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ARTICLE INFO ABSTRACT

Keywords: Gambierdiscus spp. are epi-benthic dinoflagellates that have been associated with ciguatera poisoning. These
Gambierdiscus microalgae can have complex secondary metabolite profiles including ciguatoxins, maitotoxins, and gambier-
L_C'HRMS ones, with varying compositions and toxicities across species and strains. Given this chemical diversity there is a
g;grzitiir:ci d gel need to develop selective and sensitive methods for secondary metabolite profiling. In this study, we used a
Gambierone cultured Caribbean strain of Gambierdiscus silvae to develop sample preparation and analysis strategies for
vie-diol characterizing vic-diol containing secondary metabolites. A pooled cellular extract was first screened by liquid

chromatography-high-resolution mass spectrometry (LC-HRMS) for ciguatoxin-related compounds, which
resulted in the confirmation of gambierone (1) and a novel isomer of 44-methylgambierone (3). Treatment of the
extract with periodate confirmed that the gambierones each contained one reactive vic-diol, which was exploited
for the development of a selective extraction procedure using m-aminophenylboronic acid gel and the non-
aqueous binding solvent chloroform. Using this non-traditional boronate affinity procedure, LC-HRMS also
revealed the presence of additional sulfated polycyclic ethers in the gambierone-containing vic-diol fraction,
while pigments and other contaminants were removed. The developed tools could be applied to screen collec-
tions of Gambierdiscus and other benthic algae to provide additional chemical characterization of gambierone-
related compounds. The selective extraction procedure may also prove useful as a step in the isolation of
these sulfated polyethers for structural, toxicological and biotransformation studies.

poses a significant public health risk to local coastal communities in
tropical and subtropical regions, and globally with increasing trade and
travel worldwide [15,16].

1. Introduction

Epi-benthic dinoflagellates growing on the surfaces of macroalgae

and coral may be present as complex communities and may include
Gambierdiscus, Ostreopsis, Prorocentrum, Amphidinium and Coolia spp.,
among many others [1,2]. Isolates of Gambierdiscus from Polynesia have
been shown to produce a variety of algal precursors of ciguatoxins
(CTXs) and are considered the causative agents of ciguatera poisoning in
Pacific regions. Many additional Gambierdiscus and Fukuyoa spp. have
been shown to have CTX-like activity, although the causative com-
pounds are yet to be identified [3-10]. These dinoflagellates produce
complex mixtures of metabolites with varying toxicities that can accu-
mulate in grazing invertebrates and fish [11-14]. Ciguatera poisoning

Gambierdiscus spp. produce a wide array of ladder-shaped polyether
compounds including CTXs, maitotoxins (MTXs), gambierol, gambieric
acids, gambierones (1-3; Fig. 1) and gambieroxide [17-24]. The varied
distribution of these compounds among Gambierdiscus species and
strains is likely a contributing factor for the different reported toxicities
[25-27]. CTXs in contaminated fish that have been associated with
ciguatera outbreaks were traditionally classified based on regional
origin, and those that have been elucidated have structural distinctions
(Fig. 1). Naming conventions that exclude regional prevalence have
been proposed based on other marine and freshwater biotoxin classes
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[28]. For instance, CTXs such as CTX1B (4), CTX3C (5) and CTX4B (6)
originally detected in the Pacific have backbone structures containing
13 ether rings, with 5 containing an additional carbon at the E-ring
relative to 4 and 6. CTX1B is currently considered the most potent (and
most studied) CTX and accumulates in fish muscle tissue following
metabolism of the algal precursor CTX4B (6). CTXs originally observed
in the Caribbean (e.g., C-CTX1, 7) contain 14 ether rings which share
structural similarities with 5 from rings B to J. C-CTX1 is considered less
toxic than CTX1B [29], however more data is needed to verify toxicity
equivalence. The algal precursors to C-CTXs have not yet been deter-
mined and as such, very little is known about the contribution and
linkage of algal C-CTX metabolites to those reported in higher trophic
levels. To date, the reported Indian Ocean CTXs have not yet been
structurally elucidated [30,31]. To identify the precursors of these CTXs,
appropriate analytical screening methods for algal metabolites are
required. While many existing methods for evaluating the composition
of Gambierdiscus spp. use targeted LC-MS [26,27], untargeted ap-
proaches with high resolution mass spectrometry can provide additional
data pertaining to minor analogues and novel metabolites, including
elemental formula predictions using exact masses and isotope distribu-
tions [32,33].

Algal extracts are complex, containing many secondary metabolites
and potential matrix interferences that can hinder metabolite screening
for potential phycotoxins. Many marine algal toxins contain vic-diols in
their structures, including many CTXs, MTXs and gambierones. This
structural characteristic has been exploited by procedures using
polymer-bound boronic acids to selectively bind vic-diol containing
compounds including glycoproteins [34], catecholamines [35] and
more recently marine toxins [36,37]. Applications for clean-up of
shellfish extracts containing azaspiracids and tetrodotoxins have
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highlighted this technique as a selective method for sample concentra-
tion and for reducing interferences and signal suppression in LC-MS
analysis [36,37].

The aim of this work was to develop tools to facilitate screening of
Gambierdiscus extracts for gambierones and related metabolites. Using
liquid chromatography-high-resolution mass spectrometry (LC-HRMS),
an extract of Gambierdiscus silvae was observed to contain gambierones
and other sulfated polycyclic ethers, but no reported CTXs. Treatment
with periodate was used to confirm the presence of 1,2-diols in the
structures and a selective fractionation procedure was developed using a
polymer-bound boronic acid. The resulting gambierone-enriched extract
was profiled by LC-HRMS to reveal the presence of several novel pu-
tative sulfated polyethers in the extract, one of which was tentatively
identified as 29-methylgambierone by analysis of its HRMS/MS spectra.

2. Material and methods
2.1. Chemicals and reagents

Methanol, acetonitrile and formic acid (~98%) were LC-MS grade
from Fisher Scientific (Ottawa, ON, Canada). Chloroform and
dichloromethane were from Caledon Laboratories (Georgetown, ON,
Canada). Reagent grade sodium metaperiodate (>99%), 0.22 pm PTFE
spin filters, and m-aminophenylboronic acid-agarose (mAPBAG)
aqueous gel suspension were from Millipore-Sigma (Oakville, ON,
Canada). Distilled water was ultra-purified to 18.2 MQ-cm using a Milli-
Q water purification system (Millipore-Sigma). Gambierone (19.9 pg/
mL in MeOH) was from CIFGA (Lugo, Spain) and 44-methylgambierone
(25 pg/mL in MeOH) was from Cawthron Institute (Nelson, New Zea-
land) [17]. Standards were obtained for final structural verification of
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Fig. 1. Chemical structures of ladder-shaped polyethers associated with Gambierdiscus or fish related to ciguatera: gambierone (1), 44-methylgambierone (2), 29-
methylgambierone (3), CTX1B (4), CTX3C (5), CTX4B (6) and C-CTX1 (7). *Note: novel methylgambierone tentatively identified in G. silvae (1504 FC-14) where
the possibility of methylation at C-28 or C-30 cannot be excluded from the LC-HRMS/MS data.
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the gambierones in the G. silvae extract.
2.2. G. Silvae culture maintenance

An established culture of G. silvae (1504 FC-14) was provided by
Deana L. Erdner (University of Texas at Austin, TX, USA). This dino-
flagellate was isolated from a sample collected from Flat Cay, St.
Thomas, U.S. Virgin Islands (GPS 18.31822 N, —64.99104 W) in April
2015 and has been reported in prior studies [38]. Cultures were grown
at 25°Cona 12:12 h light:dark cycle in 50 mL borosilicate culture tubes
containing 15 mL of medium. Irradiances during the light cycle were
maintained at a photon flux of ~ 75 ymol/m?/s. The culture medium
was a modified version of the recipe from Keller et al., (1987), in which
Tris and silica were excluded [39]. Constituents of the Keller medium
were added to artificial seawater prepared to a salinity of 36 ppt with
Instant Ocean salts (Instant Ocean, Blacksburg, VA) and filter-sterilized
through a 0.22 pm cellulose acetate filter (Millipore-Sigma, Burlington,
MA).

Once culture densities in 15 mL of medium reached > 2,000 cell/mL,
the culture was transferred to 500 mL of medium and placed underneath
down-facing cool white fluorescent lamps with a constant photon flux of
75 umol/m?/s. Prior to harvest, 1.1 mL duplicate sub-samples were
collected and preserved with 1% (v/v) glutaraldehyde. To estimate
culture cell density, 1 mL of each of the glutaraldehyde-preserved sub-
samples was loaded onto a Sedgewick Rafter counting chamber. Counts
from each sample were converted to cell densities in cells/mL. Cell
density estimates from duplicate sub-samples were averaged and then
multiplied by the total culture volume to estimate total cells per culture.
Additional, non-preserved, subsamples (30 pL) were collected and
immediately observed under the microscope to confirm typical cell
morphology, flagellar movement, and behavior as proxies for culture
health.

2.3. Sample preparation

G. silvae (1504 FC-14) was prepared in triplicate 500 mL cultures and
concentrated to 50 mL by filtering onto 25 mm diameter, 20 pm pore
size nylon mesh filters and then rinsing cells off the filter into 50 mL
polypropylene centrifuge tubes with isotonic K medium. The 50 mL cell
suspensions were then centrifuged (300 x g at 20 °C), the supernatants
were carefully removed from each sample using a glass Pasteur pipette,
and the pellets frozen and stored at —20 °C.

The cellular pellets from replicate cultures were pooled to maximize
available material (representing in total 811,000 G. silvae cells) and
extracted with MeOH (1.5 mL) containing 0.5 mL of 0.5 mm diameter
glass beads using a Beadruptor24 (Omni International, Kennesaw, USA).
Suspended cells were ruptured for 2 x 30 s with a 2 min cooldown
period in-between. The extract was centrifuged (2,600 x g at 20 °C) and
the supernatant was removed. Remaining cellular debris and glass beads
were rinsed twice with MeOH (1.5 mL), centrifuged (2,600 x &), and the
MeOH rinses were combined with the supernatant. The extract was
transferred to a 250 mL separatory funnel and diluted to 30 mL with
MeOH. The extract was adjusted to 60% MeOH by the addition of
deionized H20 (20 mL) and partitioned with CHyCly (3 x 20 mL). The
CH,Cl;, extracts were pooled and evaporated at 40 °C via rotary evap-
oration. The resulting residue was dissolved in MeOH (1 mL) and diluted
10-fold with MeOH for LC-HRMS analysis and periodate reactions.

2.4. Treatment with sodium periodate

An aliquot (95 pL) of the diluted G. silvae extract was mixed with
aqueous sodium metaperiodate (NalO4) (5 pL, 50 mM). A control sample
was prepared by adding water (5 pL) to the diluted extract (95 pL). The
samples were vortex-mixed (30 s) and placed in the HPLC autosampler.
The control sample was analyzed at time zero, followed by the 104 -
treated sample at 2 h intervals for 12 h.
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2.5. Selective fractionation with m-aminophenylboronic acid-agarose gel

The mAPBAG (200 pL) was prepared by filtering on a PTFE spin filter
(0.45 pm; Canada Life Science, Peterborough, ON, Canada) to remove
the liquid medium and washing sequentially with MeOH and CHCl;3
(100 pL each) prior to use. The wash solvents were removed by filtration
with a PTFE spin filter (0.45 pm). An aliquot (20 pL) of the undiluted
G. silvae extract was evaporated under a gentle stream of N3 at 25°Cin a
2 mL vial. The residue was dissolved in CHCl3 (500 pL) and the prepared
mAPBAG was added. The vial was maintained at ambient temperature
on a Multitherm shaker (Mandel Scientific, Guelph, ON, Canada) at 850
rpm for 3 h. The suspension was filtered on a PTFE spin filter (0.45 pm)
to remove the chloroform, an aliquot (100 pL) of the chloroform was
evaporated under Ny, and the residue dissolved in MeCN-H30 (1:1 v/v,
100 pL). The mAPBAG was returned to the vial and residual solvent
removed from the gel with a gentle flow of Nj. The gel was extracted
with MeCN-H,O (1:1, 500 pL) at ambient temperature in the shaker at
850 rpm for 2 h, and the solution filtered (0.45 pm PTFE). A control
sample of the undiluted G. silvae extract was prepared by evaporating 20
pL under Ny and dissolving the residue in MeCN-H2O (1:1, 500 pL).

2.6. LC-HRMS analysis

Analyses were performed using an Agilent 1200 LC equipped with a
binary pump, temperature controlled autosampler (10 °C) and
temperature-controlled column compartment (40 °C) (Agilent Tech-
nologies, Missisauga, ON, Canada) coupled to a Q Exactive HF Orbitrap
mass spectrometer (Thermo Fischer Scientific, Waltham, MA, USA) with
a heated electrospray ionization probe (HESI-II). Chromatographic
separation was on a Kinetex 1.7 pm F5 pentafluorophenyl column (100
x 2.1 mm, Phenomenex, Torrance, CA, USA) using gradient elution with
mobile phases composed of 0.1% formic acid in HyO (A) and 0.1%
formic acid in MeCN (B). The gradient was: 0-18 min, 10-80 % B;
18-18.1 min, 80-99 % B; 18.1-22 min, 99 %B; followed by an 8 min re-
equilibration at 10% B, with a flow rate of 0.3 mL/min and an injection
volume of 5.0 pL.

Full-scan acquisition was performed with positive and negative po-
larity switching with a mass range of m/z 700-1400 to target potential
polyethers present in the G. silvae extract. A second full scan acquisition
with a high-mass-range scan was performed from m/z 1250-3500 to
evaluate the presence of high molecular weight MTXs. The spray voltage
of the source was +4500 V or —2500 V, with a capillary temperature of
340 °C. The sheath and auxiliary gas were set at 40 and 10 (arbitrary
units). The probe heater temperature was set at 150 °C and the S-Lens RF
level was set to 100. The mass resolution setting was 120,000 with an
automatic gain control (AGC) target of 1 x 10° and a maximum injection
time of 100 ms per scan.

Product-ion spectra were acquired using targeted parallel reaction
monitoring (PRM) scan mode with an isolation window of 1 Da. The
resolution setting was 60,000 with an AGC target of 5 x 10° and a
maximum injection time of 512 ms with a collision energy of 30 or 45 eV
in positive mode and normalized collision energy of 45 eV in negative
mode. The exact masses evaluated are listed in Table S1. Scheduled PRM
scans were performed for each ionization mode.

Molecular formula assignments were evaluated using XCalibur
(Elemental Composition tab) with restrictions based on observations of
in-source behavior in positive and negative modes. For peaks with in-
source loss of SOs in positive ionization, the following constraints
were used: Carbon: 0-70; Hydrogen: 0-125; Oxygen: 0-25; Sulfur: 1;
ring plus double bond equivalents (RDBE): 5-100; a mass tolerance of 5
ppm, and; a charge of 1. Isotope distribution calculations were per-
formed with the NRC Molecular Formula Calculator (2021; v1.1,
https://metrology.shinyapps.io/molecular-formula-calculator/) previ-
ously used for microcystin analysis, which bases the calculations on the
accurate masses and relative intensities of the isotopomer peaks
observed in the pseudo-molecular ions acquired in full-scan HRMS and
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the natural abundance of isotopes [40].

3. Results and discussion

3.1. LC-HRMS analysis of G. Silvae (1504 FC-14)

An untargeted LC-HRMS method was used to screen the composition
of the Gambierdiscus extract. A method originally developed for C-CTXs
[41] was adapted in-house with a wider gradient to detect metabolites
with a wide degree of polarities that may be present in the extract. The
total ion chromatograms for both positive and negative modes are
shown in Fig. 2. A manual mass search of the high and low mass ac-
quisitions, with a mass tolerance of 5 ppm, was performed against an in-
house database containing exact masses of pseudo molecular ions and
adduct ions of known Gambierdiscus-related compounds including
MTXs, gambieric acids, gambierones, and CTXs reported from the Pa-
cific and Caribbean. A summary of the compounds included in the
search and their corresponding exact masses are summarized in
Table S2. Due to the ever expanding knowledge on the geographical
range and prevalence of Gambierdiscus species [42,43], all reported
Gambierdiscus-related compounds, regardless of geographical region,
were examined. The extract did not contain detectable levels of any
previously reported CTXs, including the C-CTX variants reported in fish
[41]. However, two peaks with accurate masses matching known com-
pounds were observed. The first peak was consistent with gambierone
(1; [M + H]" m/z 1025.4751, C5;H77010S", A —2.3 ppm), and the
retention time, full-scan spectra, and product ion spectra of 1 matched
those of the gambierone standard (Figures S2 and S3). The second peak
3 ([M + H]" m/z 1039.4914, Cs5H79010St, A —1.6 ppm) had an accu-
rate mass matching 44-methylgambierone (2), however, the retention
time and product ion spectra did not match the standard (Figures S4 and
S5), suggesting that 3 could be an isomer of 44-methylgambierone (2).
Gambierones readily fragment in the source, as shown in the full-scan
mass spectra of 1 and 3 in Fig. 3. Water losses, in addition to the
apparent loss of SO3 from the presumed pseudomolecular ion, are
observed which is consistent with sulfated polycyclic ethers. A small

| 10 x
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peak at 12.0 min had an accurate mass consistent with gambierone (m/z
1025.4779; C51H77010S™, A 0.5 ppm) in positive ionization, but upon
further investigation did not have gambierone-like properties based on
in-source and MS/MS behavior.

To determine the probable structure of 3, and to verify its identity as
a gambierone, the MS/MS spectrum of 1 was first evaluated in detail to
identify characteristic cleavages and diagnostic product ions. The
fragment-rich [M + H]" product ion spectrum of gambierone in Fig. 4
proved structurally informative for this sulfated polycyclic ether,
whereas the [M — H] ™ product ion spectrum provided limited structural
information, with the major product ion of m/z 96.9601 (HSO4 ; A 0.0
ppm) confirming this is a sulfated molecule (Figure S6). In positive mode
with a CE of 45 eV, neutral loss of SO3 (at C-6) occurred readily and was
not present in any of the ions observed (Fig. 4). Up to nine water losses
from each product ion added additional complexity to the spectra. The
MS/MS fragment nomenclature described for C-CTX 3/4 [41] is used
here to label the cleavages (s, p and q) observed within the polyether
rings and are summarized in Table S3. The most abundant fragments
were in the low mass range, including m/z 161.0960 (C11H130", A —0.3
ppm), and 219.1378 (C14H190027, A —0.6 ppm) where the m/z 219
product ion is consistent with previous findings [19,44]. These corre-
spond to cross-ring cleavages of the I-ring between C-36/C-37 with a loss
of water, and C-34/C-35, respectively. The product ion at m/z 803.4209
(C43He3014", A —0.3 ppm) is from cleavage between C-38 and C-39 with
a water loss from m/z 821.4313 (C43He5015", A —0.6 ppm). While
product ions from loss of water and SO3 from the pseudomolecular ion,
and low mass fragments at m/z 109.0647 (C7H;30™, A —0.7 ppm) and
m/z 81.0698 (CgHo ", A —0.9 ppm), are consistent with previous studies
[17,19,44,45], they do not provide the structural evidence for the pol-
yether backbone necessary for the tentative identification of 3.

Lower abundance product ions from the cleavage of rings E-I were
observed. The cleavage between the I-ring and the hydroxyketone
aliphatic chain (qg) was observed with m/z 751.3899 (C39Hs500147, A
—1.1 ppm). Fragmentation on the right side of the polyether bonds (p, q’)
were the predominant product ions observed, together with their
respective water losses. The product ions observed at m/z 567.2782
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Fig. 3. (A) Extracted ion LC-HRMS chromatogram of m/z 1025.4774 and 1039.4931 (+5 ppm) of G. silvae (1504 FC-14) in positive mode and their respective full-
scan spectra with in-source fragmentation (B, C). The pseudomolecular ions matched the known Gambierdiscus metabolites gambierone (1) and a methylgambierone,

later tentatively identified as 29-methylgambierone (3).

(C20H43011 ", A —3.2 ppm) and m/z 549.2685 (Ca9H41019", A —1.8 ppm)
are consistent with the pg cleavage and its water loss, respectively, while
m/z 623.3054 (C32Hgy7012", A —1.3 ppm) and m/z 693.3479
(C36Hs53013", A —1.0 ppm) are consistent with p; and pg cleavages. The
right-side fragments of these cleavages were also observed (q’2 and q’3
with water losses) at m/z 303.1953 (C19H2703", A 0.5 ppm) and m/z
341.2109 (C22H2003", A 0.8 ppm), respectively. The relative abundance
of product ions between m/z 300 and 450 is lower in comparison with
these other product ions, although the cleavage between rings Eand F (ss)
at m/z 457.2071 (C2H33010", A 0.6 ppm) was observed. The cleavage
between rings F and G was observed with the loss of 4 water molecules
(s5— 4H,0) at m/z 485.2525 (CogH370, ", A —1.8 ppm).

The product ion spectrum of [M + H]" of 3 resulted in neutral loss of
SO3 and multiple water losses from the pseudomolecular ion (Fig. 5). 2
has an additional methyl group at C-44 on the aliphatic chain side of the
molecule, relative to 1, with a signature fragment [19,45] at m/z
233.1533 (Figure S5). The major product ions of 3 in the low mass region
were identical to those observed for 1 including a product ion at m/z
219.1378 (rather than at m/z 233.1533, as in 2), indicating that this
compound contains the same I-ring and unsaturated hydroxyketone-
containing aliphatic chain as 1. Product ions from cleavages p8 and p7
in 3 indicate that the additional methyl group (relative to 1) is still pre-
sent, and therefore is present on rings A-G, while cleavages at sg and pg
are identical to those observed in 1. These product ions, at m/z 485.2526
(C26H3707", A —1.6 ppm) and m/z 549.2691 (Ca9H41010™, A —0.6 ppm),
suggest that rings A-F of 3 are identical to those in 1, and therefore that
the additional methyl group of 3 is located between the G-and H-rings.
Comparison of the product ion spectra of 1 and 3 are summarized in
Table S3 and Figure S7. The exact location of the methyl group cannot be
definitively assigned using mass spectrometry, but the experimental data

localized the methylation between C-28 and C-30. The finding that both 1
and 3 are produced by G. silvae (1504 FC-14) suggests that these
metabolites are produced through the same biosynthetic pathway, and
would be expected to contain the same backbone structure and stereo-
chemistry. Visual comparison of gambierones (Fig. 1) indicates that
methylation on non-terminal six-membered rings occurs at ring junctions.
This suggests that methylation is likely to be at C-29 or C-30. When
adjacent six-membered polyether rings are methylated, the majority are
methylated on the same side of the molecule, further suggesting that
methylation will most likely occur at C-29, and 3 is therefore tentatively
identified as 29-methylgambierone (Fig. 5). Confirmation of the site of
methylation awaits isolation and analysis by NMR spectroscopy. This
previously unreported analogue confirms the presence of constitutional
isomers of 44-methylgambierone produced by some Gambierdiscus species
[46], and suggests that further diversity among the gambierone family
can be expected in this genus.

3.2. Time course for oxidation of the G. Silvae extract with sodium
periodate

Reaction with sodium periodate was used to determine the presence
of compounds containing 1,2-diols in the G. silvae extract, in a similar
manner to that used recently in the identification of C-CTXs [41].
Gambierone contains a terminal 1,2-diol at C-1 and C-2, for which
periodate cleavage will result in the loss of 32.0262 Da (Fig. 6) [17]. The
reaction was monitored at 2-hour intervals for 12 h to determine the
reactivity of the gambierones in the extract. Periodate cleavage of 1 was
confirmed by the loss of 32.0262 Da upon oxidation, and was also
observed for 3, with the product eluting approximately 0.4 min later
(Fig. 6). Plots of the peak areas of 1 and 3 and their respective periodate
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Fig. 4. Product ion spectrum of gambierone (1) ([M + H]* m/z 1025.4774) in positive ion mode using a collision energy of 45 eV, with the main fragments depicted
on the structure [M + H — SO3]™: (A) mass range from m/z 75-400; (B) mass range from m/z 400-700, and; (C) mass range from m/z 700-1025.

oxidation products over time are shown in Figure S8. Periodate was
added to the algal extract containing both 1 and 3, where these two
metabolites both reacted in the same solution and under identical con-
ditions. Under these conditions, the time-course of the periodate
oxidation reactions of 1 and 3 were identical, indicating that the diols in
1 and 3 are chemically very similar and located at the same region of the
molecule. Taken together with the mass spectral data, this confirms that
3 contains a terminal diol at C-1 and C-2. Approximately 75% of the
peaks observed in the LC-HRMS chromatogram of the G. silvae extract
reacted with periodate within 12 h, with numerous new peaks appear-
ing, indicating that many compounds in the extract contain 1,2-diols
(Figure S9).

3.3. Fractionation of gambierones with m-aminophenyl boronic acid gel

The presence of 1,2-diols on the gambierones made them candidates
for selective fractionation using immobilized boronic acids. Several
commercially available immobilized boronic acid gels were tested
including boric acid gel, polymer bound boronic acid (both Milli-
pore-Sigma), immobilized boronic acid gel (Thermo Fisher Scientific),
and mAPBAG. The mAPBAG provided the best recovery and was used
for further investigations. Boronic acid gel clean-up procedures take
advantage of the reversible binding between the diols and the boronic
acid that has been covalently bound to a solid support (gel) and can
subsequently be released by adjusting the solvent conditions [47,48].
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Fig. 5. Product ion spectrum of putative 29-methylgambierone (3) ([M + H]" m/z 1039.4931) in positive mode using a collision energy of 45, showing the proposed
structure [M + H — SO3]" and origins of the diagnostic product ions. (A) Mass range from m/z 75-400; (B) from m/z 400-700, and; (C) from m/z 700-1040.

Traditional boronic acid-diol complexation occurs using basic condi-
tions, followed by release in acidic conditions [37,48]. While some
success was obtained using basic complexation and acidic release for the
gambierones in the G. silvae extract, lower binding and recovery of the
gambierones was observed, together with the presence of pigments in
the gambierone fraction. This behavior may be due to the presence of a
primary alcohol in the diol of 1 making it more difficult to form a bor-
onate complex under aqueous conditions [48], therefore a number of
non-aqueous binding conditions were tested. Successful conditions
developed for gambierone fractionation utilized a dispersive SPE tech-
nique by preparing a suspension of the mAPBAG with the algal extract in
CHCl3, requiring 3 h for complete binding. Dispersive SPE provided
significant improvement in metabolite binding compared to loading the
mAPBAG using a conventional SPE cartridge procedure due to the
longer exposure time between the extract and gel. The CHCl3 solution
was removed and the gel was recovered. The gambierones were released
from the gel using a solution of 1:1 (v/v) MeCN-H2O for 2 h. Compar-
ison of the control, chloroform and released eluate fractions (Fig. 7, S10)

indicated that many components of the sample extract were selectively
bound by the gel and subsequently released. The original extract had a
slight yellow—orange color which, when applied to the gel, remained in
the chloroform solution. The elution solvent was nearly colorless, indi-
cating successful removal of most pigments in the extract (Fig. 7). Peak
area comparisons of the control, chloroform and eluate fractions indi-
cated > 97% of 1 and 3 bound to the gel, with average recoveries of 1
and 3 around 105% in the final eluate. Visual comparison of the chro-
matograms shows that several peaks eluting near gambierone remained
in the CHCI; fraction (Fig. 7, S10), indicating that the higher recovery
may due to reduced matrix interferences.

Several isomers of the known [49] algal carotenoid P457 ([M + H]™
m/z 941.5242, CsoH77015", A —1.6 ppm) were tentatively identified in
the G. silvae extract based on exact mass and product ion spectra
(Figure S11). These pigments reacted with periodate to produce later-
eluting peaks with a loss of Hj, suggesting the diol cleavage occurred
in the sugar ring, producing two aldehydes on the terminal sugar moiety
(Figure S11). Given that these pigments were present in the mAPBAG
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Fig. 6. Scheme summarizing the cleavage of the terminal diol at C-1 and C-2 on
the A-ring of 1 and 3 following periodate treatment, and extracted ion
LC-HRMS chromatograms of gambierone (1) and putative 29-methylgambier-
one (3) present in G. silvae (1504 FC-14) before (black line) and after (red
dashed line) 12-h treatment with periodate, showing periodate cleavage
products observed from loss of 32.0262 Da in negative ionization mode.
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eluate when employing the traditional basic conditions for binding
diols, followed by release in acidic conditions, but did not bind with the
mAPBAG when employing the chloroform binding conditions, suggests
that there is selective binding of certain diols including those found in
gambierones using this non-traditional fractionation method.

3.4. Additional sulfated metabolites in the nAPBAG gambierone fraction

Several additional peaks were observed by LC-HRMS in the mAP-
BAG eluate, suggesting they possess similar chemical properties to
gambierones. Compound 8 eluted at 9.6 min with [M + H]t m/z
929.4559 in positive ionization mode and was assigned a molecular
formula of C46H73017S" (RDBE 11, A —0.4 ppm). Another compound
eluted at 10.6 min (9) with [M + H]T m/z 941.4548 was assigned a
probable molecular formula of C47H73017S" (RDBE 12, A —1.6 ppm).
Both peaks showed in-source behavior characteristic of sulfated poly-
ethers including water losses and loss of SO3 (Fig. 8). Two later-eluting
peaks at 11.1 and 12.1 min were observed in the mAPBAG fraction but
were only detected in negative mode, with [M — H] ™ at m/z 1051.4594
and 995.4699 (10 and 11, respectively) with potential molecular
formulae of C52H7502057 (RDBE 15, A 2.1 ppm) and C50H7501857
(RDBE 13, A 2.9 ppm). Comparison of the observed and calculated
isotope distribution patterns for the pseudomolecular ions of 10 and 11
(as well as for 1, 3, 8 and 9) and their proposed molecular formulae are
summarized in Figure S12. MS/MS fragmentation for these metabolites
in negative mode produced a major product at m/z 96.9601 (HSO4 ; A
0.0 ppm). The molecular formulae, high RDBE, facile in-source frag-
mentation, and major product ions at m/z 96.9601 in negative mode all
suggested these to be sulfated polyether compounds. Product ion spectra
in positive mode for 8 and 9 (Figure S13) showed the loss of SO3 and up
to seven additional water losses from the pseudomolecular ions, but
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Fig. 7. Base-peak chromatograms from 9 to 14 min in negative ionization mode from m/z 750-1400 of the G. silvae extract before and after clean-up with mAPBAG.
(A) Control; (B) CHCI; fraction (components not captured by the gel), and; (C) components released from the gel with 1:1 (v/v) MeCN-H,0. The vertical scale for
each chromatogram is the maximum peak intensity observed in the control. For a full-scale chromatogram, see Figure S10.
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Fig. 8. (A) Full-scan mass spectra (positive ionization mode) of: 8, a probable sulfated polycyclic ether with [M + H]™ at m/z 929.4579 and probable molecular
formula of C46H730:7S™, and; (B) 9, a probable sulfated polycyclic ether with [M + H]™ at m/z 941.4548 with potential molecular formula of C4;H;30,7S™.

there were no clear gambierone-diagnostic fragments observed, such as
those for the hydroxyketone aliphatic chain at m/z 219.1381 or m/z
233.1533. This suggests the structures of these metabolites vary from
gambieriones but they may be intermediates in the biosynthetic path-
ways. The structure elucidation of these metabolites was not pursued
further as part of this work, but warrant future investigation to establish
their biosynthetic and toxicological significance relative to gambierones
in Gambierdiscus extracts.

The periodate reactivity of these additional metabolites in the
gambierone-enriched mAPBAG fraction was monitored throughout the
12 h reaction. Approximately 20-25% of 8, 9 and 10 reacted with
periodate over 12 h, but no products with the loss of 32.0262 Da were
observed. However, 11 most likely has a terminal 1,2-diol, as it reacted
at a similar rate to gambierones 1 and 3, with approximately 75%

reacted after 12 h and a potential product formed from the loss of
32.0262 Da ([M — H] ™ at m/z 964.4437). This suggests that 8, 9 and 10
contain diols in less reactive positions than 1. Table 1 summarizes the
properties of the compounds observed in the mAPBAG fraction. The
product ion spectra, reactivity with periodate and behavior with boronic
acid complexation of these metabolites further suggest they possess
some properties similar to gambierones, although structural differences
were observed.

This work identified the presence of gambierones and several
potentially gambierone-like metabolites present in the CHCl, fraction
of a G. silvae extract. Recent studies have reported that the majority of
gambierones remain in the methanolic fraction obtained during liquid-
-liquid partitioning between CHyCl, and MeOH-water [44], which
suggests that there may be additional gambierones or sulfated



E.M. Mudge et al.

Table 1

Summary of the properties of the compounds observed in the gambierone enriched fraction from the mAPBAG fractionation procedure of the extract of G. silvae (1504 FC-14).

NalO4 product
—32.0262 Da

% Reacted with NalO, after 12 h

HSO4~ product in negative MS/MS

RDBE

Molecular Formula®

Accurate Mass [M + H]" or [M — H]~

Retention time (min)

Compound

Yes

75
75
25

Yes

14
14
11
12
15
13

Cs1H76019S

1025.4751

11.6

Yes
No

Yes
Yes

Cs2H78019S
Ca6H72017S

1039.4923
929.4559
941.4548

(-) 1051.4594

11.7
9.6
10.6

No

25
20
75

Yes

C47H72017S

No

Yes

Cs2H76020S

11.1

10
11

Yes

Yes

CsoH76018S

(-) 995.4699

12.1

2 Neutral formula

10
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polyethers produced by this species that were not evaluated in this
study. Future work will focus on the application of this HRMS screening
method and selective extraction techniques on crude extracts of Gam-
bierdiscus, to establish its applicability to a broader range of metabolites
and to evaluate its ability to remove additional matrix components in
these extracts.

A number of bioassays have been developed to assess CTX and MTX
activity [50,51]. Ciguatoxins act as sodium channel activators, while
MTXs, specifically the large polyether maitotoxin-1 (MTX-1), activate
calcium channels leading to an increase in the cytosolic Ca%' ions
[5,51-53]. These assays have been used extensively to screen Gambier-
discus spp., where ciguatoxic activity varies considerably between spe-
cies and strains. Reports have indicated that several species have
ciguatoxic activity, with G. excentricus exhibiting the highest CTX-like
activity across several collections [8,9,51]. G. silvae tends to have
above average ciguatoxic effects when compared to other Gambierdiscus
spp. [8,9,51] and was selected for establishing these complementary
methodologies to screen for potential toxins. The production of a
gambierone-enriched fraction from this species as described herein
could be used to help determine the toxicological significance of these
metabolites, and these tools could also be applied to profile additional
species.

Current knowledge on the biotransformation, accumulation and
depuration of toxins responsible for ciguatera focuses primarily on the
CTXs originally detected in Pacific regions. The algal CTXs, CTX3C and
CTX4A/B, that have been detected in some species of Gambierdiscus, are
oxidized in fish to metabolites such as 2,3-dihydroxyCTX3C and CTX1B,
as confirmed through in vitro liver microsome and in vivo fish feeding
studies [12,54]. These investigations have relied on research identifying
the original algal precursors, for which backbone structures of the me-
tabolites are shared between the precursors and the fish metabolites. To
date, the algal precursors responsible for Caribbean CTXs have yet to be
identified. However, based on knowledge related to biotransformations
of CTX4A/B and CTX3C, it would be expected that the algal precursors
share similar backbone structures to the fish metabolites.

Although gambierone and methylgambierones do not share back-
bone structures with characterized CTXs, they have been shown to have
similar in vitro bioactivities to CTX3C, but with much lower potencies,
thus having CTX-like rather than MTX-like activity [18,19]. Recent
findings suggest that purified 44-methylgambierone has relatively low
toxicity using mouse bioassays [55], which suggests that additional
metabolites or potential synergistic toxicities of components may be
present in crude Gambierdiscus extracts. Additionally, MTX-1 accumu-
lation in fish flesh has been observed, suggesting that sulfated polyethers
may also accumulate in fish flesh [56]. The majority of screening
methods employed to date for Gambierdiscus cultures involve targeted
MS/MS screening for known CTXs. Given that many cultures of Gam-
bierdiscus have been found to be negative for CTX precursors, it is hy-
pothesized that a different suite of toxin precursors are present. The high
resolving power of high-resolution mass spectrometry provides the
ability to screen wide mass ranges to highlight and potentially identify
candidate peaks of interest. The ability to assign RDBE, molecular for-
mula, perform targeted MS/MS fragmentation experiments, identify the
presence of vic-diols, and to selectively extract these highlighted peaks
from matrix components, provides capabilities for investigating these
compounds and their potential for biotransformation to CTXs. While the
algal precursors to C-CTXs are not yet known, these analyses and se-
lective fractionation procedures can be used as tools for screening large
Gambierdiscus collections in conjunction with bioassay screens to detect
potential algal precursors.

4. Conclusions
LC-HRMS combined with periodate cleavage and boronic-acid-

based fractionation of an extract of G. silvae 1504 FC-14, collected
from the US Virgin Islands, revealed several gambierone-like
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metabolites. Gambierone and a previously unreported methylgambier-
one isomer, tentatively identified as 29-methylgamberione, were
detected in the extract. Reaction with periodate confirmed the presence
of 1,2-diols in the structure of these metabolites, and this was exploited
to selectively fractionate these metabolites using an immobilized
boronic acid. Several additional sulfated polycyclic ethers were identi-
fied in the gambierone-enriched fraction from the boronic acid gel.
Future research will focus on the application of these procedures to
facilitate screening collections of Gambierdiscus in combination with
bioassays to identify the toxicological significance of these fractions and
potentially identify metabolites related to ciguatoxin accumulation in
fish in the Caribbean Sea.
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