM. wihulb i i
7 >

1810 1520 1530

Counts vs. Mass-to-charge (m/z)

1540 1550 1560 1570 1560 1530 1600 1610 1620

1630 1640 1650 1660 1670 1680 16%0 1700 1710 C3 3 840

880 880 %00 20
Counts vs. Mass-to-charge (m/z)

380

Figure 4. HRMS/MS spectra of (A), (C) maitotoxin (MTX) standard (Wako, 50 pg mL—1)
and (B), (D) maitotoxin-4 (MTX4) from G. excentricus VGO792. (A) and (B) focuses on a
mass range of 1490-1720 and MS/MS spectra were obtained targeting [M—H+3NH4]2+ with
a collision energy (CE) of 40 eV. Note the clusters [M—2(SO3)-n(H20)+2H]2+. (C) and (D)
focuses on a mass range of 846-926 and MS/MS spectra were obtained targeting [M—

H+3NH4]2+ with a CE of 50 eV.
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Figure 5. Planar representation of the structure of bis-desulfated maitotoxin (9,40-
didesulfoMTX) with the proposed fragmentation cleavages in positive ESI HRMS/MS
analysis. The structural parts shared by MTX and MTX4 are highlighted in red. Assignment
of fragment ions is reported in Table 4.
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