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No presente estudo, duas micosporinas (MAAs) contendo um segundo 4cido carboxilico foram
submetidas a fragmentacio em eletrospray e nanospray em diferentes equipamentos. Em contraste
com resultados anteriores, a eliminagdo de radical metila no modo positivo de analise foi um
processo minoritario de fragmentagdo. Neste trabalho apresentamos também a via de fragmentacio
destas substancias em modo negativo e cdlculos tedricos para caracterizar os sitios de protonagao.

Two mycosporine (MAAS), containing an extra acid function, were analyzed by nanospray
and electrospray ionization tandem mass spectrometry. In contrast to the previous studies it is
demonstrated that no significant characteristic methyl radical loss occurred in positive mode. The
fragmentation pathway in negative mode was also proposed in this work, along with theoretical

calculations to characterize the site of protonation.
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Introduction

Mycosporine-like amino acids (MAAs) are a group of
chemically related, water soluble compounds responsible
for UV photoprotection in a diverse range of organisms
including invertebrates, fish, bacteria, cyanobacteria,
micro- and macroalgae.' These compounds are chemically
characterised by the presence of either a cyclohexenone
or cyclohexenimine chromophore conjugated with a
substituent nitrogen of an amino acid, amino alcohol or
amino group (Figure 1).! MAAs normally show a strong
UV absorption between 310 and 360 nm with high molar
extinction coefficients. These characteristics indicate a
possible photoprotective role that has been demonstrated
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Figure 1. The chemical structure of the compounds analysed.

in a number of studies*” and for the economic interest of
pharmaceutical companies. In addition to a UV protective
function, it has been suggested that MAAs also have
antioxidant activity,® osmotic functions,” and regulatory
role in reproduction.!® More than 20 MAAs have so far
been characterised and identified in aquatic environments
and this number is increasing with the development and
application of more efficient and sensitive methodologies
such as high performance liquid chromatography (HPLC)
and mass spectrometry. '3
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Tandem mass spectrometry (MS/MS) fragmentation
studies in positive ion mode along with UV spectra are
the normal tools for the structure elucidation for the new
derivatives of MA As.!>*¥ The increased application of mass
spectrometry to the analysis of natural products is related to
the improved quality of the structural information produced
by elucidation of fragmentation patterns, mechanisms and
pathways.!*?° Previously, several studies have focussed
on the fragmentation of some MAAs showing a highly
characteristic loss of mass 15 when analysed by positive
mode ESI-MS/MS, in addition to a complex fragmentation
pathway.'>'>17 Recently, a theoretical and FT-ICR-MS mass
spectrometry study showed that the elimination of mass 15
is due to a radical processes taking place at the methoxyl
group link to a unsaturated carbon.!® Attempts to obtain
spectra in negative mode were not successful.!”

In the last few years, nanospray ionisation (nanoESI)
is beginning to increase in importance, especially with the
development of automated systems using ‘chips’ (arrays
of uniform nanospray needles that are used only once to
avoid contamination).?! NanoESI offers the possibility of
improved sensitivity and lower sample consumption over
conventional ESI for the analysis of natural products.?
This is especially important for the study of extracts from
biological and medicinal sources when often only a very
small amount of material is available.

In ‘chip based’ nanoESI, the analyte solution is sprayed
from a conducting pipette tip pressed against the rear of a
chip using a small gas pressure and much lower voltages
to create the spray. Recently, analysis of some natural
antioxidants (retinoids?** and carotenoids®~°) using ‘chip
based’ technology showed differences in the ionisation
behavior when compared with conventional ESI. This
increases the possibilities for structure elucidation at low
sample amounts as new fragmentation routes are made
available by controlling the types of ions being formed.
Based upon these previous studies, the purpose of this
work is to compare the ionisation of MAAs in negative
and positive mode nanoESI and establish, for the first time,
a sound basis for the mechanism of the fragmentation of
MAA anions.

Experimental
Chemicals

All solvents used were HPLC grade (Tedia, J. Baker
and Fisher). Water was purified using a Milli-Q system
(Millipore, Bedford, MA, USA). Trifluoroacetic acid
(99.9%) was purchased from Aldrich. Galena Quimica e
Farmacéutica Ltda/Brazil kindly supplied the standards
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of shinorine and porphyra-334 (product Helioguard® 365-
Porphyra umbilicalis extracts)

Instrumentation

Nanospray ionisation analyses were performed on
two quadrupole-time of flight hybrid instruments: (a) an
UltrOTOF-Q (Bruker Daltonics, Billerica, MA) using Tip™
Emittek (glass tip capillaries working with 500 V) or (b)
a QStar-XL (Applied Biosystems, Warrington, UK) using
a Nanomate HD automatic ‘chip based’ nanospray system
(Advion Biosciences, Norwich, UK). The Nanomate was
set for 5 UL of solution to be aspirated and sprayed through
a Nanomate 400 chip at 1.45 kV, with a nitrogen back
pressure of 0.4 psi. On both instruments, the ion source
gas and curtain gas were nitrogen.

Electrospray ionisation analyses were performed
on five instruments: (a) an Apex 4 7.0 Tesla Fourier-
transform ion-cyclotron resonance mass spectrometer
(Bruker Daltonics, Billerica, MA, USA). Samples were
directly infused into the Apollo electrospray source from
a syringe pump at 100 uL h'!. Analyses were performed at
a capillary voltage, of 4600V and capillary exit potential
of 200V (except were indicated otherwise). The N, drying
gas temperature was 200 °C. A mixture of PEG grades
was used as an external calibrant for accurate-mass ESI
analysis; (b) on a quadrupole-time of flight instrument
(UltrOTOF-Q, Bruker Daltonics, Billerica, MA). The
analyses were performed in positive ion ESI mode at a
capillary voltage of 3400 V and N, drying gas temperature
of 180 °C. NaTFA 10 mmol L' was used as a standard
for internal and external calibration; (c) on a QStar-XL
quadrupole-time-of-flight instrument (Applied Biosystems,
Warrington, UK); (d) on a Quattro-LC triple quadrupole
mass spectrometer (Micromass, Manchester, UK); (e) on
an Esquire HCT ion trap instrument (Bruker Daltonics,
Billerica, MA, USA) using a syringe pump (Cole-Parmer,
Vernon Hills, IL, USA). Ion trap analyses were performed
using nitrogen as the nebulising and drying gas and helium
as the bath gas (4x10¢ mbar).

Theoretical calculations

All calculations were performed in Gaussian 03?7 suite
of programs using the B3LYP/6-31+G(d,p) model.?%
The geometries of neutral and protonated species were
optimised and the potential energy surface minima were
indicated by analysis of vibrational frequencies. The gas-
phase basicity and proton affinity were calculated via a
protonation reaction, using Gibbs energies and enthalpies,
respectively.*
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Results and Discussion

Mycosporine-like amino acids with one acidic function
were previously analysed by positive mode ESI sequential
mass spectrometry (at high-resolution and accurate-mass).
The loss of a methyl radical by the homolytic cleavage of the
O-C bond was observed to be the preferred fragmentation
pathway.'>!7-1 This characteristic loss was thoroughly studied
by arange theoretical calculations and the homolytic cleavage
was found to be dependent on the weakening of the O-C
bond. This cleavage is directly affected by the protonation
site with the radical elimination occurring from the most
unstable conformer.' In this study, we have analysed the
effect that the presence of a second acidic function in the
side chain has on the preferred fragmentation pathways
and to pinpoint any differences observed. Figure 2 shows
the product ion spectrum of porphyra-334 (precursor ion
m/z 347) obtained from a range of instruments. The spectra
clearly show the occurrence of the radical fragmentation
route (to product ion m/z 332), but at very low intensity in
all instruments used (with a range of different ESI source
designs, including nanoESI). Shinorine exhibits the same
result as porphyra-334, which differs to those previously
obtained for the mono acidic MAAs where the radical
elimination mechanism is the major fragmentation pathway.
However, the MS? spectra (ion trap) of the di-acidic MAA
(fragmentation of [M + H-CO,]*) shows an intense loss
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of the methyl radical (Figure 2, spectrum A’). This result
indicates that the presence of the two acidic functions
changes the driving force for the fragmentation with a neutral
elimination of CO, being the predominant first step with
all instrument set-ups. To confirm this theory, MAAs with
two carboxylic acid functions were submitted to theoretical
computational analysis to define the site of protonation. As
described, our previous results were based on topologic
analysis of electronic density, gas-phase basicity and bond
order for each protonated conformer. The imine nitrogen
was indicated as the most basic site. However, the most
reactive ion occurs by protonation on the vinyl carbon. In
order to know the protonation site of shinorine, we have
calculated its gas-phase basicity and proton affinity. These
results are in agreement with our previous studies; where
the less energetic ion occurs by protonation on the imine
nitrogen whose gas-phase basicity is 247.32 kcal mol!
(Figure 3). This data indicates that the presence of the second
carboxylic acid effects the protonation site leading to an
increased CO, elimination. This elimination reduces the
internal ion energy and results in the observed intensity of the
methyl radical elimination route. These observations suggest
that the analytical methodology (such as quantification)
based on protonated molecules and radical fragmentation
route is not always a good choice for all MAAs. However,
the selection of MS? from [M + H-15]* is still a good option
for the screening of extracts which may contain MAAs. A
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Figure 2. Positive ion ESI spectra of Porphyra-334 (m/z 347). A) ion trap MS? spectra of ion m/z 347; A’) ion trap MS? spectra of ion m/z 303; B) Q-Q

MS/MS of ion m/z 347; C) FT-ICR MS? spectra of ion m/z 347.
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Figure 3. The structure of protonated species for Shinorine. Bold values indicate the gas-phase basicity and italic values the proton affinity. All values as
in kcal mol ™.
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Figure 4. Negative ion nanoESI spectra of Shinorine and Porphyra-334.
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previous study with the ionophore monensin A, showed
significantly different fragmentation intensities between
MS/MS with ESI and nanoESI,?*! but all of the experiments
with the MA As show similar behaviour in both nanoESI and
ESI analysis with no significant differences being observed.

As expected, analysis in negative ion mode (Figure 4)
showed no radical elimination. Considering that in the
positive ion mode, the bond cleavage was observed to be
dependent of the protonation site that weakens the C-O
bond, another driving force must govern the fragmentation
pathways in negative ion mode. Detailed analyses suggest
that the carboxylic acid function may lose the proton, which
causes an increase of electron density that is stabilised by
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resonance. Scheme 1 represents the proposed fragmentation
pathway for shinorine (R= H) and porphyra-334 (R= CH,).
Product ion spectra of both shinorine and porphyra-334
produced initial CO, eliminations followed by various
combinations of H,O and/or CO, losses. After the elimination
of H,O and CO, from the side chains, all the resultant ions
must keep the negative charge on the more acidic positions.
Based on this observation we expected to have the charge
on the alkoxy groups, and these two possibilities must
produce different terminal ions. It is proposed that the
shinorine product ions (m/z 225 and 243) can go on to lose
methanol (producing the ions m/z 193 and 211, respectively)
in opposition to the isomeric structure with the charge on
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Scheme 1. The proposed fragmentation mechanism of Shinorine (R= H) and Porphyra-334 (R= CH,) in negative ion mode.
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the other neighbouring oxygen atom that will produce
the ion m/z 181. The same loses occur for porphyra-334.
Careful analyses of the porphyra-334 and shinorine spectra
indicate the presence of an additional fragmentation pathway
for shinorine (Scheme 2). After the loss of a proton from
the carboxylic acid function, the charge can be stabilised
through assistance of the neighboring hydroxyl group. The
non-substitution on the carbinolic carbon allows the loss of a
formaldehyde neutral followed by water on one side or loss
of a formic acid neutral on the other side of the bridge. These
simple neutral losses may provide some further information
about the side chain for theses MAAs with carboxylic acid
on the side chain.

Conclusions

These results indicate that the presence of a second
carboxylic acid function significantly reduces the intensity
of the observed product ions from the radical methyl
cleavage in positive mode MS/MS. As expected, in the
negative ion mode, the radical fragmentation pathway
does not occur. Taken together, these results confirm the
importance of careful selection of the product ions used
for analytical protocols for the analysis of crude extracts
containing MAAs where the presence of the second acid
function may change the fragmentation behavior and the
classical analysis of loss of methyl radical may lead to the
wrong conclusions during screening for MAAs.
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