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Abstract

The aim of this study was to investigate the unusual gas-phase dissociation behavior of two
epimer pairs of protonated gonyautoxins (GTX) following electrospray ionization in comparison
to their deprotonated counterparts. The chemical structures of the investigated GTX1-4 variants
vary in their substitution pattern at N-1 and the stereochemical orientation of the hydroxysulfate
group at C-11 (11a for GTX1/2 versus 113 for GTX3/4). The direct comparison of mass spectra
in positive and negative ion modes illustrated two distinct features: first, an intriguing difference
between protonated 11a and 11 species, where 11a conformations exhibited almost complete
dissociation of [M + H]* ions via facile SO3 elimination, while 11B species remained mostly intact
as [M + HJ*; and second, the lack of such differences for the deprotonated counterparts. In this
study, we propose an acid-catalyzed elimination mechanism from density functional theory
calculations, initiated by a proton transfer of a guanidinium proton to the hydroxysulfate group
with simultaneous SOj release, which is only possible for the 11a conformation based on
intramolecular distances. The same mechanism explains the lack of a comparable SO5 loss in
the negative ion mode. CID experiments supported this proposed mechanism for GTX1 and
GTX2. Computational modeling of product ions seen in the CID spectra of GTX3 and GTX4
established that the lowest energy dissociation pathway for the 118 epimers is elimination of
water with the possibility for further SOz release from the intermediate product. Experimental
data for structurally analogous decarbamoyl gonyautoxins confirmed the evidence for the GTX
compounds as well as the proposed elimination mechanisms.
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Introduction

aralytic shellfish poisons (PSPs) are neurotoxins pro-
duced by marine dinoflagellates during harmful algal
blooms in the oceans and freshwater cyanobacteria
[1, 2]. Shellfish bioaccumulate these toxins from the
algae during grazing, which is of great concern because
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of the PSP’s high toxicity in humans after they consume
shellfish [3]. PSPs have a multifunctional chemical
framework despite their small sizes; they are composed
of a tetrahydropurine skeleton to which a five-membered
ring is fused, and also possess a unique hydrated ketone
structure stabilized by two electron-withdrawing guanidi-
nium moieties (Figure 1). A wide variety of PSP analogs
exists from substitutions at N-1 (hydroxyl addition), C-11
(hydroxysulfate addition, gonyautoxin variants), and N-21
(sulfonate addition). Several studies have investigated the
mass spectrometric and tandem mass spectrometric
(MS/MS) analysis of PSP toxins, mostly by means of
electrospray liquid chromatography-mass spectrometry
(LC-MS) (e.g., references [4-10]).

We have previously discussed the dissociation behav-
ior of two important PSP toxins in detail; viz., saxitoxin
(STX) and neosaxitoxin (NEO) [11, 12]. Both com-
pounds’ collision-induced dissociation (CID) spectra
exhibited an unusually rich variety and abundance of
species due to the large number of functional groups
within the small skeletal structures and the two guanidi-
nium moieties per molecule. We proposed the actual
dissociation mechanisms of the PSPs after calculation of
the proton affinities revealed that protonation took place
at the pyrimidine guanidinium moieties of both STX and
NEO. Most of the parallel and consecutive dissociation
reactions were then rationalized through charge-remote
and charge-mediated multiple neutral losses of H,O,
NH;, CO, CO,, CH,0, and different isocyanate, ketenimine,
and diimine species [11, 12].

The closely-related gonyautoxins (GTX) exhibit several
analogous dissociation reactions [11-13] because of their
structural similarity (Figure 1). These well-characterized
dissociation reactions are not the focus of the present article,
but rather an unusual behavior seen for two epimeric pairs of
substituted PSPs, namely gonyautoxins and decarbamoyl
gonyautoxins (dcGTX) (Figure 1). The GTX compounds
differ from NEO and STX as a result of hydroxysulfate
substitution at C-11, which can exist in two stereochemical
orientations (a/f epimers). A notable difference in the
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epimers’ dissociation behaviors in the gas phase was
described by Dell’Aversano et al. [13], who observed
unusual fragmentation patterns for the two epimeric pairs
of gonyautoxins GTX1/GTX4 and GTX2/GTX3 during
electrospray ionization (ESI) LC-MS and MS/MS analysis
of the protonated molecules. In the measured full-scan mass
spectra, the [M + H]" ion was the most abundant ion for
those gonyautoxins having the C-11 hydroxysulfate group in
B-orientation (GTX3/GTX4), while the [M + H — 80]"
product ion, corresponding to loss of SO; from the
protonated molecule, dominated the spectra of C-1la-
hydroxysulfate toxins (GTX1/GTX2). The authors
observed [13] the same pattern in the CID spectra of
GTX1-4 and also for decarbamoyl gonyautoxin analogs
dcGTX1-4. No mechanistic explanation was given for
this observed discrepancy.

The present study investigates these differences of
GTX and dcGTX epimers in detail and proposes a
mechanism for the gas-phase intramolecular elimination
of SO; from the protonated 1lo variants based on
density functional theory (DFT). Importantly, as will be
shown in this study, the deprotonated GTX epimer pairs
do not follow the same trend, which prompted the
additional question: why are the protonated 1la species
so labile in comparison to their deprotonated anionic
counterparts? This paper will also address this question
mechanistically.

Experimental
Chemicals and Standard Solutions

Reference standard solutions of gonyautoxins GTX1-4 and
decarbamoyl gonyautoxins deGXT2 and deGTX3 were
obtained through the National Research Council/Institute for
Marine Biosciences (NRC/IMB)’s Certified Reference Mate-
rials Program (CRMP, Halifax, NS, Canada) and were
diluted 10-fold in water (+0.1% acetic acid) prior to analysis.
Acetonitrile was purchased from J. T. Baker/Avantor
(Phillipsburg, NJ, USA). Sigma-Aldrich (St. Louis, MO,

R, R, R, R, M,
GTX1 H OSO,H CO,NH, OH 411
GTX2 H OSO.H CO,NH, H 395
GTX3 0SO,H H CO,NH, H 395
GTX4 0SO3H H CO,NH, OH 411
dcGTX1 H OSO,H H OH 368
dcGTX2 H OSO,H H 352
dcGTX3 0SO.H H H H 352
dcGTX4 0SO,H H H OH 368

Figure 1.

Chemical structures and nominal molecular weights (M,) of the investigated gonyautoxins (GTX) and decarbamoyl

gonyautoxins (dcGTX). (GTX1 and GTX2, C-11a-hydroxysulfate; GTX3 and GTX4, C-11p-hydroxysulfate.)
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USA) supplied LC-MS grade ammonium formate, acetic
acid, formic acid and sodium formate. Organic-free water
was generated by a Millipore (Bedford, MA, USA) Direct-Q8
purification system.

Liquid Chromatography

The epimers GTX1-4 and deGTX2/deGTX3 (Figure 1)
were separated on a Shimadzu Prominence (Kyoto, Japan)
liquid chromatography system using a zic-HILIC column
(150 1.0 mm, 3.5 um particles) from Merck Sequant AB
(Umed, Sweden). Separations were achieved by gradient
elution using (A) 4 mM ammonium formate+0.03% formic
acid and (B) acetonitrile/water 90:10 (vol/vol) at 35 pL-min .
Solvent composition was linearly programmed from 50% B to
20% B within 15 min, held at 20% B for 5 min, returned to 50%
B within 1 min, and held for 14 min. The column effluent was
directly coupled to the mass spectrometer via electrospray
ionization.

Mass Spectrometry

Electrospray data were acquired on Bruker (Bremen,
Germany) MicroTOF-QII quadrupole-time-of-flight (QTOF)
and Esquire HCT ion trap mass spectrometers in positive
(3.5 kV) and negative (+3.5 kV) ion modes. The QTOF
instrument was operated with the following settings:
nebulizer gas, 30 psi; drying gas, 4 L'min"'; drying temper-
ature, 200 °C; collision gas, argon. Collision energy/rf
sweeping was activated in the collision cell; 5000 spectra
were summed for each data point. The settings for the ion
trap instrument were as follows: nebulizer gas, 30 psi;
drying gas, 5 L-min"'; drying temperature, 250 °C; smart ion
charge control (ICC), 100,000; maximum accumulation
time, 50 ms; MS/MS collision energy optimization (SmartFrag),
off. Helium was used as the buffer gas. An isolation width of 4 u
was applied in all MS” experiments. Both instruments were
calibrated with a solution of sodium formate (I mgmL™,
isopropanol/water 50:50).

Computational Methods

Density functional theory (DFT) [14] was applied using the
Gaussian 03 program package [15]. The search for the Born-
Oppenheimer energy hyper-surfaces was performed using an
efficient B3LYP computational scheme [14] employing the
6-31G* basis set. Energy minima and transition structures
were verified by calculating the corresponding Hessian at the
same level of theory. For transition structures, intrinsic
reaction coordinate (IRC) calculations were performed to
confirm that each structure connects minima in both the
forward and reverse directions. Higher level single point
energies were obtained with BMK/6-311 + G(2df,p). The
BMK (Boese-Martin for Kinetics) functional was chosen
since it is advocated as the best DFT approach for estimating
the barrier heights [16]. Relative energy profiles were
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calculated using the free energy of the isolated species in
the gas phase at 298 K.

Results and Discussion

As mentioned in the Introduction, the aim of this study was
to find answers for two questions raised during the mass
spectrometric analysis of GTX epimer pairs in the positive
and negative ion modes; viz., what is the exact mechanism
of the extensive SO; elimination from C-11a-hydroxysulfate
GTX epimers (GTX1, GTX2) under electrospray ionization
conditions when, under the same conditions, their C-11f
counterparts (GTX3, GTX4) do not undergo this fragmen-
tation reaction? And, as will be demonstrated below, why
are deprotonated molecules of C-11o epimers much more
stable than the protonated species?

To answer these questions, we conducted a first set of
experiments where we studied protonated species of the
two epimeric pairs of gonyautoxins—GTX1/GTX4 and
GTX2/GTX3—after electrospray ionization. The meas-
ured full-scan spectra in the positive and negative modes
are illustrated in Figure 2. It is evident from this
comparison that [M+H]" ions of C-1la and C-11B
variants differed significantly in their dissociation proper-
ties (Figure 2a—d). First, the protonated C-11B-hydrox-
ysulfate species were much more stable than their
corresponding C-1la compounds, showing mostly intact
[M+H]" ions. The [M+H]" ions of the C-1la variants,
on the other hand, almost completely dissociated into
[M+H - SO;]" ions via elimination of neutral SOs
(Figure 2a, c). No analogous SOj loss reactions were
observed for the C-11p species to a significant extent
(Figure 2b, d), confirming the observation of Dell’ Aversano
et al. [13]. When these experiments were repeated in the
negative ion mode, all four GTX species formed stable
deprotonated molecules, [M — H] at m/z 394 and 410,
respectively (Figure 2e-h).

To elucidate the mechanistic differences for the stabilities
and the dissociation reactions of GTX epimers, we con-
ducted density functional theory (DFT) calculations. The
most stable conformers of the GTX’ [M+H]" ions in the
gas-phase are shown in Figure 3. Close inspection of the
three-dimensional structures revealed that for GTX1 and
GTX2, the C-1la-hydroxysulfate group is in close prox-
imity to the charge-carrying, protonated guanidine group
(Figure 3, right-hand side of the structure). The distances
between oxygen of the C-1la-hydroxysulfate group and
hydrogen of the protonated guanidine group at N-9 are only
2.105A and 2.121A for GTX1 and GTX2, respectively
(Figure 3). It can also be easily seen from the figure that the
C-11B-hydroxysulfate group is far removed from the
guanidinium group for GTX3 and GTX4 (4.310 and 4.291
A). Based on the calculated molecule geometries, we are
proposing a SO; elimination mechanism, which is illustrated
in Figure 4a. In this reaction, protonated guanidine acts as an
acid that readily catalyzes breaking of the S—O bond,
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Figure 2. Full-scan mass spectra of GTX variants under positive (a)-(d) and negative (e)—(h) ESI conditions (M+H]* at m/z 412
for GTX1, GTX4, m/z 396 for GTX 2 and GTX3; [M — H]™ at m/z 410 for GTX1 and GTX4, m/z 394 for GTX2 and GTX3)

followed by elimination of SOs;. The second guanidium
group on the left-hand side of the molecule does not possess

an acidic proton at N-1 or N-3, which could trigger a similar
reaction as proposed for the dissociation mechanism.
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GTX3
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GTX2

GTX4

Figure 3. The most stable conformers of protonated gonyautoxins GTX1-4 (note: GTX1 and GTX2, C-11a-hydroxysulfate;
GTX3 and GTX4, C-11B-hydroxysulfate). Also shown are calculated hydrogen bond distances between oxygen of the
hydroxysulfate group and hydrogen from the guanidinium group for GTX1 and GTX2 (values given in A)

The calculated free energy profiles for these dissociation
reactions of protonated GTX1 and GTX2 are shown in
Figure 4b (see Experimental for the theoretical model used).
For reasons of simplicity, the structures of the reactant (R),
transition state (7S), and product (PR) are presented only for
GTXI1. The transition state for both ions corresponds to
migration of a proton from the protonated guanidinium
group to the hydroxysulfate group. After proton transfer, the
hydroxysulfate group spontaneously dissociates and forms
SO; and GTX1-OH/GTX2-OH. The calculated reaction
barriers for dissociation of GTX1 and GTX2 ions are 56.7
and 54.8 kJ-mol ', respectively.

For the C-11B-hydroxysulfates (GTX3/GTX4 epimers),
the distances of the hydroxysulfate group to the protonated
guanidinium groups are much larger (Figure 3), making a
comparable dissociation reaction unlikely to occur. DFT
calculations confirm that the SOz group cannot be directly
eliminated from these epimers; attempting to cleave the O-S
bond in the hydroxysulfate group to eliminate SO;, did not
result in stable products on the potential energy surface that

corresponds to the dissociated system. In this modeling
process, the O—S distance was gradually raised and for every
incremental increase, the energy of the system was calcu-
lated. The increase of the distance (elongation of the O-S
bond) was done purposely, with the system being not
relaxed, forcing a certain geometry on it (= potential energy
surface scan). In this potential energy scan, dissociation
products would be observed if they existed, and approximate
barrier heights are then obtained. In our experiments, no
dissociation products were seen and we concluded that the
process of SOj; elimination does not exist for GTX/GTX4
compounds.

Importantly, the proposed elimination mechanism shown
in Figure 4 also explains the stabilities of the deprotonated
11a variants GTX1 and GTX2 in comparison to their
protonated counterparts. In our experiments, the deproto-
nated molecules of all four investigated variants (GTX1-4)
exhibited identical behaviors; viz., virtually solitary [M —H]~
ions were formed during electrospray ionization and no
fragmentation reactions, particularly no SOj; eliminations,
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Free energy kJ/mol

— GTX1

TS —— GTX2

Figure 4. (a) The proposed transition state for the formation of [M+H — SOz]* product ions from protonated GTX1 and GTX2
correspond to migration of a proton (shown in red) from the protonated guanidinium group to the C-11 hydroxysulfate group,
followed by spontaneous dissociation of the hydroxysulfate group to form SO3; and GTX1-OH/GTX2-OH. For the GTX3/GTX4
epimers, the distances from the oxygen atom of the hydroxysulfate group to the hydrogen atom of the protonated guanidine
group at N-9 are much larger, making comparable dissociation reactions very unlikely to occur. (b) The calculated free energy
profile is shown for dissociation of GTX1 (red line) and GTX2 (black line). The structures for the reactant (R), transition state (TS)
and product (PR) are shown exemplary for the dissociation of GTX1

were observed (Figure 2e-h). Mechanistically, this can be
readily described by the lack of the acidic proton that
catalyzes the dissociation reaction shown in Figure 4a, as
both GTX1 and GTX2 guanidine groups are neutral in the
negative ion mode.

In the second set of experiments, we conducted CID
experiments, to support and validate the experimental
findings and proposed mechanism. For this, we investigated
the dissociation of GTX compounds after collisional
activation of the [M+H]" ions at m/z 412 and 396 for
GTX1/GTX4 and GTX2/GTX3, respectively, and the
corresponding deprotonated molecules at m/z 410 and 394.
After activation, the protonated 11a-hydroxysulfate variants
of GTX1 and GTX2 readily eliminated neutral SO; to give
[M+H — SOs]" as virtually sole product ion in the CID

spectra (seen at m/z 332 and 316 for GTX1 and GTX2,
Figure 5a, b), confirming the behavior in the full scan
mode (vide supra). When the more stable GTX3 and
GTX4 precursor ions of the 11f species were made to
undergo CID, they produced a more diverse spectrum of
product ions, comprising primarily of [M+H — H,O]",
[M+H - SOs]", and [M+H - H,O - SO;]" ions.
Because no comparable H,O or combined H,O+SOj3 losses
were seen in the CID spectra of the C-11a-hydroxysulfate
species (Figure 6a, b), it was hypothesized that initial H,O
elimination may provide an intermediate structure that could
more easily eliminate SO3 for GTX3 and GTX4, leading to
[M+H — H,O — SO;]" ions. Direct SO; elimination from the
precursor ions was assumed to be the energetically less
favorable route in this hypothesis.
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Figure 5. CID spectra of protonated GTX precursor ions: collisional activation of (a), (b) m/z 412, GTX1 and GTX4; (c), (d) m/z

396, GTX2 and GTX3

To further elucidate this mechanistic proposal, we
considered the previous results of the DFT calculations
(Figure 3). As discussed above, the C-11 hydroxysulfate
groups of GTX3 and GTX4 are too far removed from
the protonated guanidino group to catalyze elimination of
SO; by the mechanism described in Figure 4. These
calculations also revealed, however, that for the GTX3
and GTX4 variants, one of the geminal hydroxyl groups
at C-12 is in much closer proximity to the protonated
guanidine function than is the case for the corresponding
GTX1 and GTX2 compounds (see Figure 3). The
distances between the oxygen atom of this hydroxyl
group and the hydrogen atom on the protonated guani-
dine group are 2.127A and 2.188A for GTX3 and
GTX4, whereas distances are much larger for GTX1 and
GTX2, 2.936A and 2.909A, respectively. As a result, we
are proposing that this —OH group could be readily
protonated by transfer from the guanidinium group. This
activated complex then eliminates the protonated
hydroxyl group as neutral H,O and simultaneously
expels SO;. Importantly, for this SO; expulsion mecha-
nism to work, the C-11 hydroxysulfate group does not
have to be in close proximity to the guanidinium
function because the proton is transferred via the
bridging —OH group at C-12 (which in turn forms the
keto group) to the oxygen atom of the —OSO;  group.

In order to test this hypothesis, a computational study was
performed for GTX3 and GTX4, as summarized in Figure 6,
which illustrates the mechanism and the energetic profiles

along with structures of the transition states. The first step of
this mechanism involves proton transfer from the guanidi-
nium group to the hydroxysulfate group. This step actually
comprises a double proton transfer, where the hydroxyl
group at C-12 acts as a bridge. The proton from the
guanidinium group shifts to the hydroxyl group, and,
simultaneously, the proton from the hydroxyl group migrates
to the hydroxysulfate group (7S7). The reaction barrier for
this process is relatively low, 37.6 kI'mol™' for GTX3 and
38.2 kI'mol ' for GTX4. The resulting tautomers are more
stable than the precursors GTX3 and GTX4 by amounts of
29.0 and 29.2 kJ'mol . The next step involves the migration
of a proton from the hydroxysulfate group to the hydroxyl
group, with simultaneous dissociation of the C—O bond and
elimination of neutral HO (752). At the same time, the
proton from the second hydroxyl group at C-12 moves to the
hydroxysulfate group, which leads to a keto group at C-12
and [M+H — H,0]" ion formation. The calculated barriers
for this process are 50.5 and 51.6 kJ-mol ™' for GTX3 and
GTX4, respectively. In the second stage of our proposal
(7S3), the [M+H — H,0]" product ion would then lose SO;
via S-O bond cleavage and proton migration from an
oxygen atom of the SO; group (Figure 6a). The barrier for
this SO; elimination is 130.0 and 129.0 kJ'mol™" for GTX3
and GTX4, respectively. Figure 6a also shows the measured
breakdown curve for the [M+H[" ion of GTX3 as well as
the appearance curves for the [M+H — H,0]" and [M+H —
H,O — SOs]" ions from collisional activation experiments on
an ion trap instrument, which are consistent in their energetic
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Figure 6. (a) The proposed mechanism for H,O and SO3 eliminations from protonated GTX3/GTX4 and measured breakdown
and appearance curves for ion species involved in this mechanism (shown for GTX3). (b) Calculated free energy profiles for
these reactions. (For reasons of simplicity, only the 3D structures for GTX3 are shown)

requirements with the above proposal (the observed behavior
of GTX4 (not shown) was virtually identical to GTX3).

It is important to emphasize that the process of proton
transfer (=7S51) preceding the elimination of water (=752) is
energetically less favored for the GTX1 and GTX2
compounds than for GTX3 and GTX4; the calculated
reaction barriers 7S/ for GTX1 and GTX2 are 89.9 and

90.4 kJ-mol ', respectively. Because the process of SO;
elimination requires significantly less energy (56.7 and
54.8 kJ'mol™") for GTX1 and GTX2, we conclude that the
elimination of water is not a favorable reaction for GTX1
and GTX2, as confirmed by the experimental findings
(Figures 2 and 5). These compounds exhibit almost solitary
SO; elimination.
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The CID analysis of the deprotonated molecules of
GTX1-4 revealed identical dissociation properties for all
molecules, reflecting the uniform behavior in the full scan
mode (vide supra). In these analyses, the CID spectra
exhibited two major neutral losses from the [M — H] ions
for all investigated GTX compounds; namely charge-remote
neutral losses of H,O and isocyanate NH=C=0 (43 Da,
from residue Rs; Figure 1), as reported for other PSP toxins
[11]. The CID spectra for the GTX anions are summarized in
the Supplementary Material.

Finally, for confirming the observed 11o/11f differences
in the positive ion mode and the uniform behavior of the
11a/11P negative ions, we also investigated the corresponding
decarbamoyl gonyautoxin epimers deGTX2 and deGTX3
(Figure 1), which were assumed to show identical behavior to
the GTX molecules. As expected, our experiments revealed
the same differences and the same trends in the mass spectra
for the stereochemical variants, for both positive and negative
ions, in full-scan and CID spectra (the mass spectra are
summarized in the Supplementary Material).

Conclusions

In this study, we have compared the stabilities of protonated
and deprotonated GTX compounds after electrospray ioniza-
tion as well as collision-induced dissociation. Inspection of
the full-scan spectra of epimers of GTX highlighted two
distinct features: first, a notable difference between proto-
nated 11a- (GTX1/GTX2) and 113- (GTX3/4) hydroxysul-
fate species, where the 1lo conformations exhibited an
almost complete dissociation of the [M+H]" ions via facile
SOj; elimination but the 11f species remained mostly intact.
Second, a complete lack of such dissociations for the
deprotonated counterparts was observed. An intramolecular,
acid-catalyzed elimination mechanism for the protonated
110, compounds was proposed based on density functional
theory calculations, which comprised proton transfer of a
guanidinium proton to the hydroxysulfate group with
simultaneous SO; release, which is only possible for the
11a conformation. The same mechanism was used to explain
the lack of a comparable SOj; loss in the negative ion mode
and the greater stabilities of the anions. CID experiments
supported this proposed mechanism for GTX1 and GTX2.
Computational modeling of the product ions seen in the CID
spectra of GTX3 and GTX4 established that the lowest
energy dissociation pathway for the 113 epimers is elimi-
nation of neutral water with the possibility for further SO;
release from the intermediate product.

Importantly, the findings shown in this study have direct
implications for the trace analysis of PSP toxins in environ-
mental samples, where most scientists use the positive ion
mode for detection. GTX analogs can be analyzed in the
negative ion mode with similar detection sensitivity com-
pared with the positive ion mode, but with the advantage of
stable deprotonated molecule ions of the precursor ions
during electrospray ionization. Structure diagnostic product
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ions for sensitive MRM can be readily generated by CID.
We are currently applying the negative ion mode in
quantitative analyses of GTX compounds in environmental
samples, the results of which will be reported in a
subsequent paper.
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