Anal. Chem. 2000, 72, 376—383

Electrospray lonization Tandem Mass
Spectrometry for Structural Elucidation of
Protonated Brevetoxins in Red Tide Algae

Yousheng Hua and Richard B. Cole*

Department of Chemistry, University of New Orleans, Lakefront, New Orleans, Louisiana 70148

Brevetoxins, the toxic components of “red tide” algae, all
share one of two robust polycyclic ether backbone struc-
tures, but they are distinguished by differing side-chain
substituents. Electrospray ionization mass spectrometry
analyses of brevetoxins have shown that the polyether
structure invariably has a very high affinity for sodium
cations that results in the production of abundant (M +
Na)* ions even when sodium cations are only present as
impurities. Because the ionic charge tends to remain
localized on the sodium atom and because at least two
bonds must be broken in order to produce polycyclic
backbone fragmentation, it is extremely difficult to obtain
abundant product ions (other than Na*) from (M + Na)*
brevetoxin precursor ions in low-energy collision-induced
dissociation (CID) MS/MS experiments. This report es-
tablishes that acid additives (oxalic acid, trifluoroacetic
acid, and particularly hydrochloric acid) in aqueous
methanol solutions can promote high yields of protonated
brevetoxin molecules (MH™ ions) for Btx-1, -2, and -9
brevetoxins. Most importantly, unlike their (M + Na)*
counterparts, MH* precursor ions offer readily detectable
product ions in CID MS/MS experiments, even under low-
energy collisions. This direct structural characterization
approach has provided decomposition information from
brevetoxins that was previously inaccessible, including the
identification of diagnostic product ions for “type A”
brevetoxins (m/z 611) and “type B” brevetoxins (m/z
779, 473, 179) and characteristic ions for Btx-1 (m/z
221, 139), Btx-2 (m/z 153), and Btx-9 (m/z 157, 85).
Precursor ion scans and constant neutral loss scans are
proposed to enable screening of individual type A or type
B brevetoxins present in naturally occurring mixtures.

Brevetoxins produced from marine algal dinoflagellates Pty-
chodiscus brevis are lipid-soluble polyether neurotoxins that are
responsible for massive fish kills and severe human health
problems.1=3 A variety of brevetoxin compounds have been
structurally identified and classified as either type A or type B
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Figure 1. Structures of two main types of brevetoxins.

(see Figure 1), with Btx-1 (type A) exhibiting the highest toxicity,
and more subtle toxicity differences existing for the individual
type B brevetoxins.*® Recently, certain brevetoxin analogues found
in shellfish that feed off of dinoflagellates have been structurally
identified.5-8 Other less common brevetoxin components have not
been structurally elucidated.%10

The mechanism of brevetoxin toxicity has been linked to an
alteration of the sodium channel function due to a high degree of
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brevetoxin binding to a specific protein site in the sodium channel
of mammalian nerve cells.’'~14 In recent years, brevetoxin-related
studies have been ongoing in the biological and medical fields.
Moreover, brevetoxins have found significant value as neurological
probes for investigations of the structure and function of the
sodium channel of nerve cells.>~*° The basic biological processes
of ingestion, distribution, and elimination of brevetoxin compounds
and their metabolites have also been investigated widely.10:20-22
Poli et al.1 did in vitro and in vivo studies of Btx-3 distribution
and metabolic fate using rats. They reported three metabolites
that are more polar than Btx-3, but they did not identify the
structures of these metabolites.

A major challenge is to detect and structurally identify specific
brevetoxin metabolites that exist in a complex biological matrix
when sample sizes are limited and concentrations are at trace
levels. Moreover, certain metabolites are likely to be of limited
stability. Many spectrometric methods have been employed to
obtain structural information concerning brevetoxins, such as
X-ray, NMR, exciton coupled circular dichroism (CD), FT-IR, and
UV, as well as a variety of mass spectrometry methods. FT-IR
and UV methods serve to assist in confirming the presence of
specific functional groups,?2* while CD? provides conformation
information. X-ray®®? is a key tool to solving complete chemical
structures, but its applications are limited to cases where pure
compound crystals are available. NMR spectra in conjunction with
electron ionization (EI)-MS data have been used to deduce
brevetoxin structures,® but NMR also requires relatively large
quantities of pure compound, while EI-MS necessitates time-
consuming derivatization procedures to convert hydroxyl and
lactone functional groups to methoxyl groups. Without derivati-
zation, primarily fragment ions have been observed in ElI mass
spectra of Btx-1, Btx-3,% and Btx-1, Btx-2, and Btx-4.% Certain
brevetoxins, especially those analogues bearing a carboxylic acid
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group on the tail side, have been shown to yield abundant [M —
H]~ ions by fast-atom bombardment MS.58 Signals were of
adequate strength to allow acquisition of tandem mass spectra
employing high-energy collision-induced dissociation (CID) on a
magnetic sector instrument. [M — H]~ ions exhibited almost
exclusively charge-remote fragmentations with negative charge
retention on the carboxylate moiety of generated product ions.58

We have previously established on-line liquid chromatography
(LC)/electrospray ionization (ESI)-mass spectrometry as a power-
ful analytical tool to provide relatively rapid quantitative and
structural information concerning brevetoxins with high sensitivity
and low sample quantity requirements.? But when a single-stage
mass spectrometer without tandem mass spectrometry capability
is employed, structural information is mainly limited to molecular
weight assignments from ionic forms of intact molecules (either
singly or multiply charged via cation attachment) and analyte
cluster ions (e.g., noncovalently bound dimers and trimers). A
good candidate method for profiling the variety of brevetoxin
compounds present in a red tide bloom or an ingesting organism,
including direct structural elucidation of compounds and metabo-
lites from limited sample quantities, is liquid chromatography
coupled to ESI-tandem mass spectrometry (MS/MS).

The strength of the polyether backbone, however, has two
major implications for ESI-MS/MS analyses. First, the polyether
structure invariably has a very high affinity for sodium cations
that results in the initial generation of abundant (M + Na)* ions
even when sodium cations are only present as ubiquitous
contaminants in the environment. Second, when attempting to
produce collision-induced dissociations, at least two bonds of the
polycyclic backbone must be broken in order to obtain backbone
fragmentations. This characteristic, combined with the fact that
the ionic charge tends to remain localized on the sodium atom,
renders it extremely difficult to obtain useful product ions in
detectable abundances from brevetoxin (M + Na)* precursor ions
during tandem mass spectrometry experiments. Most frequently,
only the uninformative Na* product ion is observed in high yield,
even under high collision energies obtainable on a magnetic sector
instrument. In this paper, we present an alternative method that
can be used to obtain ESI-MS/MS spectra whereby protonated
molecules MH* created under specific solution conditions can
decompose under low-energy collision conditions to produce
structurally informative product ions. This approach offers poten-
tial for future coupling to HPLC for characterization of brevetoxin
analogues and their metabolites.

EXPERIMENTAL SECTION

All mass spectrometry experiments were performed on a
Quattro Il triple-quadrupole mass spectrometer (Micromass Inc.,
Manchester, England). Sample solutions were directly infused at
2 uL/min into the ESI source employing nitrogen as both
nebulizing gas and drying gas. The ESI needle voltage was set at
3.7 kV with the electrospray chamber held at 70 °C and the “cone”
voltage set at 40 V. Collision-induced decomposition MS/MS
spectra were acquired at 70 eV collision energy (Ejsp) Using argon
as the collision gas at a pressure of 2.0 x 10~* mbar (gauge
external to collision cell). All mass spectra represent the average
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Table 1. Measured Proton Concentration, Acid Concentration, and ESI Intensity of [Btx-2 + H]* Peaks in Four

Selected Acidic Solutions

acetic acid pK, 4.74 oxalic acid pK, 1.27 TFA pK, 0.52 HCI pK,; —6.3

[H*] of 0.001 M acid in 1:1 MeOH/H,0 (M) 9.1 x 1076 9.7 x 1074 9.9 x 104 1.00 x 1073
[acid] with 0.001 M H* in 1:1 MeOH/H,0 (M) 0.316 1.02 x 1073 1.00 x 1073 1.00 x 1073
[Btx-2 + H]™ ESI intensity with 1075 M Btx~2 and 3.6 x 10° 4.6 x 10° 4.3 x 10° 4.7 x 10°

0.001 M H* in 1:1 MeOH/H0 (arb units)
[H*] of 0.001 M acid in 4:1 MeOH/H,0 (M) 15 x 1076 52 x 1074 8.5 x 104 1.0 x 1073
[Btx-2 + H]* ESI intensity with 107> M Btx—2 and 1.2 x 10* 3.4 x 10* 2.2 x 10° 5.7 x 10°

0.001 M H* in 4:1 MeOH/H0 (arb units)

A) Btx-2 in 0.001M HCI
of 10—20 scans. All reported m/z values were rounded down to Scan ES+

the nearest integer value; hence, as there are no nitrogen atoms,
and all fragments were assigned as even-electron species, they
appear at odd mass values. Solution pH values were measured
using a Corning 340 pH meter (Corning Inc., Corning, NY).
Brevetoxin standards were purchased from Chiral Corp. (Miami,
FL; Btx-1) and Sigma (St. Louis, MO; Btx-2 and Btx-9). Stock
solutions of the brevetoxin standards of Btx-1, Btx-2, and Btx-9
were prepared by individually dissolving 50—100 ug of the
purchased brevetoxins into 0.5 mL of methanol. Sample solutions
were obtained via dilution in specified solvent systems just prior
to analyses. HPLC-grade methanol and water were purchased from
EM Science (Gibbstown, NJ). Due to their extreme toxicity, it is
vital to take appropriate safety precautions when handling bre-
vetoxins, including the use of gloves and safety glasses; disposal
must be handled via qualified professionals.

RESULTS AND DISCUSSION
Owing to the very high affinity of brevetoxins for sodium

cations, ESI mass spectra employing a single-stage mass analyzer
exhibit high-intensity signals for sodium adducts of brevetoxins
(M + Na)* from aqueous methanol solutions prepared at near-
neutral pH.2 However, initial attempts to obtain informative
collision-induced dissociation MS/MS spectra using a triple
quadrupole from (M + Na)* precursor ions failed in that the only
product ion to appear in detectable yields was Na*. Even when
experiments were repeated on a magnetic sector instrument where
high-energy decompositions could be induced, other decomposi-
tion products were barely detectable. We postulate that the reason
for this is that the ionic charge is localized on the sodium atom,
and the decomposition pathway of lowest activation energy is the
loss of Nat*, which dominates over any other fragmentation
pathway.

An alternative MS/MS strategy that we have developed is to
turn to decompositions of protonated brevetoxin molecules, MH™.
Such MHT ions from brevetoxins have been observed in positive
mode chemical ionization (CI),% FAB,* and ESI mass spectrom-
etry.® In the CI mode, MH™, (M + NH,)*, and (M + Na)™ ions
were all observed in mass spectra, with MH* appearing as a
predominant peak,? while in the FAB mode, only MH" was
reported.* In ESI, acetonitrile/water sample solutions were acidi-
fied with 0.1% trifluoroacetic acid, and both MH* and (M + Na)*
ions were observed in about a 2:1 abundance ratio of MH*/(M +
Na)*.® In our experience, when employing near-neutral pH
solutions, protonated molecules are barely detectable because
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Figure 2. Direct infusion electrospray ionization mass spectra
obtained as averages of 10 scans for 1.1 x 107 M Btx-2 in 1:1

MeOH/H20 solutions in varied acid media.

sodium adducts always dominate. Moreover, initial trials using
addition of weak acids (e.g., acetic) resulted in low signals for
MH* that virtually precluded MS/MS experiments on this
precursor ion. Our effort then turned to optimizing solution and
instrumental conditions for desorption of MH*.

Choice of Acids for Maximizing MH™ Signal Intensity. Four
acids with different dissociation constants (K,) were selected to
test the ability to promote MH* formation in ESI mass spectra of
Btx-2 (see Table 1). Experiments were conducted either at a fixed
concentration of added acid (0.001 M, see Figure 2) or at a fixed
(dissociated) proton concentration ([H*] = 0.001 M, Table 1).
Proton concentrations (Table 1) were measured with a pH meter
that was calibrated using hydrochloric acid solutions in MeOH/



H,O (1:1), which were determined (using an approximate pK,
value in MeOH/H,0O (1:1) = 0.5(pK,; (MeOH) + pK, (H,0) =
—3.0)% to completely dissociate under all employed conditions.
When the acid concentration was held constant (0.001 M), but
the nature of the added acid was varied (Figure 2), MH*
abundance for Btx-2 (m/z 895) during ESI-MS increased with
rising [H*] (measured) in the initial solution. From the three acid
solutions that underwent virtually complete dissociation (oxalic
acid, TFA, HCI), ESI-MS peak intensities were rather similar and
of high intensities (full-scale intensity indicated in upper right
corner of mass spectrum) relative to pH-neutral solutions. On the
other hand, acetic acid addition (relatively high pK,) offered little
improvement in MH™ signal relative to the pH-neutral solution.
In separate experiments, the concentration of acetic acid was
increased to 0.316 M, thus raising [H*] in the initial solution to
0.001 M. Here, MH" intensity increased to 3.6 x 10% which is
still only ~77% of that of the MH™ signal obtained from 0.001 M
HCI solution (see Figure 2A and Table 1). If one considers the
increased level of signal suppression®-34 due to the very elevated
electrolyte concentration in 0.316 M acetic acid, the similar MH*
intensities under constant [H*] indicate that a high [H*] is critical
to enabling protonation of brevetoxin molecules. When electrolyte
concentration was >0.01 M, signals became severely suppressed.
The above experiment was repeated using the same acid
concentration of 0.001 M, but this time a 4:1 methanol/water
solution was used as the solvent. As can be seen from the ESI
mass spectra (Figure 3), the peak intensity of [Btx-2 + H]* (m/z
895) decreases monotonically in moving from HCI to HAc
solutions, which follows the trend of the relative acidities that
decrease in the same direction. The measured proton concentra-
tions for the 0.001 M solutions of the various acids in 4:1
methanol/water are listed in Table 1. Hydrochloric acid solution
in 4:1 methanol/water produced the highest intensity protonated
Btx-2 peak among the four acids, and this mixed solvent of 4:1
methanol/water was found to perform better than the same
quantity of acid added to 1:1 methanol/water. The optimum HCI
concentration at 4:1 methanol/water that produces the best [Btx-
2 + H'] signal was determined to be ~(1-2) x 10-3 M (Figure
4); CI~ counterions do little to induce deprotonation.34—36
Optimization of Instrumental Parameters. In addition to
solution conditions, instrumental parameters can also affect the
ESI-MS abundances of protonated brevetoxin molecules. Among
these parameters, source temperature, capillary voltage, and cone
(skimmer) voltage exhibit significant influences. The optimal
temperature range is determined to be between 50 and 70 °C.
The cone voltage exerts a marked effect on signal intensity as
shown in Figure 5. At a low cone voltage (e.g., 20 V, not shown),
the electrostatic lensing properties of the cone are not optimized
to allow high transmission of intact brevetoxin ions to the detector.
When the cone voltage was raised to 40 V, protonated Btx-2 (m/z
895) appeared in very high intensity (Figure 5A). At 70 V cone
voltage (Figure 5B), protonated Btx-2 underwent significant “in-
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Figure 3. Direct infusion electrospray ionization mass spectra
obtained as averages of 10 scans for 1.1 x 1075 M Btx-2 in 4:1
MeOH/H20 solutions in varied acid media.
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Figure 4. ESI signal intensity of [Btx-2 + H]™ as a function of
concentration of hydrochloric acid. Hydrochloric acid was added to
Btx-2 solutions to obtain fresh solutions containing 2.1 x 10~5 M Btx-2
in methanol/water (4:1).

source” CID resulting in a reduction in m/z 895 peak intensity,
while concurrently the intensity of the peak at m/z 877 (assigned
as [Btx-2 + H — H,0]") increased. Further increase of the cone
voltage to 100 V (Figure 5C) results in continued diminution of
m/z 895, while here, m/z 877 decreases in intensity, presumably
owing to dominant consecutive decompositions. Last, it is interest-
ing to note that the peak intensity of m/z 917 [Btx-2 + Na]*
actually rises progressively in moving from Figure 5A to Figure
5C. This is indicative of the high stability of sodium adducts of
brevetoxins, adducts that are not susceptible to decomposition
under in-source CID. The actual increase in the peak intensity of
m/z 917 may be attributable to decompositions of noncovalently
bound dimers [2Btx-2 + Na]*, doubly charged trimers [3Btx-2 +
2Na]?*, and doubly charged dimers [2Btx-2 + 2Na]?*. These types
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Figure 5. ESI mass spectra of Btx-2 (2 x 10-5 M) in 0.002 M HCI
in methanol/water (4:1) solution employing different cone voltages.

of ions were previously observed in ESI mass spectra of brevetox-
ins.?

Tandem Mass Spectra of Brevetoxin Compounds. For the
2.0 x 1075 M Btx-2 solution in 2.0 mM HCI in 4:1 methanol/water,
the [Btx-2 + H]* intensity is ~2.1 x 108 (Figure 5A), which is
about 1/5 of the optimized peak height of [Btx-2 + Na]* for the
same solution devoid of acid. Thus, from the standpoint of
quantitation, [Btx-2 + Na]* can provide a better signal than [Btx-
2 + H]*. But for tandem mass spectrometry purposes, only [Btx-
2 + H]* will produce informative fragment ions (Figure 6A).

There are several preferred sites of protonation on the Btx-2
molecule, including the hydroxyl oxygen of the K-ring, the R-group
(side-chain) aldehyde oxygen, or any one of several ether oxygens.
The proton affinities of hydroxyl oxygens, aldehyde oxygens, and
ether oxygens are reported to have rather similar values?” hence,
a distribution of protonation sites is expected. Moreover, protons
can have considerable mobility on the surface of a gas-phase
molecule, especially after internal energy is imparted to the
protonated molecule upon collision. Comparison of ESI mass
spectra of [Btx-2 + H]* and [Btx-9 + H]* obtained under identical
conditions indicates that protonation of Btx-2 is more favorable
than protonation of Btx-9. Of course, the structures of Btx-2 and
Btx-9 are the same except for the “tail side” (R-group), where Btx-2
has two unsaturations (double bonds) which render the mass of
Btx-2 four units lower than that of Btx-9. A major factor contribut-
ing to this higher tendency for protonation of Btx-2 is the higher
proton affinity®” of the Btx-2 R-group (810.5 kJ/mol for CH,=
CHCHO) as compared to that of Btx-9 (792.5 kJ/mol for CHs-
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Figure 6. ESI-MS/MS spectra of MH* precursor ions (base peaks)
of brevetoxins in 0.002 M HCI in methanol/water (4:1) solutions: (A)
2.0 x 1075 M Btx-2; (B) 1.1 x 10~ M Btx-9; (C) and 1.1 x 10™* M
Bix-1.

CH,CH,OH) located on otherwise identical brevetoxin backbones
(see Figure 1).

Panels A—C of Figure 6 show the MS/MS product ion mass
spectra of [Btx-2 + H]*, [Btx9 + H]*, and [Btx-1 + H]T,
respectively, obtained under the same instrumental conditions for
CID (see Experimental Section). The peaks corresponding to
small neutral losses giving product ions at m/z 877, 859, and 841
(Figure 6A) are interpreted to correspond to consecutive water
losses involving one, two, and three water molecules. Similar water
loss peaks from Btx-9 are found at m/z 881, 863, and 845 (Figure



Scheme 1. Proposed Fragmentation Routes Leading to m/z 881, 85, and 779 from [Btx-9 + H]*
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6B). In viewing the lower mass range in Figure 6, there is a major
peak at m/z 85 (highest abundance product ion) that is dominant
only in Figure 6B. The m/z 85 ion is proposed to be formed via
dissociation of the “tail end” involving multiple H-transfers to form
either of the two stabilized m/z 85 structures shown in Scheme
1. The MS/MS spectrum of [Btx-9 + H — H,O]* (m/z 881, Figure
7) also gives a dominant peak at m/z 85, thereby providing
additional evidence that the first step in this decomposition is loss
of water. An analogous pathway to produce m/z 81 from [Btx-2
+ H]* is apparently not favorable because of the two additional
unsaturations on the tail side that can limit the possibilities for
H-transfer from the tail side, yet a moderate intensity peak at m/z
83 does appear (Figure 6A). Scheme 1 also shows a route to
produce a product ion at m/z 779 from [Btx-9 + H] * (Figure
6B). This route can also rationalize how [Btx-2 + H]" produces
the same m/z 779 product ion (Figure 6A). We propose that m/z
779 represents a diagnostic product ion for the type B brevetoxin
backbone structure because it contains 10 intact backbone rings
of type B brevetoxin, and it is formed by opening the last (K)
ring adjacent to the tail side chain. The side chain, which is what
distinguishes the different type B brevetoxins, is lost as a neutral.
Our proposed mechanism is corroborated by the appearance of
m/z 779 in the MS/MS product ion spectrum of [Btx-9 + H —
H,O]" (Figure 7).

Comparison of panels A and B of Figure 6 also reveals that
ions at m/z 473 and 179 appear for both Btx-2 and Btx-9, indicating
that in each case charge retention occurs on the head side
portions, while the tail-containing portions are lost. A proposed
fragmentation mechanism leading to m/z 473 is shown in Scheme
2 using Btx-2 as an example compound. Here, protonation of an
ether oxygen leads directly to ring-opening and a secondary
carbocation intermediate. The key structural feature involved in
this mechanism is shown for the general case in Figure 8a. For
Btx-2 or Btx-9, a mechanism entirely analogous to that shown in

K OH o

m/z 85

m/z 779

Scheme 2. Proposed Fragmentation Route to
m/z 473 after Initial Protonation on the Ether
Oxygen of Btx-2

= _O
or F
(o]
m/z 473 m/z 473

Scheme 2, can occur to form m/z 179 (proposed structures shown
in Figure 8b), based on an initial protonation at the D-ring oxygen.
Moreover, an analogous structural portion is also found in the
Btx-1 molecule, and indeed a corresponding peak appears at m/z
611 (Figure 6c, proposed structures shown in Figure 8c). Again,
a mechanism analogous to that shown in Scheme 2 can lead to
formation of m/z 611 based upon initial protonation of the I-ring
oxygen of Btx-1.

This proposed mechanism, involving initial ether oxygen
protonation, is corroborated by the MS/MS product ion spectrum
of [Btx-9 + H — H,O]* (m/z 881). These m/z 881 ions had most
likely undergone single water loss after initial protonation of a
hydroxyl group on Btx-9, and they did not produce peaks above
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Figure 7. ESI-MS/MS spectrum of [Btx-9 + H — H,O]* (m/z 881)
precursors formed by in-source CID of [Btx-9 + H]" precursors.
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Figure 8. (a) General structural feature and mechanism that leads
to ions of (b) m/z 179 from Btx-2 and Btx-9 and (c) m/z 611 from
Btx-1.

the noise level at m/z 473 or 179 (Figure 7). This finding suggests
that initial protonation on the ring hydroxyl oxygen disfavors the
formation of m/z 179 and 473 ions and adds credibility to the
mechanism detailed in Scheme 2 (general case, Figure 8a)
depicting initial protonation of an ether oxygen. On the basis of
the above arguments, m/z 473 and 179 (Figure 6A and B) can be
considered to be diagnostic ions of the type B brevetoxin
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backbone structure. Similarly, m/z 611 (appearing in moderate
intensity around the middle-mass range, Figure 6C) can be
considered as a diagnostic ion for the type A brevetoxin backbone.

Many peaks appear in the low-mass range for all investigated
brevetoxin compounds. Several peaks in Figure 6B (m/z 129, 139,
and 157) are exactly 4 mass units higher than corresponding peaks
in Figure 6A (m/z 125, 135, and 153). These peaks are likely
fragmentation ions incorporating and exhibiting charge retention
on the “tail” side R-group, because the tail of Btx-9 is exactly 4
mass units heavier than that of Btx-2. Moreover, because of the
fact that the “tails” of Btx-2 and Btx-1 are identical, several low-
mass ions in Figure 6C from Btx-1 (m/z 81, 83, 95, 109, and 125)
also appear in Figure 6A from Btx-2. Presumably these ions are
formed with charge retention on the tail portion.

Scheme 3 has been constructed to rationalize the tail side
fragmentation pathways. The diagram starts with protonation on
the J-ring hydroxyl group, followed by water loss. The charge
migrates from Csg to C3; upon inductive bond cleavage between
Cs7 and Cgg. A hydrogen transfer to the I-ring oxygen can lead to
ring opening. From here, two decomposition pathways are
proposed: (1) H-ring opening through inductive bond cleavage,
followed by carbon—oxygen cleavage to destroy the H-ring and
form a product ion of m/z 221 (Scheme 3, bottom left). This latter
ion is stabilized by multiple conjugation; (2) H-transfer from Css
position to the J-ring ether oxygen (via five-membered ring),
followed by inductive bond cleavage, to form the product ion of
m/z 139 (Scheme 3, bottom right). Pathways completely analogous
to this latter route also apply to Btx-2 and Btx-9 to produce ions
of m/z 153 and 157, respectively, upon substitution of the
appropriate R; and R, groups and bearing in mind that initial
protonation takes place at the K-ring hydroxyl group. However,
the ions analogous to m/z 221 formed from Btx-1 according to
the first decomposition pathway (i.e., m/z 235 for Btx-2 and m/z
239 for Btx-9) were not observed. This may be rationalized by
considering that the methyl group attached to the G-ring of Btx-1
effectively stabilizes the charge on Cj, upon H-ring opening
(Scheme 3). However, no analogous methyl group exists on Cg
(between the H-ring and the I-ring on type B compounds) to
stabilize either Btx-2 or Btx-9; hence, the pathway is disfavored.

The peaks corresponding to all four ions depicted in Scheme
3 appear in relatively high intensities in Figure 6. Most impor-
tantly, they are all deduced to represent ions that contain the initial
side chains that distinguish the various brevetoxins. Because the
side chains that differentiate the individual brevetoxins retain the
charge, we propose that the associated lost neutrals can be used
in diagnostic constant neutral loss MS/MS scans to screen for
type A or type B brevetoxins contained in naturally occurring
brevetoxin mixtures. The neutral losses of 646 and 728 m, (leading
to product ions of m/z 221 and 139, respectively, characteristic of
Btx-1) are proposed to be diagnostic of type A brevetoxins, while
the neutral loss of 742 m, (associated with the formation of m/z
153 (Btx-2) and 157 (Btx-9)) is proposed to be diagnostic of type
B brevetoxins.

CONCLUSION
Optimization of acidic solution conditions has promoted the

desorption of protonated brevetoxin molecules, despite the high
affinity of brevetoxins for ubiquitous sodium cations. ESI-MS/
MS of MH™ ions allows efficient decompositions of the polycyclic



Scheme 3. Multistep Fragmentation of [Btx-1 + H]*, Initially Protonated on the J-Ring Hydroxyl Group

mz221 (R1= CHO0 R2=H)

brevetoxin backbone leading to abundant production of structur-
ally informative product ions. This situation is in marked contrast
to (M + Na)* precursor ions that do not produce abundant yields
of brevetoxin product ions. Hydrochloric acid in 4:1 methanol/
water solution afforded the highest intensity MH* signal among
four tested acid solutions. The optimum conditions for protonation
will depend, of course, on traits of the analyte (e.g., basicity), other
solution characteristics, and instrumental parameters. Three
fragmentation schemes have been given to rationalize MS/MS
decompositions of brevetoxin compounds. Product ion spectra
reveal fragments composed of either brevetoxin side-chain and/
or backbone structures. Product ions of m/z 779, 473, and 179
can be considered to be diagnostic ions for the type B brevetoxin
backbone structure, while m/z 611 can be considered as a
diagnostic ion for the type A brevetoxin backbone. We propose
that MS/MS precursor ion scans seeking all parents of m/z 779,
473, or 179 can be used to screen for type B brevetoxins, while a
precursor ion scan seeking all parents of m/z 611 can locate the
type A brevetoxins. Moreover, constant neutral loss scans of 742

mz 139 R1= C H,0.R2=H)

Similar pathway can apply to Btx-2 and Btx-9
after initial protonation of K-ring hydroxyt group

m/z 153 (Rt = CH;0: R2=CH,)
m/z 157 (R1 = C,H,0: R2=CH;,)

m;, (characteristic loss for type B) or 646 and 728 m, (characteristic
losses for type A) can be used to further screen mixtures for
brevetoxin constituents. In future studies, in conjunction with LC
or CE, the developed ESI-MS/MS approach will find application
to brevetoxin metabolite analyses.
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