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Nitrous acid degradation of heparin followed by high-performance anion-exchange chroma-
tography (HPAEC) separation and ultraviolet matrix assisted laser desorption/ionization
time-of-flight (UV-MALDI-TOF) analysis led to the structural determination of six sulfated
oligosaccharides. Three different matrices (�-cyano-4-hydroxycinnamic acid (CHCA), nor-
harmane, and dihydroxybenzoic acid (DHB)) have been used, and the complementary results
obtained allowed in most cases to assign the position of sulfate groups. Based on the different
cleavages produced on the purified oligosaccharides in source during the MS analysis by the
use of the different matrices, this approach provides a new tool for structural analysis. (J Am
Soc Mass Spectrom 2009, xx, xxx) © 2009 Published by Elsevier Inc. on behalf of American
Society for Mass Spectrometry
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Glycosaminoglycanes (GAGs), and more particu-
larly heparan sulfates (HS), have been impli-
cated in the regulation of a broad range of

biological processes because of their specific interac-
tions with a large number of proteins [1]. These inter-
actions seem to depend on the number and position of
sulfate groups in individual sugar moieties and on the
way that sulfated glycosidic units are regrouped to
form domains [2, 3].

The basic structure of heparin or heparan-like gly-
cosaminoglycans is a disaccharide comprising an uronic
acid residue linked 1¡4 to a glucosamine. It is repeated
many times to form heterogeneous mixtures of chains
with different lengths. Various modifications within the
basic disaccharide unit, including two possible epimers
of the uronic acid (l-iduronic and d-glucuronic), sulfa-
tion at the N, 3-O, 6-O position of the glucosamine and
2-O position of the uronic acid, generate a considerable
amount of diversity.

Among the existing strategies used in current glyco-
biology to study HS, genetic approaches have shown
that targeting a particular sulfotransferase gene may
perturb many sulfation patterns throughout the poly-
saccharide chain and therefore cannot be used to study
the impact of a single structural feature [4]. On the other
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hand, a number of different chemical and biological
approaches have led to the generation of size-defined
heparin oligosaccharide libraries [5, 6]. However their
complete purification and the sequencing analytical and
chemical methods used for their characterization are
still extremely laborious, complex, and particularly lim-
ited by the small amounts of purified products avail-
able, compromising the efforts to relate a biological
function to a specific sulfation sequence. The limited
amounts of pure oligosaccharide fragments obtained
also preclude structural characterization by the use of
spectroscopic methods such as NMR.

The availability of “soft ionization” techniques pointed
to MS as an attractive and prominent analytical tech-
nique for structural elucidation. Characterization of
heparin, HS, and other GAGs has been performed by
fast atom bombardment (FAB) [7–10] and electrospray
ionization (ESI) [11–14]. Different approaches using LC-
ESI and tandem mass spectrometry (MSn) were designed
to differentiate isomeric heparin disaccharides [15], and
determine sulfation positions and uronic acid epimeriza-
tion in chondroitin sulfate oligosaccharides [16], as well as
to study the effect of the positions of sulfate groups on
heparin binding [2, 17]. Electron detachment dissociation
has been used to produce abundant glycosidic and cross-
linking fragmentation, revealing sites of sulfation on GAG
oligosaccharides [18, 19].

Nowadays, matrix assisted laser desorption/ionization

time-of-flight mass spectrometry (MALDI-TOF MS)
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seems to have become the most appropriate method
for the analysis of sulfated oligosaccharides. As an
example, using ultraviolet matrix assisted laser de-
sorption/ionization time-of-flight mass spectrometry
(UV-MALDI-TOF MS) in the negative ion mode, sul-
fated GlcNAc2Man3 to GlcNAc2Man9 species were iden-
tified on N-glycosidic chains of cruzipain, in Trypano-
soma cruzi [20]. Sulfated N-linked glycans from thyroid-
stimulating hormone have also been analyzed by
MALDI-MS by an in-gel release method [21]. The
glycans were mainly sulfated hybrid and biantennary
complex structures, and a sulfate group was identified
at the 4-position of a galactose residue.

For glycosaminoglycans, the polyanionic nature of
glycosidic chains makes more difficult to obtain exploit-
able results and their understanding. Recently [22], a
MALDI MS strategy has been optimized for the analysis
of high sulfated GAG-derived oligosaccharides, using a
crystalline matrix nor-harmane and an ionic liquid
1-methylimidazolium �-cyano-4-hydroxycinnamate ma-
trix. The maximum number of sulfate groups was found
using the ionic liquid matrix, whereas MALDI-TOF/
TOF MS/MS experiments allowed the determination of
the position of some sulfate groups. However, new
improvements are still required before glycomics be-
comes a routine methodology as proteomics. The intrin-
sic complexity of oligosaccharide structures seems to
lead to specific oligosaccharide-type methods rather
than general approaches.

New ionic liquid matrices optimized for MALDI-MS
of sulfated, sialylated, and neutral oligosaccharides and
glycopeptides have also been reported [23]. 1,1,3,3-
Tetramethylguanidinium (TMG) salts of p-coumaric
acid and of �-cyano-4-hydroxycinnamic acid (CHCA)
have been used in both positive and negative mode and
applied to carrageenan oligosaccharides. This method
allowed the detection of 1 fmol of neutral and anionic
oligosaccharides. In addition, UV-MALDI-TOF-MS has
been successfully applied for analysis of DS and CS
oligosaccharides using an ionic liquid matrix [24]. How-
ever, all these approaches have to be further developed
until a reliable method of analysis of sulfated oligosac-
charides may be used in routine determinations. In all
cases, finding an ionization method soft enough to
retain the labile sulfate groups, but at the same time
able to produce sugar ring fragmentations required to
obtain information about the precise position of them,
remains the main problem [22, 25].

In this article, a new approach combining nitrous
acid degradation followed by high-performance anion-
exchange chromatography (HPAEC) separation and UV-
MALDI-TOF analysis is reported. Nitrous acid chemical
degradation of heparin and HS has been widely used to
produce oligosaccharides. N-sulfated residues are selec-
tively cleaved at pH 1.5 leading to 2,5-anhydromannose
terminal units, while N-acetylated domains are preserved,
and O-sulfate groups are not affected [26, 27]. This is a
very fast reaction, and after one chromatographic run the

fractions obtained have been directly analyzed by MALDI
MS. Three different matrices (CHCA, nor-harmane and
DHB) have been used for the MS analysis, and the
complementary results obtained allowed to identify six
oligosaccharides and, in most cases, to undoubtedly as-
sign the position of sulfate groups. This approach allows
the generation of defined oligosaccharides in a 1-day
work. In addition, the information acquired from the
variety of spectra obtained by the use of three different
matrices under different conditions of analysis was com-
bined to assess their chemical structures. A successful
combination of detection, separation, and mass spectrom-
etry analysis may provide a critical advantage in under-
standing GAG structures.

Experimental

Materials

All chemicals and HPLC grade solvents were pur-
chased from Sigma-Aldrich (Saint Quentin Fallavier,
France) or Acros Organics (Illkirch, France) and were
used without further purification. Water of very low
conductivity (MilliQ grade, 18 M, Millipore, Bedford,
MA, USA) was used. Matrices and calibrating chemicals
were purchased from Sigma-Aldrich.

Nitrous Acid Controlled Degradation

Commercial porcine heparin (Synthex SA, Buenos
Aires, Argentina), 100 mg/mL in 50 mM sodium
nitrite, was acidified to pH 1.5 with 6 N HCl and
maintained at this pH for 5 min at room temperature.
The resulting oligosaccharides were reduced under
alkaline conditions with sodium borohydride.

HPAEC

HPAEC was performed on a ICS-3000 (Dionex-France,
Voisins Le Bretonneux, France) consisting of an au-
tosampler AS50 and an electrochemical detector ED50
working in pulsed amperometric mode for sugar detec-
tion (PAD) using AgCl as the reference electrode and
Au as the working electrode. A series of potentials was
applied as follows: �0.05 V (from t � 0 to t � 0.40 s,
detection began at t � 0.20 s, and ended at t � 0.40 s),
�0.75 V (oxidative cleaning, from t � 0.41 to t � 0.60 s),
�0.15 V (from t � 0.61 to t � 1.00 s). Oligosaccharides
were chromatographed using a ProPac PA1 semi-
preparative column (9 � 250 mm) at 4.7 mL/min.
Injection: 2.5 mg/100 �L. Data were processed with
Chromeleon ver. 6.6. Eluent: 0 to 7 min: NaOH 80 mM,
7 to 15 min: gradient NaOH 80 ¡ 100 mM, 15 to 60 min:
NaOH 100 mM � gradient AcONa 0 ¡ 500 mM.

MALDI-TOF MS

All measurements were performed using an Ultraflex II
TOF/TOF mass spectrometer equipped with a high-

performance solid-state laser (� 355 nm) and a reflector
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(Bruker Daltonics GmbH, Bremen, Germany). Samples
were measured in the linear and the reflectron modes
and in the negative ion mode. Spectra were recorded
between 0 and 5 kDa. One hundred shots were aver-
aged for each spectrum. Calibration was performed
with cyclodextrins (cyclohepta-amylose, MW 1135.0
and cycloocta-amylose, MW 1297.1) and a peptide cal-
ibration standard from Bruker (angiotensin II, angioten-
sin I, Substance P, bombesin, ACTH (1-17), ACTH
(18-39) and somatostatin). Matrices solutions were pre-
pared by dissolving 1 mg of 2,5-dihydroxybenzoic acid
(DHB), nor-harmane, or �-cyano-4-hydroxycinnamic
acid (CHCA) in 100 �L of 3:2 (vol/vol) acetonitrile-
water; 10–20 �g of each fraction were used for MS. The
analyte solutions (1 mg/mL) were freshly prepared in
methanol or in water:methanol 1:1 (vol/vol). Each
fraction was analyzed with and without the addition 5
mM butylammonium formate. Samples were loaded
onto the sample probe using the mixture method: the
analyte stock solution was mixed with the matrix solu-
tion in 1:1 vol/vol ratio. A 0.5 �L aliquot of this
analyte/matrix solution was deposited onto the stain-
less steel probe tip and dried at room temperature.
Then, an additional portion of 0.5 �L was applied to the
dried solid layer on the probe, causing it to redissolve
partially, and the solvent was left to dry again.

Results and Discussion

Partial nitrous acid degradation was conducted for
exactly 5 min to obtain medium-sized oligosaccharides.
The method gave highly reproducible results as it was
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Figure 1. HPAEC-PAD of heparin fragments

fractions are numbered form 1 to 6. (� � non analyz
controlled by analytical HPAEC on a ProPac PA1
column. The elution profile used was totally constant
from run to run, and preparative HPAEC allowed the
collection of a few �g of each fraction (Figure 1).

The fractions were analyzed by UV-MALDI-TOF in
the negative mode using three different matrices
(CHCA, nor-harmane, and DHB) with and without the
addition of 5 mM butylammonium formate. The addi-
tion of ammonium salts has been previously reported to
improve sample desorption [28].

Major compounds could be identified in fractions 1 to
6. The other fractions (labeled “x” in Figure 1) were
considered to contain unresolved multiple compounds, as
complex mixtures of different ions were detected in MS
spectra, especially in the molecular weight region. It is
interesting to note that no MS/MS was necessary to assign
oligosaccharide structures as enough in-source fragmen-
tation was obtained with the different matrices used.

On the ProPac PA1 column, oligosaccharides are
eluted as a function of total sulfate content, which also
depends on the size of the oligosaccharide. The ana-
lyzed fractions were tetra- and hexasaccharides, and for
both series the structures deduced from mass spectrom-
etry analysis correspond to the expected order of elu-
tion, the more sulfated species being eluted at the
higher salt concentrations. This correlation suggests
that for diagnostic fragments, little or no desulfation
occurred, and therefore the number of total sulfate
groups can be determined for the analyzed oligosaccha-
rides. The lack of desulfation observed is likely due to
high content of sodium atoms acquired after the
HPAEC-PAD separation step, which stabilizes the sul-
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fate groups and partly prevent their elimination during
the ionization process [22]. Although all the samples
were analyzed with the three matrices and all the
conditions, only the spectra providing useful and not
superposing information were selected for clarity.

UV-MALDI-TOF MS Analysis of the
Tetrasaccharide Fractions (Scheme 1)

Compound 1. The peak corresponding to molecular ion
as tetrasodium-monopotassium salt (m/z 1165.7) (Figure
2a) allowed the assignment of this compound to a
tetrasaccharide carrying four sulfate groups and a N-
acetyl group. The peaks corresponding to molecular ion
as a trisodium salt (m/z 1104.9), as disodium salt (m/z
1082.9), were also observed (see Supplementary data,
which can be found in the electronic version of this
article). Key fragmentations are shown in Scheme 1. In
all cases, the fragment nomenclature used is in accor-
dance with Domon and Costello [29]. B2 and Z2 frag-
ments (m/z 539.9 and m/z 504.4, respectively) (Figure 2b)
indicated the presence of two sulfate groups in each
disaccharide moiety 0,3A3 (m/z 642.7) and 2,5A3 (m/z
Scheme
656.8) (Figure 2b) fragments are consistent with a 2-
sulfate at the uronic acid unit (residue 3 from nonre-
ducing end), and therefore the second sulfate group
must be at the AnhManOH unit, more probably at
6-position than at 3-OH. The remaining sulfate group
has to be at the 2-position of the nonreducing uronic
acid unit. Other peaks: m/z 1040.6 (loss of CH2CO from
m/z 1082.9, Figure 2b); m/z 1003.6 (loss of 2SO3 from m/z
1165.7, Figure 2a), m/z 608.3 (3,5A3 � H2O, see Supple-
mentary data).

Compound 4. Peaks at m/z 1187.8 (M � H, pentaso-
dium salt) and m/z 1165.7 (M � H, tetrasodium salt) (see
Supplementary data) could be assigned to a pentasul-
fated tetrasaccharide. Its elution position in the HPAEC
supports this hypothesis compared with the tetrasul-
fated tetrasaccharide 1. Fragments 0,2X3 (m/z 941.7),
2,5A3 (m/z 781.7), and 0,2A3 (m/z 731.8) indicate that both
uronic acid residues are 2-sulfated. The presence of a
sulfate group at the AnhManOH unit was suggested by
the 1,3A4 peak (m/z 892.7), which requires unsubstituted
3-HO. Ions involving the GlcN unit (1,5A2 and 1,4X2 at
m/z 548.4 and 733.8, respectively) allowed the assign-
1
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ment of the positions of the two remaining sulfate
groups as a N-sulfate and a 6-sulfate. C2 (m/z 592.8) and
B2 (m/z 576.7) fragments confirmed the presence of three
sulfate groups on the nonreducing disaccharide moiety.
However, signal at m/z 548.4 could also be assigned to
a Z2 fragment bearing three sodium ions analogue to
the Z2 fragment (m/z 504.4) obtained for Compound 1.
Other peaks: m/z 1056.2 (M � SO3 � CO), m/z 965.7,
986.3, 1008.0 (0,2X3 � Na, � 2Na, � 3Na, respectively),
756.1 (1,4X2 � Na, Figure 3b), 614.9 (C2 � Na, Figure 3b).

UV-MALDI-TOF MS Analysis of the N-Acetyl/
N-Sulfate-Containing Hexasaccharide Fractions
(Scheme 2)

Compound 2. Peaks at m/z 1218.0 (M � H � H2O,

Figure 2. UV-MALDI-TOF spectra in the neg
matrix, (b) DHB with addition of butylammoniu
correspond to adducts of matrix molecules.
monosodium salt) and m/z 1195.7 (M � H � CH2CO,
monosodium salt) suggested a disulfated, mono-N-
acetylated hexasaccharide. C5�H2O fragment (m/z
1050.3) indicated that the anhydromannitol unit is not
sulfated. C4 ion (m/z 893.1) is consistent with a non-
sulfated uronic acid linked to the AnhManOH unit
(Figure 3a). On the other hand, fragments 2,5X5, 2,5X4,
and Z4 (m/z 1118.8, Figure 3b, m/z 1017.1 and 841.5,
Figure 3a, respectively) together with signal at m/z 663.8
(Y3 � Na � H2O, Figure 3a) support the presence of an
acetyl group on the first (from the nonreducing end)
glucosamine unit instead of a sulfate group. Therefore,
the two sulfate groups must be at the other GlcN.
Internal fragments 0,3A4, 3,5A4 and 1,4X2 from this unit
(at m/z 790.7, 729.7, and 491.0) support substitution at
the N,6 positions (Figure 3b). Other peaks: m/z 1040.2
(m/z 1081.1 � Na, Figure 3a); m/z 956.7 (2,5X4 � Na); m/z

ion mode of Compound 1 using (a) DHB as
rmate as matrix. Peaks labeled with an asterisk
ative
m fo
934.8 (2,5X4); 773.7 (3,5A4 � 3Na); 751.7 (3,5A4 � 2Na)
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(Figure 3b); m/z 685.9 (m/z 663.8 � Na) (Figure 3a), m/z
544.8 (3,5X2 � K); m/z 566.7 (m/z 544.8 � Na) (Figure 3b).

Compound 3. The molecular ion observed (m/z 1505.8)

Figure 3. UV-MALDI-TOF spectrum in the nega
(b) nor-harmane as matrix. Peaks labeled with an
would correspond to the tetrasodium salt of a tetrasul-
fated, di-N-acetylated hexasaccharide, and m/z 1526.8 to
the corresponding pentasodium ion. 2,5X5 anion (m/z
1342.9) supports this hypothesis. Y5 ion (m/z 1329.0)
suggested that the nonreducing end is not sulfated and

n mode of Compound 2 using (a) DHB as matrix,
isk correspond to adducts of matrix molecules.
tive io
0,2X4 fragment (m/z 1165.5 and m/z 1188.2 [m/z 1165.5 �
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Na]) indicated that a sulfate group cannot be located at
the nonreducing end disaccharide, as all the four sulfate
groups must be on units 4–6 (Figure 4a and b). In a
similar way, ions at m/z 1180.5 and 1204.2 correspond to
2,5X4 fragment with or without sodium ion. Also ion
2,5X3 (m/z 942.7) supported this statement (Figure 4c).
The peak at m/z 548.1 or 548.4 (Figure 4a and c,
respectively), assigned to a 1,4A3 cleavage, allow to
locate a sulfate group at the 2-position of the second
uronic acid residue (unit 3). This fragment also corre-
lates with a Z2 fragment as stated for Compound 4,
sharing the same anhydromannitol containing disac-
charide moiety. 1,4X2 (m/z 733.9, Figure 4c) fragment is
consistent with the pattern of sulfation proposed for the
second GlcNAc: 6-sulfation (and not 3-sulfation). The
remaining two sulfate groups must be at the reduced
disaccharide. One at O-2 of the uronic acid and the
other at O-6 (or O-3) of the AnhManOH (as depicted),
or both substituting 3-HO and 6-HO of anhydroman-
nitol (in the last case nitrous acid would have cleaved

Sc
the antithrombin binding site of heparin bearing a
N,3,6-trisulfated glucosamine unit). No additional
fragment allowed differentiating between these two
possibilities. Other peaks: m/z 1244.3 (m/z 1342.9 �
SO3 � H2O, Figure 4b); m/z 1407.5 (M � SO3 � H2O,
Figure 4b); m/z 1004.0 (m/z 1165.5 � 2SO3, Figure 4a);
m/z 756.1 (m/z 733.9 � Na); m/z 570.5 (m/z 548.4 �
Na); m/z 592.7 (m/z 570.5 � Na, Figure 4c).

UV-MALDI-TOF MS Analysis of the
N-Sulfate-Containing Hexasaccharide Fractions
(Scheme 3)

Compound 5. The molecular ion appeared at m/z 1536.9
for this hexasulfated hexasaccharide (as its disodium
salt) and at m/z 1513.8 (as its monosodium salt). From
mass calculations, no acetyl would be present and, there-
fore, the two glucosamine residues carry sulfate groups
(as N-sulfates). Fragment at m/z 1351.2 (C5 � Na � H2O)
indicated that the terminal AnhManOH is not sulfated

2

as in compound 2 (Figure 5a). Y3 fragment (m/z 837.8,
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Figure 4. UV-MALDI-TOF spectra in the negative ion mode of Compound 3 using (a) DHB as
matrix, (b) expansion of spectrum shown in (a) from m/z 1100 to 1600, (c) nor-harmane as matrix.

Peaks labeled with an asterisk correspond to adducts of matrix molecules.
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Figure 5c) corresponds to an anhydromannitol contain-
ing trisaccharide bearing three sulfate groups. C2 and
1,5A2 (m/z 593.0 and 548.0, respectively, Figure 5b)
suggested the presence of two additional sulfate groups
at the nonreducing disaccharide. 2-O-sulfation of the
uronic acid and 6-O-sulfation of this first GlcNS unit is
in fact the most abundant disaccharide in heparin
oligosaccharides. Fragment 3,5X2 � H2O at m/z 568.1
(Figure 5b) indicated 6-sulfation of the GlcNS unit. The
remaining sulfate group may be located at O-2 of the
uronic acid residue or (less probable) at O-3 of the glu-
cosamine. In addition, 0,2A3 fragments (m/z 732.4, 754.5
and 776.7, Figure 5b) are similar to the one obtained for
Compound 4.

Other peaks are m/z 1337.6 (M � H � 2SO3 � H2O,
monosodium salt), m/z 1196.6 (M � H � 4SO3, monoso-
dium salt), m/z 1173.7 (M � H � 4SO3, free acid), m/z
1011.8 (M � H � 6SO3) (Figure 5a), m/z 902.3 (1,4X3 � 2K
� 2H), m/z 886.4 (1,4X3) (Figure 5c), m/z 615.4 (C2 � Na)
(Figure 5b).

Compound 6. For this compound, the molecular ion
was not observed and the assignment remains specula-
tive. However, the possible structure has been pro-
posed, taking into account adequate fitting to the elu-

Sc
tion profile on HPAEC. Eluting later than Compound 5,
Compound 6 must bear a minimum of seven sulfate
groups. Different fragments observed supported the
heptasulfated hexasaccharide depicted in the scheme.
2,5A2 ion (m/z 505.2, Figure 6c) indicated a nonreducing
uronic acid linked to a 6-sulfated glucosamine, which is
obviously N-sulfated too. In support of this assignment,
the fragments 1,5X4 (m/z 1068.0, Figure 6a) and Y4 (m/z
1039.6, Figure 6b) have been observed. The same frag-
mentation, but retaining the negative charge on the
other residue B2 (m/z 599.7, Figure 6c, m/z 665.2 trisodi-
ated, Figure 6b) was also detected. From the reduced
end, peaks at m/z 578.4 (as a monosodium ion, Figure
6b) and 557.5 (Figure 6c, 2,5X2) and m/z 469.6 (Figure 6b,
1,5X2) showed, taking into account that the remaining
glucosamine must also be N-sulfated, the presence of
one sulfate group at the reduced disaccharide moiety.
Y1 (m/z 243.5) fragment supporting the sulfated O-3/
O-6 anhydromannitol residue was also detected (not
shown). On the other hand, Y3 ion (m/z 837.3, Figure 6c)
allowed to locate a sulfate group at the 6-position
of the central GlcNS. Moreover, two ions arising from the
fragmentation of the same linkages (but leaving the
charge at opposite sides), 0,2X3 (m/z 906.4, Figure 6a) and
0,2A3 (m/z 786.2, Figure 6a), were in accordance with
2-sulfation of the central uronic acid unit 2,5A3 fragment

3

(m/z 694.3, Figure 6c) confirming the proposed struc-
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Figure 6. UV-MALDI-TOF spectra in the negative ion mode of Compound 6 using (a) DHB as matrix,
(b) DHB with addition of butylammonium formate as matrix, (c) nor-harmane with addition of butylammo-

nium formate as matrix. Peaks labeled with an asterisk correspond to adducts of matrix molecules.
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ture. Other peaks are m/z 707.8 (3,5A3 � Na), m/z 730.7
(3,5A3 � 2Na), m/z 808.0 (m/z 786.2 � Na) (Figure 6a),
m/z 890.6 ( m/z 1068.0 � 2SO3 � H2O), m/z 868.5 ( m/z
890.6 � Na), m/z 687.3 (m/z 868.5 � 2SO3 � Na), m/z
487.8 (m/z 665.2 � 2SO3 � H2O) (Figure 6b).

Conclusions

Optimization of nitrous acid degradation followed by
HPAEC separation provided a simple and fast method
for obtaining different sulfated oligosaccharides from
commercial heparin. Due to its simplicity and low cost,
this reaction provides a good alternative to enzymatic
degradation, and it has been widely used to obtain oligo-
saccharides partially modified with an anhydromannitol
unit. In this work, we have added an HPAEC separation
step followed by UV-MALDI MS analysis in the negative
ion mode, using three different matrices allowing the
almost complete structural determination of six oligosac-
charides. Acidic substituents are stabilized as their so-
dium salts allowing the detection of ion species from
intact molecules. The addition of butylammonium for-
mate, when used, allowed a better desorption of the
sample, probably by modifying co-crystallization of the
sulfated oligosaccharides with the matrix. No MS/MS
analysis was required when the complementary data
obtained along the different spectra were analyzed.
Only in some cases, the position of one sulfate group
remained undetermined between O-3 and an adjacent
oxygen, and additional experiments would be neces-
sary to achieve complete structural assignment.

In summary:
• Although three different matrices were tried, spectra

of only two (DHB and nor-harmane) were necessary
for structural determination.

• It is known that main fragments from neutral oligo-
saccharides involve glycosidic linkages (B, C, Y, and Z).
In contrast, sulfated oligosaccharides analyzed herein
showed main fragments arising from intra-ring cleav-
ages (A, X). These key fragments for structural as-
signment seemed favored when the number of sulfate
groups in the oligosaccharide increased.

• DHB allowed the molecular ion detection in nearly all
cases. This information was useful to determine the
total number of sulfate groups present in each glycan.
In addition, ions resulting from the loss of sulfate
groups were mainly detected.

• Nor-harmane, in contrast, produced mainly frag-
ments. In all cases, ions retaining the sulfate groups
were observed making these fragments essential to
assign the sulfated positions of each residue. When
nor-harmane was not able to produce enough analyte
desorption/ionization (Compound 1), fragments use-
ful for structural assignment were produced by the
addition of butylammonium formate to DHB matrix.

• The internal 2-O-sulfated hexuronic acids showed
multiple intra-ring fragmentations, especially involv-

ing C2-C3 linkages ( 2,5X, 2,5A, 0,2A), while fragments
coming from the nonreducing uronic acid unit were
scarcely detected. 6-O-sulfated GlcNAc or GlcNSO3

–

units showed mainly C5-O fragmentations (2,5X, 2,5A,
1,5X, 1,5A). In only one case, a fragment involving
the anhydromannitol unit was detected (1,3A4,
Compound 4).

Despite further developments are still necessary before
routine glycomic analysis of GAGs becomes available,
this approach provides a rapid production of structur-
ally defined oligosaccharides and a fast analysis. How-
ever, separation conditions must be optimized to iden-
tify all individual components. Our results suggest that
this methodology could be profitable to improve
knowledge on specific domains of GAG-binding pro-
teins of different sources. The multiple matrices ap-
proach reported is useful for a rapid analysis of the
sulfation pattern of heparin oligosaccharides, for which
the repeating disaccharide unit is well known. Appli-
cation to other substituted oligosaccharides would re-
quire previous knowledge about glycosidic linkages, as
this method provides no information about the connec-
tion of monosaccharide units.
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