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We have prepared a number of isomeric red seaweed galactan-derivative sulfated oligosac-
charides to determine whether there were diagnostic differences among the isomeric mass
spectra obtained using ESI CID MS/MS (triple quadrupole instrument). Fragmentation of the
single or multicharged molecular ions from di-, tetra-, and hexasaccharides indicated that the
relative positioning of the sulfate groups and type of monosaccharide unit affect the rate of
cleavage of the glycosidic bonds. We also performed a comparative [M-Na]~ fragmentation
study of positional isomers of sulfated disaccharides that present all four monosulfation
possibilities on the galactopyranosidic ring. In this case, negative-ion ESI CID MS/MS
approach gave diagnostic product ions from cross-ring cleavages along with the same main B,
ion (from sulfated Galp), at m/z 241, for all isomers. The isomeric disaccharides were also
submitted to increased spray energy conditions inducing in-source fragmentation; preformed
B, ions were then fragmented to give similar product ions as those found in [M-Na] ™~ analysis.
Evaluation of the relative abundances mainly for cross-ring fragment ions at m/z 138, 139, 151,
153 allowed clear distinction among the members of the disaccharide series. The different
ratios for m/z 151/153 ions were consistent with the predominance of m/z 153 being related to
the cases when the bond involved in the cleavage process links a sulfated carbon. A quadrupole
ion trap instrument (MS" analysis) was also utilized to compare the results obtained with the triple

quadrupole instrument.
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of biological processes such as neuronal develop-

ment [1], tumor growth and metastasis [2, 3],
inflammation, viral invasion, nerve tissue growth, and
plaque formation [4, 5]. It is now recognized that the
regiochemistry and stereochemistry of the positions of
the sulfates are highly significant for their recognition,
the “sulfation code” [6, 7]. Thus, the development of
diverse tools for the structural determination of sulfated
sugars has become extremely important. In this context,
a high number of publications have been focused on
the study of sulfated sugar-containing macromolecules
through the mass spectrometric analysis of their enzymat-
ically or chemically produced oligosaccharides [8-12]. The
earlier studies [13, 14] in this field were mostly conducted
using FAB ionization. More recently, a number of combi-
nations of ionization techniques (MALDI [15-17] and ESI
[18-22] and mass analyzers (TOF [15-17, 22] quadrupoles
and/or ion traps [8-12, 18-22] have been utilized. Sul-

f ;ulfated saccharides are involved in a wide range

Address reprint requests to Dr. M. D. Noseda, Departamento de Bioquimica
e Biologia Molecular, Universidade Federal do Parand, P.O. Box 19046,
Curitiba, Parand, Brazil. E-mail: mdn@ufpr.br

* Research member of the National Research Council of Brazil (CNPq).

© 2010 American Society for Mass Spectrometry. Published by Elsevier Inc.

1044-0305/10/$32.00
doi:10.1016/j.jasms.2010.03.045

fated oligosaccharides produced from glycosaminogly-
cans (hyaluronan sulfate, chondroitin sulfate [11, 12],
heparan sulfate [22], heparin [13, 14, 19-23], dermatan
sulfate [16], mucin [8, 9], and mucopolysaccharides [24]
have served as models for the improvement of the knowl-
edge of mass spectrometric methods involving these types
of molecules.

Many of the aforementioned studies have been ded-
icated to determine the sulfation position of isomeric
oligosaccharides. Evaluation of the losses of monosac-
charide units by sequencing mass spectrometry is nor-
mally sufficient to determine the sulfation pattern of
isomers bearing sulfate groups on different monosac-
charide units [10, 17]. In cases where the differences are
only related to the position occupied by the sulfate
groups in the same monosaccharide ring, the determi-
nation of the positional isomer is more difficult. Most of
the studies carried out with this aim have been per-
formed to determine the location and degree of sulfa-
tion for 4- and/or 6-sulfated HexNAc of chondroitin
sulfate-oligosaccharides. For this purpose, control of the
charge state of the parent ion followed by determina-
tion of the relative abundance of the product ions
generated from the cleavage of the glycosidic linkage
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has been employed [25-27]. The use of collision induced
dissociation (CID) leading to cross-ring fragmentation
has also been utilized to correlate unique product ions
to sulfate group positioning in the sugar ring. This
approach has been performed to differentiate 2-O-,
3-0-, and 4-O-S0; L-fucose monosaccharides [28]. 4-O-
and 6-O-50; GalNAc units in chondroitin oligosaccha-
rides [29]. 6-O- and 2-N-heparin sulfated disaccharides
[19], and sulfo-Lewis a (3-O-SO; Galp-containing oligo-
saccharide) and 6-O-SO; galactose [9]. More recently
[23], the differentiation of 3-O-SO; and 6-O-SO; in
glucosamine residues of heparin disaccharides was
accomplished through cross-ring dissociation using
MS?® product ion spectra. Liu and coworkers [30] also
demonstrated ESI-MS/MS differential cross-ring cleav-
age patterns of various synthetic isomers of disulfated
glucosamine glycosides.

Red seaweed galactans are also among the industri-
ally and biologically relevant classes of sulfated poly-
saccharides that have been studied through mass spec-
trometry [15, 17, 31-37]. These polysaccharides are
primarily classified as agarans and carrageenans. Both
types of galactans are essentially constituted of the
disaccharide-based repeating unit of (1—3)-p-D-Galp-(1 —
4)-0-Galp, and in many cases, the latter residues appears
as 3,6-AnGalp. The difference between the two types of
galactans lies in the enantiomeric configuration of the
a-units, which are L- in agarans and D- in carrageenans
[38]. They are usually found as anionic polymers with
varying degrees of sulfation, presenting a wide variety
of substitution patterns. The rheological aspects of the
gelling or thickening properties presented by several of
these polysaccharides, which are useful in food indus-
try, have been related to the sulfate content and posi-
tioning [39, 40]. Moreover, the cyclization reactions of
agarans and carrageenans, which are utilized in indus-
try to enhance gelation properties of these polymers, are
also influenced by the sulfation positioning [41-45].
More importantly, highly sulfated red seaweed galac-
tans have shown antiviral properties against enveloped
virus, such as HSV [46-50] and dengue virus [51-53].
The antiviral activity is directly affected by the position
occupied by the sulfate groups. Recent evidence indi-
cates that this kind of sulfated polymer might become
increasingly important in drug development for the
prevention of sexually transmitted diseases soon [54].
The determination of the sulfation positioning of algal
sulfated polysaccharides (which is commonly con-
ducted by use of NMR spectroscopy) is then essential
to correlate sulfation patterns with physico-chemical
and biological properties.

Published data focused on mass spectrometric anal-
ysis of oligosaccharides produced from sulfated red
seaweed galactans are less diverse than those described
for glycosaminoglycans. Most of these studies are re-
stricted to carrageenans (often k-carrageenan) [15, 32,
33, 35]. Few examples of mass spectrometric studies of
isomeric carrageenan-oligosaccharides comparing dif-
ferent sulfation patterns have been described [10, 17,
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32]. Although there are red seaweeds that biosynthesize
carrageenan and/or agarans containing sulfate groups
located at C-2, C-4, or C-6 in the B-D-Galp unit (not at
C-3, because this position is involved in the glycosidic
linkage), there are no published data that allow the
differentiation of their isomeric sulfated oligosaccha-
rides by using mass spectrometry.

For this purpose, we have prepared sulfated oli-
gosaccharide alditols through partial reductive hydro-
lysis of polysaccharides extracted from four selected red
seaweed species. Each species produces sulfated galactans
presenting one kind of sulfation pattern. By using this
strategy, we have obtained sulfated 3,6-anhydrogalactose-
containing oligosaccharides (2-O-50;-di-and tetrasaccha-
ride alditols) and a number of sulfated galactose-containing
oligosaccharides (4-O-SO;-di-, tetra-, and hexasaccharide
alditols, 6-O-SO;-disaccharide alditol, and 2-O-SOs-
disaccharide alditol) [34]. To complete the series of the
four possible isomeric monosulfated galactopyranose-
containing disaccharides, we developed a semi-synthetic
route to prepare a 3-O-SO;-disaccharide alditol from
commercial agarose [55]. Here we describe a mass
spectrometric study dedicated to uncovering differ-
ences in the spectra of positional isomers of sulfated
oligosaccharides obtained from red seaweed galactans
that can be used for analytical purposes. The use of
negative-ion ESI CID MS/MS spectra provided gly-
cosidic bond cleavages that were distinct for the
tetrasaccharide sulfated isomers. It was also possible
to differentiate the four sulfated galactose isomeric
disaccharides by simple CID MS/MS fragmentation
of the [M-Na] ™ ion. These results were confirmed by
setting spectrometer source parameters to allow the
spray source energy to be increased to an extent that
was sufficient to induce the cleavage of glycosidic
bonds through B; fragmentation (fragment nomen-
clature as described by Domon and Costello [56]. The
produced sulfated B; ion was then submitted to CID,
leading to spectra containing unique combinations of
cross-ring ions for each isomer, which were comple-
mentary to those fragments observed in the [M-Na]~
CID fragmentation. Discussions of fragment ion relative
abundances, possible cleavage mechanisms, and the
differences found between CID MS/MS and MS" re-
sults are presented.

Experimental
Materials and Polysaccharides

Solutions for mass spectrometry experiments were pre-
pared with acetonitrile HPLC grade and ultrapurified
water. Borane 4-methylmorpholine complex (4-MMB)
utilized in the hydrolytic processes was purchased from
Sigma-Aldrich (St. Louis, MI, USA).

Naturally sulfated polysaccharides were extracted
from the appropriated red seaweeds and then pro-
cessed through well established procedures, as previ-
ously described [34]. Samples of Kappaphycus alvarezii
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(Gigartinales) were obtained in the laboratory and
cultivated in the sea (Ubatuba, Sao Paulo, Brazil).
Aqueous extraction of the processed algal material gener-
ated k-carrageenan [(1 — 3)-B-D-Galp-4-OSO;-(1 — 4)-a-
D-3,6-An-Galp]. Gigartina skottsbergii (Gigartinales) sam-
ples were collected in Bahia Camarones (Chubut Province,
Argentina); in this case, the aqueous soluble polysaccha-
ride corresponds to A-carrageenan, which was submitted
to alkaline treatment rendering 6-carrageenan [(1 — 3)-3-
D-Galp-2-OSO5-(1 — 4)-a-D-3,6-An-Galp-2-OSO;] [57].
Specimens of Acanthophora spicifera (Ceramiales) were col-
lected in Bombinhas-Santa Catarina State, Brazil. Aqueous
extraction followed by alkaline treatment yielded pyruvy-
lated agarose 2-sulfate [(1 — 3)-B-D-Galp-2-OSO,-(1 —
4)-a-L-3,6-An-Galp] [48]. Agarose-6-sulfate [(1 — 3)-B-D-
Galp-6-OSO;-(1 — 4)-a-L-3,6-An-Galp] was extracted from
cultivated samples of Gracilaria domingensis (Gracilariales)
[34, 58]. Commercial agarose [(1 — 3)-B-D-Galp-(1 —
4)-o-L-3,6-An-Galp] Type 1 (Sigma-Aldrich) was utilized
as starting material for the semi-synthesis of the 3-O-
sulfated oligosaccharide alditol, as previously [55].

Sulfated Oligosaccharide Alditols

Oligosaccharides were prepared through partial reduc-
tive hydrolysis from each of the red seaweed galactans
utilized here: polysaccharide (1 g%) was incubated with
TFA (0.5 M) in the presence of 4-MMB (~0.6 M) for 8 h
at 65 °C [59]. Hydrolysis product purification was per-
formed by anion exchange chromatography (DEAE-
Sephadex A25, C1” form) with a NaCl gradient. The
resulting fractions were then desalted by use of gel-
filtration chromatography on a water-eluted Bio-Gel P2
column [31, 34]. From 6-carrageenan, di- and tetrasac-
charide alditols B-D-Galp-(1 — 4)-3,6-An-D-GalOH
2-0S0; (carrabiitol 2'-sulfate, G-AOH2S, 1) and B-D-
Galp-(1 — 4)-3,6-An-a-D-Galp 2-0SO;-(1 — 3)-B-D-
Galp-(1 — 4)-3,6-An-D-GalOH 2-OSO; (carratetraitol
2'23-disulfate, G-A2S-G-AOHZ2S, 2) were prepared
[34]. k-Carrageenan yielded di-, tetra-, and hexasaccharide
alditols B-D-Galp-4-OSO;-(1 — 4)-3,6-An-D-GalOH (car-
rabiitol 4*-sulfate, G4S-AOH, 3), 3-D-Galp-4-OSO5-(1 —
4)-3,6-An-a-D-Galp-(1 — 3)-B-D-Galp-2-OSOs-(1 — 4)-3,6-
An-D-GalOH  (carratetraitol 4>4*disulfate, G4S-A-G4S-
AOH, 4) and B-D-Galp-4-OSO,(1 — 4)-3,6-An-a-D-Galp-(1
— 3)-B-D-Galp-4-OSO5-(1 — 4)-3,6-An-a-D-Galp-(1 — 3)-B-
D-Galp2-OSO5-(1 — 4)-3,6-An-D-GalOH (carrahexaitol
4% 4* A°+risulfate, GAS-A-G4S-A-G4S-AOH, 5) [34]. Pyruvy-
lated agarose 2-sulfate rendered disaccharide B-D-Galp-2-
0SO5-(1 — 4)-3,6-An-L-GalOH (agarobiitol 2*-sulfate, G2S-
AOH, 6) [31, 34]. From agarose 6-sulfate, disaccharide B-D-
Galp-6-0SO5-(1 — 4)-3,6-An-L-GalOH (agarobiitol 6>sulfate,
G6S-AOH, 7) was prepared [34].

B-D-Galp-3-OSO;-(1 — 4)-3,6-An-L-GalOH (agaro-
biitol 3%-sulfate, G3S-AOH, 8) was semi-synthetically
prepared as follows: purification of neutral disaccharide
alditol from agarose partial reductive hydrolyzate (flash
chromatography), protection of the primary hydroxyls
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with trityl groups, regioselective dibutylstannylene-
mediated 3-O-sulfation of the galactopyranosidic ring
followed by detritylation to give the desired product
[55].

Electrospray Triple Quadrupole
Mass Spectrometry

Negative-ion mode ESI-CID MS/MS experiments were
conducted with an API 3200 instrument (Applied Bio-
system/MDS SCIEX, Concord, ON, Canada). For all
analysis, samples were diluted (5-10 ng/uL) in aceto-
nitrile/water (7:3) and introduced into the spectrometer
source through direct infusion with a syringe pump at
a flow rate of 10 uL/min. Data acquisition and process-
ing were conducted using Analyst software (MDS
SCIEX, Concord, ON, Canada). Ionization was pro-
vided by a Turbo-lonSpray probe with the source
operating at 100 °C. Nitrogen was used as the auxiliary,
curtain and collision gas. Each spectrum was recorded
for 2 min, which corresponded to a combined 40 scans.
A propylene glycol standard mixture (PPG Standard,
PE SCIEX) was utilized for instrument calibration. Full
scan single MS and molecular ions CID MS/MS analy-
ses were run with the ionization source (IS), decluster-
ing potential (DP) and entrance potential (EP) at —4.0
kV, =20V, and —10 V, respectively; collision energies
(from —40 up to —70 eV) were as indicated in Figures
and Tables presented here. For B, CID MS/MS experi-
ments, the parameters were —4.5 kV (IS), =100 V (DP),
and keeping —10 V (EP); collision energy was adjusted
at —30 eV.

Electrospray Quadrupole Ion Trap Mass
Spectrometry

MS" experiments were performed with a ThermoFinnigan
LCQ spectrometer (San Jose, CA, USA). Xcalibur 1.0
software was used for data acquisition and process-
ing. A standard mixture of fluorinated phosphazines
(Ultramark 1621; Sigma-Aldrich) was utilized for in-
strument calibration. Samples (5-10 ng/ L), in acetoni-
trile/water (7:3), were introduced into spectrometer by
a syringe pump (10 uL/min). For full-scan MS' or MS"
experiments, spectra were recorded in negative-ion
mode with capillary temperature of 200 °C. Argon
was utilized as collision gas. Spray (SV) and capillary
voltages (CV) as well as normalized collision energies
(NCE) were adjusted to provide better responses for
each series of isomers studied: for disaccharides —4.5
kV (SV), =22 V (CV), and 25% (NCE); for tetrasac-
charides —4.5 kV (SV), =10 V (CV), and 29% (NCE);
for hexasaccharide —3.7 kV (SV), —10 V (CV), and
26% (NCE). Optimization of the signal from the
precursor ion of interest was performed using the
automatic tune feature on the instrument. Each mass
spectrum was an average of 10 scans.
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Results and Discussion

Agarans and carrageenans extracted from some se-
lected red seaweed species present repetitive sulfation
patterns and, therefore, can be attractive sources of
oligosaccharides with specific sulfation positioning.
These kind of oligosaccharides have been used in
diverse areas, such as the preparation of potential
antiviral agents [55, 60], model molecules in NMR
spectroscopy/mass spectrometry studies [31, 34, 59,
61-63], and as standards in capillary electrophoresis
separations [34]. Partial acidic hydrolysis is an efficient
way to obtain sulfated oligosaccharides from those
galactans that contain 3,6-anhydrogalactopyranosyl res-
idues, mainly because the glycosidic bonds of the
3,6-anhydrogalactopyranosyl units are significantly
more acid-labile than those of most pyranosides. When
the hydrolytic process is conducted in the presence of
4-MMB (an acid stable reducing agent), oligosaccha-
rides having an even number of monosaccharide units
with 3,6-AnGalOH residues as terminal units are pro-
duced (oligosaccharide alditols). For this work, carrabiitol
#-sulfate (G4S-AOH, 3), carratetraitol 4>4*-disulfate (G4S-
A-G4S-AOH, 4) and carrahexaitol 424*4° trisulfate
(G4S-A-G4S-A-G4S-AOH, 5) were readily prepared
via partial reductive hydrolysis of Kappaphycus alvarezii
carrageenan [34]. This was possible because this sea-
weed produces mainly k-carrageenan, a highly repeti-
tive galactan containing (1 — 3)-p-D-Galp-4-OSO3-(1 —
4)-a-D-3,6-An-Galp as the repeating unit sequence. The
oligosaccharides produced from 6-carrageenan were com-
pletely desulfated at C-2 of the p-D-Galp units but re-
tained the sulfate groups at the same position of the
a-units. The selective cleavage of part of the sulfate
groups during 6-carrageenan hydrolysis provided us
with a monosulfated disaccharide (G-AOH2S, 1) and a
disulfated tetrasaccharide (G-A2S-G-AOH2S, 2), which
form two positional isomer pairs with the k-carrageenan
derivative di- (G4S-AOH, 3) and tetrasaccha-
rides (G4S-A-G4S-AOH, 4). Also, by hydrolyzing
appropriated sulfated agarans (pyruvylated agarose
2-sulfate and agarose 6-sulfate) we prepared G2S-AOH
(6) and G6S-AOH (7). To overcome the impossibility of
obtaining a naturally sulfated oligosaccharide contain-
ing a 3-O-sulfated-B-D-Galp unit (because of the glyco-
sidic linkage in this kind of polysaccharide) we also
semi-synthetically produced disaccharide B-D-Galp-3-
0S0;-(1 — 4)-3,6-An-L-GalOH (G3S-AOH, 8) [55]. This
strategy allowed us to prepare a series of four disaccha-
rides that incorporated all possible monosulfate substi-
tutions on the galactopyranose ring. The preparation
routes for all oligosaccharide alditols utilized in this
work are outlined in Scheme S1, of the Supplemental
Information, which can be found in the electronic
version of this article.

All mass spectrometry experiments were run in the
negative-ion mode, taking advantage of the presence of
the negatively charged sulfate groups on the oligosac-
charide structures. We also could observe [M+Na]"
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ions by using the positive-ion mode, which gave ana-
lyzable spectra (data not shown). However, negative-
ion mode ESI-MS is widely recognized as the standard
analytical method for the analysis of sulfated oligosac-
charides, giving rise to higher sensitivity than positive-
ion mode. Also, the sulfated fragment ions could be
identified directly without considering adduct mass
subtractions. All sulfated oligosaccharide alditols stud-
ied here were obtained and kept as sodium salts for
mass spectrometric analyses. Samples were analyzed on
both the triple quadrupole (CID MS/MS) and quadru-
pole ion trap (MS") instruments for comparison of the
results; however this work is focused on the CID
MS/MS analysis.

Product Ion Mass Spectra of Sulfated Hexa- and
Tetrasaccharide Alditols

The ESI-MS spectrum of trisulfated hexasaccharide
G4S-A-G4S-A-G4S-AOH (5) presented singly [M-Na] ™
(m/z 1221), doubly [M-2Na]** (m/z 599) and triply
charged [M-3Na]*" (m/z 392) molecular ions (Figure S1).
The singly charged (m/z 1221 [M-Na]~) molecular ion
was found in a very low relative abundance (~0.1%).
Consequently, it was not possible to produce an ana-
lyzable CID MS/MS spectrum from [M-Na] . CID
MS/MS from the more abundant m/z 599 [M-2Na]*>~ and
m/z 392 [M-3Na]>" ions generated several glycosidic
fragments (Figure la and b, respectively), presenting
triply, doubly and singly charged product ions. The
main product ions from glycosidic cleavage observed
for G4S-A-G4S-A-G4S-AOH (5) analysis corresponded
to losses of disaccharide moieties, where both of the
fragmented glycosidic linkages are the ones closer to
the sulfate groups. Glycosidic fragments Y3, C3, and B;
ions were considerably less intense than the B,, C,, and
Y, or B, C4, and Y, ions. The product ion assigned as B,
was the only evident glycosidic fragment which origi-
nated from a glycosidic bond cleavage that was not
close to any sulfate group. MS? analysis of G4S-A-G4S-
A-G4S-AOH (5) gave similar results as those found in
the ESI CID MS/MS analysis. The only significant
difference was the product ion spectrum from the
singly charged molecular ion, which could be generated
by using this technique (Figure S2); although no further
glycosidic cleavages were observed in this case.

As expected, single quadrupole full scan spectra of
ESI-MS of the isomeric disulfated tetrasaccharides G4S-
A-G4S-AOH (4) and G-A2S-G-AOH2S (2) gave the
same molecular ions [M-Na]~ and [M-2Na]* at m/z 813
and 395, respectively (Figure S3). CID MS/MS of G4S-
A-G4S-AOH (4) [M-Na] ™~ presented two main product
ions at m/z 405 (Y,) and 385 (B,) with 100% and 63.2% of
relative abundances, respectively (Table 1). As shown in
Figure 2a and c, these glycosidic fragment ions resulted
from the central glycosidic bond cleavage of G4S-A-
G4S-AOH (4). Nevertheless, for G-A2S-G-AOH2S (2)
m/z 405 (Y,) and 385 (B,) relative abundances corre-
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Figure 1. ESI CID MS/MS spectra of G4S-A-G4S-A-G4S-AOH (5) [M-2Na]* (a) and [M-3Na]*>" (b);
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Table 1. Fragment ions and relative abundances observed for G4S-A-G4S-AOH and G-A2S-G-AOH?2S in CID MS/MS analysis with m/z 813 [M-Na]~ and m/z 395 [M-2Na]*" as
precursor ions

9TFI-F0FT “IT ‘010 wondadg ssey 205 wry [

MS? CID MS/MS
G4S-A-G4S-AOH (4) G-A2S-G-AOH2S (2) G4S-A-G4S-AOH (4) G-A2S-G-AOH2S (2)
Relative Relative Relative Relative
abundances of abundances of abundances of abundances of
fragments from fragments from fragments from fragments from
Fragment Fragment ion Fragment ion Fragment Fragment ion
ion (m/z) type m/z 813 m/z 395 type m/z 813 m/z 395 ion type m/z 813 m/z 395 type m/z 813 m/z 395

139 — — — — — - 24N, 3.9% 3.7% — — —
153 — — — — — — 3B, 4.5% 16.4% — — —
225 — — — Z, — 2.3% — — — Z, 30.4% 7.6%
241 B, — 8.7% — — — B, 21.3% 23.2% — — —
243 — — — Y, 1.4% — — — — Y, 43.5% 14.7%
259 — — — — — — C, 13.5% 2.27% — — —
305 — — — — — — — — — Z; —
313 Bs 1.4% 66.9% — — — Bs — 14.9% — — —
314 — — — Ys — 57.1% — — — Ys — 27.2%
385 B, 53.3% 69.6% B, 1.9% 1.5% B, 63.2% 16.7% B, 13.0% 1.8%
403 Y, 6.3% 6.3% C, 1.5% 4.4% C, 3.9% 9.9% C, 8.7% 1.9%
405 Y, 87.2% 100% Y, 2.5% 8.6% Y, 100% 20.8% Y, 7.9% 7.2%
547 — — — B; 24.6% 2.5% — — — B, 9.0% —
549 Ys 16.3% 8.1% B; 9.3% 11.8% Ys 2.6% 2.2% B; 21.7% 3.0%
565 — — — Cs — 2.9% — — — — — —
649 — — — Ys 15.4% — — — — — — —
650 Bs 12.3% — Ys — 3% — — — Ys 8.7%
651 — — — Ys 33.6% - - - - - - -
693 [M-NaHSO,]~ 29.0% 2.3% [M-NaHSO,]~ 100% 14.0% — — — [M-NaHSO,]~ 8.8%
733 [M-Na-SO5]~ 100% — [M-Na-SO5]~ 61.1% — — — — — — —

Collision energies were adjusted as shown in Figures 2, S4 and S5.

SATNOSI TYNOILLISOd dA1Lv4A1NS 40 SIN/SIN-ISE

6071
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Figure 2. Characteristic glycosidic [M-Na] ™~ fragmentation patterns for G4S-A-G4S-AOH, 4(a) and
G-A2S-G-AOH2S, 2(b). Negative-ion ESI CID MS/MS spectra at collision energy of —70 eV of
G4S-A-G4S-AOH, 4(c) and G-A2S-G-AOH2S, 2(d) with [M-Na]~ at m/z 813 as precursor ion.

sponded to 7.9% and 13.0%, respectively, with m/z 549
(B;) being the most abundant glycosidic fragment ion
(21.7%, Table 1). Also, G-A25-G-AOH2S (2) [M-Na]~
CID MS/MS spectra presented two distinct m/z values
assigned to B; (m/z 547 and 549) cleavages, which were
explained by distinct stabilized fragment ions (from
protonation and deprotonation of B;) that could be
operating during glycosidic fragmentation. More im-
portantly, this approach allowed facile differentiation
between the isomers mainly because of the remarkable
relative abundance differences (Table 1) for B, and Y,
ions (compare spectra in Figure 2). Structures depicted
in Figure 2a and b indicated the glycosidic [M-Na]~
fragmentation patterns which were more characteristic
for the tetrasaccharides, considering these two method-
ologies. These results also indicated that tetrasaccharide
G4S-A-G4S-AOH (4) followed the same glycosidic frag-
mentation pattern observed for the kappa-carrageenan
hexasaccharide: the main fragmentation event occurred at
the glycosidic linkage closest to the sulfate group. For
G-A2S-G-AOH2S (2) this effect was not observed. Previ-
ously published work [17] demonstrated that the sodium
salts of sulfated carrageenan-derived oligosaccharides
give a stable precursor ion [M-Na]~ (presenting minor
sulfate loss) which can be readily fragmented produc-
ing an extensive glycosidic bond cleavage (mainly C-,
Y-, and B-type cleavages). In the experiments described
here, only B- and Y-ions were observed from glycosidic
fragmentation, with [M-Na]~ as precursor, while C-
and Z-ions were absent. Our findings are in accordance
with a previously stated concept, which is consistent
with the oxygen atom remaining with the reducing end
species of glycosidic fragments [56].

Studies of the fragment ions from [M-2Na]*" (m/z
395) presented additional fragment ions when com-
pared to [M-Na] ™~ product ion spectra. Fragments from

cleavages of all glycosidic bonds in the tetrasaccharide
structures were observed, including C- and Z-type ions.
As stated herein for singly charged product ion spectra,
tetrasaccharide isomer differentiation could also be
accomplished by evaluation of the B,/Y, fragmentation
pattern, which was the predominant fragmentation
pathway for G4S-A-G4S-AOH (4), but not for G-A2S-
G-AOH2S (2) (Figure S4, Table 1). Quadrupole ion trap
instrument gave MS” spectra (Figure S5, Table 1), which
were equivalents to the ESI CID MS/MS results, mainly
in terms of the main glycosidic fragments.

Product Ion Mass Spectra of Sulfated Disaccharide
Alditols

For the five monosulfated disaccharides G4S-AOH (3),
G-AOH2S (1), G6S-AOH (7), G2S-AOH (6), and G3S-
AOH (8), single MS spectra of [M-Na]~ presented
molecular ions at m/z 405 (Figure S6). As shown in
Figure 3, the four disaccharides containing the sulfate
group on the galactopyranosidic unit presented CID
MS/MS spectra with the B, ion at m/z 241 (as glycosidic
fragment) and [HSO,] ™ ion for all cases. Comparison of
relative abundances of the [HSO,]~, B;, and [M-Na]~
ions (Figure 3, Table 2), under —40 eV collision energy
demonstrated that compounds G4S-AOH (3) and G3S-
AOH (8) had higher abundances of [M-Na]~ (100% for
both cases) while G6S-AOH (7) and G2S-AOH (6)
underwent more facile glycosidic fragmentations, giv-
ing rise to relative abundances of 57.9% and 33.5% for
molecular ion, respectively (Table 2). In accordance
with these observations, B; relative intensities were
consequently lower for G4S-AOH (3, 16.4%) and G3S-
AOH (8, 10.0%) than for G6S-AOH (7, 36.7%) and
G2S-AOH (6, 100%). We also observed that G2S-AOH
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Figure 3. ESI CID MS/MS product ion spectra of G2S-AOH, 6 (a), G4S-AOH, 3 (b), G35-AOH, 8 (c),
and G6S-AOH, 7 (d) with [M-Na] ™ at m/z 405 as precursor ion. Spectral data recorded with a collision
energy of —40 eV. Relative abundances of [HSO,]”, B;, and [M-Na] ™ are indicated in the spectra.
Inserts: expansion of the region from m/z 100 to 200.
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Figure 4. Expansions of m/z 100-200 range of ESI CID MS/MS product ion centroid spectra of
G2S-AOH, 6 (a), G4S-AOH, 3 (b), G3S-AOH, 8 (¢) and G6S-AOH, 7 (d) with B, at m/z 241 as
precursor ion. Spectral data recorded with collision energy adjusted at -30 eV.

observed in Figure 3, we performed CID MS/MS anal-
ysis on the B, ion (m/z 241). For the triple quadrupole
instrument, the best way to obtain this objective was to
increase the IS and DP voltage values, which caused an
increase in the in-source B, fragmentation. Product ion
spectra from the precursor B, ion were then recorded
with —30 eV of collision energy, keeping an abundant
precursor ion with concomitant visualization of its
daughter-ions. The success of this strategy was depen-
dent of higher amounts of sample than those usually
necessary to run ESI CID MS/MS experiments (see the
Experimental section). The lack of sensitivity resulted
mainly from a diminished amount of in-source pro-
duced B, ions in comparison to the unfragmented
molecular ions. These experiments resulted in m/z 97
[HSO4]™ being the base peak in all cases (Figure S9,
Table 2). The most informative m/z range in these
spectra was that from m/z 100 to 200 (Figure 4), which
were very similar to the same range of the [M-Na]~
product ion spectra (see inserts in Figure 3). To eluci-
date the origin of these fragment ions, we first at-
tempted to establish the probable structure of the pre-
cursor By ion. Along with glycosidic bond cleavage,
previously general B-type cleavage mechanisms pro-

pose: (a) epoxide formation [56]; (b) double bond for-
mation (between C-1 and C-2) with ring opening [20],
and (c) double bond formation without ring opening
[56]. The B; formation mechanism that better explains
most of our results corresponds to (c) as shown in
Scheme 1 [56].

Most of the B, product ion fragments were observed
for the four isomers studied here, such as, the m/z 101,
113, 123, 139, 151, and 181 ions. The isomers could be
differentiated effectively by comparative observation of
the peaks at m/z 138, 139, 151, 153, and 167. Fragment
ions at m/z 138 and 167 were only found in considerable
relative abundances for G2S-AOH (6) and G3S-AOH
(8) (Figure 4, Table 2); the formation of these ions could
be explained through A and *°X fragmentations,
respectively, for both cases. According to our cross-ring
fragmentation mechanisms, those two m/z values could
not be generated from G4S-AOH (3) and G6S-AOH (7).
Comparative analysis of the relative abundances for m/z
138 ions also gave us important data for G25-AOH
(6)/G3S-AOH (8) differentiation, with the m/z 138 peak
being much more abundant for the 2-sulfated isomer
(4.8%), while this fragment ion was four times less
abundant for the 3-sulfated species (1.2%), as shown in
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Scheme 1. Dissociation mechanism for formation of B; ions for G2S-AOH (6), G4S-AOH (3),

G3S-AOH (8). and G6S-AOH (7).

Table 2. Formation of the m/z 139 ion, which was
present in the spectra of the four galactose-sulfate
isomers, could be readily explained for G3S-AOH (8)
(**A), G4S-AOH (3) (**A), and G6S-AOH (7) (**A), as
demonstrated in Figure 4b, ¢, and d. However we could
not propose a simple fragmentation mechanism that
gives m/z 139 from a cyclic 2-sulfated B, ion. In this case,
we based our explanation on the mechanism previously
described [20] for B; formation from a 2-O-SO;-heparin
disaccharide, which included a ring-opening step. The
sulfate group, located adjacent to the glycosidic linkage,
abstracts the O-3 proton to generate an O-3 anion,
which leads to elimination of the glycosyloxy group
(Scheme S2a); CID on B; leads then to C5-O5 bond
cleavage to give a stable m/z 139 ion [28] (Scheme S2b).

As shown in Figure 4a, we also could observe some
fragment ions from the cyclic B; pathway for G2S-AOH
(6), so we assumed that both types of B, ions could be
generated in this case. This is supported by the high B,
relative abundance (100%) observed for G2S-AOH (6)
in [M-Na]~ product ion spectrum (Table 2, Figure 3a),
which could be originating from the two possible
cleavage mechanisms. The intensities of fragment ions
at m/z 153 were also considered to be key to differenti-
ation between G2S-AOH (6) and G3S-AOH (8), since
this peak had a very low intensity (0.2%) in the spec-
trum of the 2-sulfated compound. Comparative analysis
of the relative abundance for the m/z 151 and 153 ions
gave us important data for G4S-AOH (3)/G6S-AOH
(7) differentiation, with the m/z 153 ion being more
abundant (8.4%) than the m/z 151 ion (3.6%) in the case
of the 4-sulfated B, ion, while the opposite was charac-
teristic of the spectra of the 6-sulfated compound (Table
2). The mechanisms for formation of the m/z 151 and 153
ions are thought to be an **X cleavage for G2S-AOH (6)
and G3S-AOH (8), and an *>°X for G4S-AOH (3) and
G6S-AOH (7) The predominance of the m/z 151 peak in
the G2S-AOH (6) spectrum, as well as the presence of
an m/z 153 peak for G3S-AOH (8) was understood as
depicted in Scheme S3; the position occupied by the
sulfate group induced the differential stabilization of
these two isomeric species. Comparison of these hy-
potheses to those proposed for G4S-AOH (3) and
G6S-AOH (7) indicated that when the bond involved in
the cleavage process links a sulfated carbon, the pre-
dominant product ion is the m/z 153 ion; otherwise, the
sulfated fragment tend to stabilize ions with m/z of 151.

For both [M-Na]™ and B; product ion spectra, the
region of the spectra from m/z 100 to 200 were notably
similar (compare inserts in Figure 3 to spectra in Figure
4). Due to the presence of the same X-type ions in these
spectra, we propose that during [M-Na]~ CID, a B,
“expulsion” [30] accompanied by the simultaneous gen-
eration of its product ions has occurred. By employing
[M-Na]~ or B; product ion spectra, and evaluating the
relative abundances for m/z 138, 139, 151, and 153
allowed us to differentiate the galactose-sulfate isomers
disaccharides effectively (Figure 5).

As we were examining fragments of a fragment in
this study, we introduced MS® analysis by use of the
ESI-quadrupole ion trap instrument attempting to ob-
tain results similar to those obtained in m/z 241 B,
ESI-CID MS/MS fragmentation. Surprisingly, MS’
spectra (Figure S10) were less informative than those
obtained by the triple quadrupole analysis. Some frag-
ments were present for both techniques, such as ions at
m/z 97, 110, 113, and 181. However, most ions found in
this analysis could not be assigned using the mecha-
nisms presented in Figure 4, indicating that different
dissociative mechanisms are probably operating when
this technique is used, at least for the types of com-
pounds studied here.

Conclusions

We have prepared a set of sulfated red seaweed galactan-
derived oligosaccharide that includes all possible
galactosyl-sulfated isomers of the galactopyranosyl
alditol disaccharides plus a number of larger oligosac-
charides. Isomeric series were evaluated by use of two
different ESI-mass spectrometric techniques: ESI CID
MS/MS and ESI MS”. Product ion spectra of G4S-A-
G4S5-A-G4S-AOH (5), G4S-A-G4S-AOH (4) and G-
A2S-G-AOH2S (2) indicated that the location of the
sulfate groups, which are close to glycosidic bonds, can
induce or inhibit glycosidic cleavages. These effects
depended of the type of monosaccharide unit and the
specific sulfate attachment position. Both techniques
gave equivalent results for hexa- and tetrasaccharides
analysis, which allowed the differentiation of the two
isomeric tetrasaccharides. We also demonstrated the
CID MS/MS differentiation of the four isomeric sul-
fated disaccharides, which presented all monosulfation
possibilities on the Galp ring G4S-AOH (3), G6S-AOH
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Figure 5. Relative abundances for product ions at m/z 138, 139,
151, 153, and 167 of G25-AOH (6), G3S-AOH (8), G4S-AOH (3),
and G6S-AOH (7) with [M-Na]~ (a) and B, (b) as precursor ions.
Mass spectrometric conditions were as in Figures 3 and 4, respec-
tively. Error bars were determined with distinct acquisitions (n = 3).

(7), G2S-AOH (6), and G3S-AOH (8) isomeric disaccha-
ride differentiation were achieved by the use of two
strategies: CID MS/MS for [M-Na] ™~ and for B, ion. The
second approach was performed through the increasing
of the in-source fragmentation, generating abundant B,
precursor ions for subsequent CID. Based on these
results, we propose explanations for product ion forma-
tions. In addition, differences arising from the differ-
ences between the two mass spectrometric techniques
are identified. The methods used for spectral data
analysis presented here are not only useful for red
seaweed galactan-derivative oligosaccharide analysis
but also should be applicable to the analysis of data
from other types of sulfated oligosaccharides.
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