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Abstract Purifying and analysing sulfated oligosacchar-
ides by mass spectrometry often constitutes a challenge. We
present here a single step method to isolate sulfated
compounds from a complex mixture of neutral and acidic
oligosaccharide–alditols. The strategy relies on the exclu-
sion of sulfated molecules from strong cation exchange
resin. By testing a wide range of reduced mucin type O-
glycans isolated from different biological sources, we
demonstrate that this method permits, without prior
chemical modification, the specific purification of sulfate-
containing oligosaccharides present in any quantity from
very complex mixtures of molecules.
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Abbreviations
dHex deoxyHexose
DHB 2,5-dihydroxybenzoic acid

ESI ElectroSpray Ionization
HPLC High Performance Liquid

Chromatography
Kdn 2-keto-3-deoxynononic acid
MALDI-TOF Matrix Assisted Laser Desorption

Ionisation-Time of Flight
MS Mass Spectrometry
Man Mannose
S Sulfate group
TLC Thin Layer Chromatography

Introduction

Sulfation is a common modification of protein glycans. It is
present at a very high prevalence on high molecular weight
glycosaminoglycans bearing proteoglycans, whose physico-
chemical and biological functions are directly dependent on
their number and positions. It is also incorporated in
numerous smaller protein glycans, where it may play a
crucial role in biological functions of glycoproteins. In
humans, it mainly substitutes lactosamine-containing glycans
either as GlcNAc-6-sulfate or Gal-3-sulfate [1 3]. Sulfate
groups are observed on N-glycans substituted proteins
such as thyroglobulin [4], carbonic anhydrase VI [5] and
Tamm-Horsfall [6], as well as on O-glycans of ovarian
cystadenoma glycoproteins [7]. Unusual sulfations may also
occur on very specific epitopes such as HNK1 (SO4–3-
GlcAβ1-4Galβ1-4G1cNAc-R) on myelin-associated glyco-
proteins [8]. Several glycoconjugates have been shown to
play important biological roles mediated by specific recog-
nition of their sulfate moiety by receptors. This is the case
with luteinizing hormone receptor on endothelial cells that is
highly specific for the SO4–4-GalNAcβ1-4G1cNAc motifs

Glycoconj J (2008) 25:903–915
DOI 10.1007/s10719-008-9139-3

Electronic supplementary material The online version of this article
(doi:10.1007/s10719-008-9139-3) contains supplementary material,
which is available to authorized users.

E. Garenaux :D. Florea :G. Strecker :Y. Guérardel (*)
Unité de Glycobiologie Structurale et Fonctionnelle,
CNRS UMR 8576, USTL,
59655 Villeneuve d’Ascq, France
e-mail: yann.guerardel@univ-lille1.fr

S.-Y. Yu :K.-H. Khoo
Institute of Biological Chemistry, Academia Sinica,
Nankang,
Taipei 11529, Taiwan

S.-Y. Yu :K.-H. Khoo
Institute of Biochemical Sciences, National Taiwan University,
Taipei 106, Taiwan

http://dx.doi.org/10.1007/s10719-008-9139-3


present on its N-glycans and is responsible for the rapid
clearance of the luteinizing hormone from circulation [9].
Similarly, the oligosaccharide ligand for L-selectin was
shown to be the 6′sulfo-sialyl Lex on a mucin-like molecule,
termed GIyCAM-1 (for glycosylated cell adhesion molecule-
1), during the homing of leukocytes to sites of inflammation
[10].

Other than proteoglycans, mucin type glycoproteins are
the main carriers of sulfated glycans in humans. Indeed,
sulfate groups have been observed in most excreted mucin-
containing mucus, including salivary [11], tracheo bron-
chial [12] and intestinal mucus [13]. Mucins are the major
protein component of the mucus protecting the epithelia.
They are highly glycosylated macromolecules characterized
by the presence of a dense and highly diverse O-
glycosylation, linked to the protein core through serines
and threonines, that may represent up to 80% of the total
weight of mucins. O-glycans contribute to both the physical
and chemical protections of sensitive epithelia, such as
bronchial epithelia, by providing the rheologic properties of
mucus. Furthermore, the extraordinary structural diversity
of O-glycosylation generates a wide range of carbohydrate
based epitopes that are believed to supply attachment sites
for microorganisms, which can be trapped and expelled
during the continuous renewal of the mucus layer. By
providing competing receptors for cell-surface glycoconju-
gates, mucins may trap bacteria and make them less
successful in their attempts to colonize the epithelium.
Thus, the array of oligosaccharides expressed on the
mucins of an individual may play a key role in governing
the susceptibility to infection [14].

The sulfation status of mucin type O-glycosylation,
among other modifications of glycosylation patterns, may
be modified in pathological conditions. Such modifications
may occur during numerous pathologies affecting airways
such as cystic fibrosis or chronic bronchitis. Modifications
of sulfation and sialylation patterns were reported for
airway mucins prepared from patients suffering from cystic
fibrosis or from severe chronic bronchitis [15]. It was
suggested that a strong inflammatory reaction, generates an
increase in mucin sialylation and an hyperexpression of
sialyl-Lewis x that may be responsible for the specific lung
colonization by P. aeruginosa of cystic fibrosis patients.
Indeed, the use of purified sulfated O-glycans coupled to
synthetic polymers gave good lines of evidence to directly
correlate the increased sulfation of CF mucins and the
increased affinity of P. aeruginosa to CF mucus [16].
Accordingly, the flagellar cap protein, FliD, from PAO1
strain demonstrated a clear association with sulfosialyl-
Lewis x, as well as with other Lewis x derivatives [17].

Structural analysis of sulfated compounds is impaired by
the difficulty to purify them from complex mixtures of
mucin-type O-glycans. Indeed, anion exchange chromatog-

raphy cannot easily discriminate sulfated compounds from
other acidic compounds such as sialic acid and uronic acid
containing O-glycans, which renders subsequent analyses
by chromatographic or spectroscopic methods difficult. An
elegant method for separating sialylated from sulfated
mucin type O-glycans in mixture based on on-column
carboxy-methylation of sialic acids was previously pro-
posed [18]. The conversion of sialic acids to methyl esters
after collection of neutral glycans permitted to elute them
from anion exchanger independently of the sulfated com-
pounds. Although very efficient, this method involves the
chemical modification of sialic acids which are then lost for
possible later use in biological tests. Furthermore, the
necessity to use fairly large amounts of harmful iodo-
methane and the high concentration of pyridinium acetate
for elution of sulfated oligosaccharides is not compatible
with possible large scale purification of sulfated glycans
from natural sources. Here we propose an alternative
procedure aimed to purifying intact sulfated oligosacchar-
ides in batch from complex mixtures of neutral and acidic
O-linked glycans. It is based on the charge repulsiveness
between sulfate groups of carbohydrates and strong cation
exchanger gel and enables an easy one step purification of
all sulfate containing glycans.

Material and methods

Preparation of mucins

Amphibian egg-jelly coats were extracted from intact eggs
into Dulbecco’s phosphate buffered saline (Sigma) containing
10 mM EDTA, 1 mM PMSF and 0.5% 2-mercaptoethanol at
4°C overnight. The mixture was centrifuged and the superna-
tant was then dialysed for 72 h against water and finally freeze
dried. Tracheobronchial mucins were isolated from a CF
patient and were a kind gift of Prof. Philippe Roussel. They
were prepared according to published methods [2].

Isolation of oligosaccharide–alditols

As starting materials we used mucins from egg-jelly of
Rana temporaria (1 g), Pleurodeles waltl (200 mg) and
human tracheobronchial mucins (less than 100 μg). Sam-
ples were submitted to reductive β-elimination for 72 h at
37°C in 100 mM NaOH containing 1 M NaBH4. The
reaction was stopped by the addition of DOWEX 50×
8 (25–50 mesh, H+ form; Sigma-Aldrich) at 4°C until pH
6.5 is reached. After filtration on glass wool and evapora-
tion to dryness, boric acid was eliminated by repetitive
distillation as its methyl ester in the presence of methanol.
The material was submitted to a first cationic exchange
chromatography on DOWEX 50×2 (200–400 mesh, H+
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form) in order to remove residual peptides. Total eluate
from the first DOWEX 50×2 column (five column
volumes) was concentrated and applied to a second Dowex
50×2 column (200–400 mesh, H+ form) to purify sulfated
oligosaccharides.

Thin layer chromatography

Elution from cation exchange column was assessed by TLC
chromatography. An aliquot of each fraction was run on
silica gel 60 thin layer chromatography (Merck) in n-
butanol/ethanol/Acetic acid/Pyridine/H2O (10:100:3:10:30).
Samples were detected following staining with orcinol
reagent and charring.

Permethylation of oligosaccharide–alditols

Glycan samples were permethylated using the NaOH/
dimethyl sulfoxide slurry method [19], with modifications
on the subsequent extraction method for sulfate-containing
oligosaccharides. Briefly, the reaction mixture was neutral-
ized with 4N TFA before solid phase extraction on a Sep-
pack C18 column. Permethylated oligosaccharides were
eluted with ACN/ H2O 0.1% TFA (25:75).

Mass spectrometry analysis

Native and permethylated samples were analysed on a
Voyager-DE STR MALDI-Tof Mass Spectrometer, (PerSep-
tive Biosystems, Framingham, MA, USA), equipped with a
337 nm UV laser. Samples were spotted by mixing directly
on the target 1 μl of oligosaccharide solution and 1 μL of
2,5-dihydroxybenzoic acid matrix solution (10 mg/mL
dissolved in MeOH/H2O 0.1% trifluoroacetic acid). For
tandem mass spectrometry, native and permethylated oligo-
saccharides were mixed 1:1 with α-cyano-4-hydrocinnamic
acid matrix (in acetonitrile 0.1% trifluoroacetic acid, v:v) and
analysed on a Q-Tof Ultima MALDI instrument (Micro-
mass). The nitrogen UV laser (337 nm wavelength) was
operated at a repetition rate of 10 Hz under full power
(300 μJ/pulse). MS survey data were manually acquired and
the decision to switch over to CID MS/MS acquisition mode
for a particular parent ion was made on-the-fly upon
examination of the summed spectra. Argon was used as the
collision gas with a collision energy manually adjusted
(between 50~200 V) to achieve optimum degree of
fragmentation for the parent ions under investigation.

Sulfate content analysis

The sulfate content was measured by HPAEC according to
[13]. Briefly, sulfate was released by hydrolysis with 1 M
HCl (500 μl) for 5 h at 100°C and HCl was evaporated

under a stream of nitrogen. The dry residue was dissolved
in 200 μl of Milli-Q quality water (Millipore Corp.,
Milford, MA). 25 μL of this solution were directly injected
onto a Dionex BioLC system equipped with an IonPac
AS4A column (250×4 mm), an anion micromembrane
suppressor, and a CDM 2 conductivity detector. The
column was eluted with 0.04 M NaOH at a flow rate of
2 mL/min, and the separated anions were measured by
conductivity detection with 30-microsiemens sensitivity.
The chromatograms were analysed and integrated with
Chromeleon software, version 6.40 (Dionex Corporation).
A standard curve was constructed with K2SO4 solutions
(6.25, 12.5, 25, and 35 μg/mL) to measure sulfate released
from oligosaccharide fractions.

Results and discussion

Purification of sulfated compounds

O-linked oligosaccharide alditols were released from
several biological sources by reductive β-elimination. For
each sample, borates were co-evaporated with methanol
and samples were passed on a first Dowex 50×2 cation
exchange column (Sigma-Aldrich) to eliminate residual
peptides. Columns were eluted with five column volumes
of water and total eluates containing all sulfated and neutral
oligosaccharides from each sample were freeze-dried. This
step was not used to separate glycans, but to remove
peptides that are bound on the column. Care was taken to
immediately neutralize samples with diluted ammonia after
cation exchange chromatography to protect eventual sialic
acids from acid hydrolysis. It is noteworthy that eliminating
residual peptides on a first column of Dowex 50×2 resin
substantially improved the subsequent purification of
sulfated oligosaccharides on a second cation exchanger.
So, this step was systematically included in the workflow
(data not shown).

Three samples were used in the course of the present
study: two egg-jelly mucus from the amphibians R.
temporaria and P. waltl and a sample of human tracheo-
bronchial mucus. Oligosaccharides from amphibians have
been extensively characterized so their glycosylation
profiles are already well known and can be used to evaluate
the effectiveness of the separation methodology. Total
oligosaccharide samples devoid of peptides were directly
loaded onto a second 50×2 (200–400 mesh H+ form)
without prior desalting and eluted with water. Column size
was adapted depending on the total quantity of carbohy-
drate for each sample that ranged from about 200 mg for R.
temporaria to less than 100 μg for tracheo bronchial O-
glycans. During the course of the study, an average of
10 mL of resin per mg of carbohydrates was used to obtain
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a satisfactory resolution of separation between sulfated and
non-sulfated glycans. Furthermore, irrespective of column
size, columns with highest length to diameter ratios were
used in order to maximize the separation efficiency.

O-glycans from R. temporaria

About two hundred mg of O-linked oligosaccharides were
released and purified from one gram of dried egg jelly coat
of the amphibian R. temporaria. This species synthesises a
very complex mixture of neutral and acidic O-glycans
(http://glycobase.univ-lille1.fr/). Acidic properties are con-
ferred by the presence of either sulfate groups, sialic acid
(Kdn) or glucuronic acid (GlcA) substituents. Some acidic
glycans may be substituted by two different acidic groups.
The sheer complexity of this sample appeared as ideal for
assessing the selectivity of separation on cation exchange
chromatography of different acidic compounds.

37 38 39 40 41 42 43 44 45 46 47 48

Fig. 1 Fractionation on a strong cation exchange Dowex 50×2 (200–
400 mesh H+ form) chromatography column of total O-glycans
released by reductive β-elimination from egg jelly coat of R.
temporaria eggs, monitored by TLC
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Fig. 2 Mass spectrometry
analysis of glycans from R.
temporaria released by reduc-
tive β-elimination. Positive
reflectron mode MALDI-TOF
spectrum of native a excluded
fraction and b included fraction
on a strong cation exchange
chromatography. Asterisks la-
belled m/z values correspond to
[M+2Na–H]+ molecular ions of
sulfated oligosaccharides, the
others to [M+Na]+ molecular
ions of desulfated neutral oligo-
saccharides (in a) or genuine
neutral oligosaccharides (in b).
c negative reflectron mode
MALDI-TOF spectrum of native
excluded fraction; all m/z values
correspond to [M–H]− molecular
ions of sulfated oligosacchar-
ides. For predicted composi-
tions, see Tables 1 and 2
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Table 1 Assignment of major oligosaccharides released from Rana
temporaria mucins observed by MALDI-TOF MS in excluded
fraction, in positive mode as (a) [M+2Na–H]+ adducts and (b)

negative modes as [M–H]− adducts. Individual structures were inferred
from previous studies [20, 21, 22, unpublished results] and confirmed
by ES-MS/MS fragmentation

(A) Excluded fraction. 

m/z a m/z b Calculated compositions Structures

672.1 626.0 S Hex2 HexNAc-ol

713.2 667.0 S HexNAc Hex HexNAc-ol

760.2 714.0 S Kdn Hex HexNAc-ol

818.2 772.0 S dHex Hex2 HexNAc-ol

848.2 802.0 S HexA Hex2 HexNAc-ol

859.2 813.0 S dHex HexNAc Hex HexNAc-ol

875.2 829.0 S HexNAc Hex2 HexNAc-ol
S

ol

980.2 934.0 S dHex Hex3 HexNAc-ol

948.0 S dHex HexA Hex2-HexNAc-ol

1021.2 975.0 S deHex HexNAcHex2 HexNAc-ol

1037.3 S HexNAc Hex3 HexNAc-ol

1126.3 1080.0 S dHex2 Hex3 HexNAc-ol

1167.3 1121.1 S dHex2 HexNAc Hex2 HexNAc-ol

1183.4
S dHex HexNAc Hex3 HexNAc-ol

1224.4 1178.0 S dHex HexNAc2 Hex2 HexNAc-ol ol

1302.4 1256.0 S dHex2 HexA Hex3 HexNAc-ol

1313.5 S dHex3 2HexNAc Hex  HexNAc-ol ol

S

Structures are depicted according to the nomenclature of Kamerling and Vliegenthart [25]: ol , GalNAc-ol; , β-GalNAc;

6

4

3
2

, empty

diamond; α-GalNAc; filled circle, β-GlcNAc; left-half-filled circle, α-GlcNAc; filled square, β-Gal; left-half-filled square, α-Gal; empty circle

with center dot, α-Kdn; empty square, α-Fuc; empty circle with x, β-GlcA
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Total glycan sample was loaded on a Dowex 50×2
column (200–400 mesh, H + form; 150×2.5 cm) and was
eluted with water at 0.2 ml/min; 2 ml fractions were
collected. Considering the large quantity of carbohydrates,
the elution of carbohydrate was monitored by orcinol-
sulfuric colorimetric reaction after migration of all fractions
on Thin Layer Chromatography (TLC). This visual method

allowed an easy discrimination of different oligosaccharidic
fractions according to their migration. As shown on Fig. 1,
a carbohydrate rich fraction was first excluded from the
column in tubes 37 to 42, which corresponds to the dead
volume of the column. This excluded material exhibited a
very heterogeneous pattern of migration on TLC, estab-
lishing that it is composed of a complex mixture of

Table 2 Assignment of major oligosaccharides released from Rana
temporaria mucins observed by MALDI-TOF MS in included fraction
in positive mode as [M+Na]+ adducts. Individual structures were

inferred from previous studies [20, 21, 22, unpublished results] and
confirmed by ES-MS/MS fragmentation

(B) Included fraction

m/z Calculated compositions Structures

554 dHex Hex HexNAc-ol
    

570 Hex2 HexNAc-ol

611 Hex HexNAc HexNAc-ol ol

658 Kdn Hex HexNAc-ol
  

716 dHex Hex2 HexNAc-ol

757 dHex HexNAc Hex HexNAc-ol

862 dHex2 Hex2 HexNAc-ol

878 dHex Hex3 HexNAc-ol

892 dHex HexA Hex2 HexNAc-ol
ol

919 dHex Hex2 HexNAc HexNAc-ol

960 dHex Hex HexNAc2 HexNAc-ol

1024 dHex2Hex3 HexNAc-ol

ol

1038 dHex2HexAHex2 HexNAc-ol

1054 dHex HexA Hex3 HexNAc-ol
ol

1170 dHex3 Hex3 HexNAc-ol

Structures are depicted according to the nomenclature of Kamerling and Vliegenthart [25]: ol , GalNAc-ol; , β-GalNAc;

6

4

3
2

, empty

diamond; α-GalNAc; filled circle, β-GlcNAc; left-half-filled circle, α-GlcNAc; filled square, β-Gal; left-half-filled square, α-Gal; empty circle

with center dot, α-Kdn; empty square, α-Fuc; empty circle with x, β-GlcA
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oligosaccharides of different sizes. Then, retarded carbohy-
drates were eluted from tube 43 onward. Orcinol positive
fractions (tubes 43 to 76) were all pooled as a single
included fraction for analysis. Excluded and included
material show very distinct chromatographic patterns
establishing that both fractions essentially contain different
oligosaccharides.

The oligosaccharide content of each fraction was
screened by MALDI-TOF MS in both positive and negative
modes. Monosaccharide compositions of individual signals
were calculated according to the observed m/z values and
the nature of each compound was inferred from previously
described oligosaccharides isolated from R. temporaria egg
jelly coat (20, 21, 22, unpublished results) and confirmed
by ESI-MS/MS fragmentation of most oligosaccharides
(data not shown). As expected, MS profiles in positive

mode of excluded and included fractions are different
(Fig. 2). The included fraction is characterized by a
complex pattern of [M+Na]+ signals attributed to neutral
and acidic oligosaccharides as presented on Tables 1 and 2.
Identification of these oligosaccharides established that the
acidic glycans are substituted either by Kdn or by GlcA, but
never by sulfate group. In contrast, the profile of excluded
fraction was characterized by the presence of [M+2Na–H]+

signals attributed to the sulfate containing oligosaccharides
previously described in R. temporaria jelly coat. This
assignment was confirmed by acquiring MS spectrum in
negative mode, which produced a series of [M–H]− ions of
composition identical to their [M+2Na–H]+ counterparts. It
is noteworthy that none of the signals attributed to sulfated
glycans could be observed in the included fraction. Positive
mode MS spectrum of excluded fraction additionally shows

Table 3 Elution profile of oligosaccharide–alditols from Pleurodeles waltl mucin after cationic exchange column assessed by positive mode
MALDI-TOF MS of each fraction 26 to 45 as (a) [M+2Na–H]+ and (b) [M+Na]+ adducts

a b 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

656 + + + + + + + + + + +

ol

S
1370 + + + + + + + + +

ol

S
1516 + + + + + + + +

1356 + + + + + + + + +

ol
1210 + + + + + + + + +

1153 + +

1106 + + + + + + + + + + +

960 + + + + + + + + + + +

1007 + + +

ol

903 + + + + + + +

804 + +

ol

814 + + + + + +

757 + + + + + +

699 + +

Individual structures were inferred from previous studies [23, 24] and confirmed by ES-MS/MS fragmentation
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numerous [M+Na]+ ions attributed to non-sulfated oligo-
saccharides that have already been observed in the included
fraction. As will be demonstrated in the next section, these
ions resulted from a laser-induced desulfation process.
Indeed, most of the [M+2Na–H]+ major signals were
accompanied by a signal at 102 mass units lower,
corresponding to loss of a sodium sulfite moiety, e.g. m/z
672/570, 818/716, 859/757 and 980/878.

These data demonstrated that strong cation exchange
chromatography enables a complete exclusion of sulfate
containing oligosaccharides from the column. We hypothe-
sise that repulsion forces between sulfate groups substitut-
ing the oligosaccharides and sulfonic acid functional groups
attached to the styrene divinylbenzene resin prevent
sulfated glycans to penetrate copolymer lattice and exclude
them from the column, in contrast to other glycans, which
are retarded in the polymer. Optimal separation between
excluded and included fractions are obtained when using
highest porosity (2% crosslinkage) and lowest particle size
(200–400 mesh) resin, which maximizes the retardation of
included fraction. So, Dowex 50×2 200×400 mesh
(Sigma-Aldrich) and AG 50×2 200×400 mesh (Bio-Rad)
appeared as the most suitable resins. The presence of non
sulfated GlcA and Kdn containing oligosaccharides in the
included fraction established that carboxylated functions are
not excluded from the resin, which permits an easy
separation between acidic oligosaccharides exclusively
based on the presence of sulfate groups.

O-glycans from P. waltl

In a second step, we assessed the usefulness of the
described method for purifying minute amounts of sulfated
oligosaccharides from very complex mixture of non-
sulfated glycans. Contrarily to the amphibian R. temporaria
that synthesises large amounts of sulfated oligosaccharides,
oviductal mucins of P. waltl are almost exclusively
substituted by neutral and sialylated oligosaccharides, as

previously established [23, 24]. However, careful re-
evaluation of the oligosaccharidic content of P. waltl
permitted the isolation, by multidimensional HPLC, of
single sulfated glycans as a very minor component,
establishing the presence of small amounts of sulfate
substitutions (Supplementary Fig. 1; unpublished data).

Total O-glycans released by reductive β-elimination
from 200 mg of P. waltl were separated on a Dowex 50×

Table 4 Assignment of major human tracheobronchial oligosacchar-
ides observed in excluded fraction 3 as [M–H]−adduct by negative
mode MALDI-TOF MS and included fraction 12 as [M+Na]+ adduct
by positive mode MALDI-TOF MS

m/z Calculated compositions

Excluded fraction 3 as [M–H]−adduct by negative mode MALDI-TOF MS
813 S dHex HexNAc Hex HexNAc-ol
829 S HexNAc Hex2 HexNAc-ol
975 S dHex HexNAcHex2 HexNAc-ol
1040 NeuAc HexNAc Hex2 HexNAc-ol
1121 S dHex2 HexNAc Hex2 HexNAc-ol
1137 S dHex HexNAc Hex3 HexNAc-ol
1178 S dHex HexNAc2 Hex2 HexNAc-ol
1186 NeuAc dHex HexNAc Hex2 HexNAc-ol
1283 S dHex2 HexNAc Hex3 HexNAc-ol
1340 S dHex HexNAc2 Hex3 HexNAc-ol
1486 S dHex2 HexNAc2 Hex3 HexNAc-ol
1632 S dHex3HexNAc2Hex3 HexNAc-ol
1648 S dHex2HexNAc2Hex4 HexNAc-ol
1794 S dHex3HexNAc2Hex4 HexNAc-ol
1851 S dHex2HexNAc3Hex4 HexNAc-ol
1997 S dHex3HexNAc3Hex4 HexNAc-ol
Included fraction 12 as [M+Na]+ adduct by positive mode
MALDI-TOF MS
757 dHex HexNAc Hex HexNAc-ol
773 HexNAc Hex2 HexNAc-ol
862 dHex2 Hex2 HexNAc-ol
878 dHex Hex3 HexNAc-ol
919 dHex HexNAc Hex2 HexNAc-ol
935 HexNAc Hex3 HexNAc-ol
976 HexNAc2 Hex2 HexNAc-ol
1024 dHex2 Hex3 HexNAc-ol
1065 dHex2 HexNAc Hex2 HexNAc-ol
1081 dHex HexNAc Hex3 HexNAc-ol
1122 dHex HexNAc2 Hex2 HexNAc-ol
1138 HexNAc2 Hex3 HexNAc-ol
1211 dHex3 HexNAc Hex2 HexNAc-ol
1227 dHex2 HexNAc Hex3 HexNAc-ol
1243 dHex HexNAc Hex4 HexNAc-ol
1284 dHex HexNAc2 Hex3 HexNAc-ol
1373 dHex3 HexNAc Hex3 HexNAc-ol
1389 dHex2 HexNAc Hex4 HexNAc-ol
1430 dHex2 HexNAc2 Hex3 HexNAc-ol
1446 dHex HexNAc2 Hex4 HexNAc-ol
1576 dHex3 HexNAc2 Hex3 HexNAc-ol
1592 dHex2 HexNAc2 Hex4 HexNAc-ol
1649 dHex HexNAc3 Hex4 HexNAc-ol
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Fig. 3 Sulfate content of oligosaccharide fractions released from
human tracheobronchial mucin after separation on strong cation
exchange chromatography
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2 column (200–400 mesh, H+ form; 50×2 cm) under
similar conditions to those above and collected as 2 mL
fractions. Elution profile of oligosaccharides was directly
assessed by MALDI-TOF MS analysis of each eluted
fraction. As shown in Table 3, three oligosaccharides
observed as signals at m/z 656, 1370 and 1516 are clearly
excluded from the cation exchange column in fractions 26

to 34, whereas most other compounds are eluted from
fraction 34 to fraction 45. Signals at m/z 656, 1370 and
1516 observed in the excluded fractions were attributed to
[M+2Na–H]+ adducts of SO3deHex1Hex1HexNAc1-ol,
SO3deHex2Hex2HexNAc3-ol and SO3deHex3Hex2Hex-
NAc3-ol, respectively. 1H NMR analysis of the pooled
excluded fraction (data not shown) established the exact
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Fig. 4 Details of mass spec-
trometry analyses of O-glycans
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mucins. Positive-mode MALDI-
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structure of its major component as a core 1 based sulfated
trisaccharide Fuc(α1–2)[SO3(4)]Gal(β1–3)GalNAc-ol, in
agreement with the presence of a signal at m/z 656 in MS
analysis. Signals at m/z 1370 and 1516 were identified as
very minor components whose structures were tentatively
assigned to sulfated trisaccharide extended from GalNAc-ol
C6 with Fuc(α1–2)GalNAc(β1–4)GlcNAc(β1- and Fuc
(α1–2) GalNAc(β1–4)[Fuc(α1–3)]GlcNAc(β1-branches,
respectively. It is noteworthy that all sulfated oligosacchar-
ides are excluded in the same fractions, irrespective of their
molecular weights, which demonstrates that their elution
volume is exclusively dependent on the presence of sulfate
group. Signals observed in included fractions were all
attributed to [M+Na]+ adducts of neutral and sialylated
oligosaccharides whose structures were assigned based on
previous work (Strecker 1992 a and b; unpublished work) and
in accordance with their calculated compositions. In contrast
to the sulfated compounds, the elution volumes of included
compounds are dependent on their molecular weight, which

demonstrates that the cation exchanger resin acts as a
molecular sieve for neutral and sialylated oligosaccharides.
These data established that the cation exchange chromatog-
raphy is useful for purifying minor sulfated oligosaccharides
among a complex mixture of non-sulfated compounds.

Human tracheobronchial mucins

In a last step, we validated the method by analysing minute
amounts of oligosaccharides isolated from human tracheo-
bronchial mucins. Less than 100 μg of reduced O-glycans
released from purified tracheobronchial mucins by reduc-
tive β-elimination were loaded on 150 μL of DOWEX 50×
2 resin (200–400 mesh, H+ form) packed in a 200 μL
automatic pipette cone. Column was eluted with water and
25 μL fractions were collected. Elution of sulfated
oligosaccharides was monitored by assessing sulfate con-
centration on a Dionex BioLC system fitted with an IonPac
AS4A column and a conductivity detector. As expected,
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Fig. 5 Collision induced MALDI-Q-TOF fragmentation spectra of
a [M+2Na–H]+ parent ion at m/z 1021 of sulfated oligosaccharide
SO3Fuc1Gal2GlcNAc1GalNAc-ol and b [M+Na]+ parent ion at m/z
919 of on-target desulfated oligosaccharide Fuc1Gal2GlcNAc1Gal
NAc-ol isolated from human bronchial mucin. Symbols are depicted

in legend from Tables 1 and 2. Asterisks labelled m/z values correspond
to [M+2Na–H]+ molecular ions of the sulfated oligosaccharides.
Fragmentation pattern of sulfated oligosaccharides demonstrate the
presence of two different isobaric structures in mixture that only differ
by the position of sulfation either on the upper or lower branch
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sulfate concentration is maximal in fractions 3, 4 and 5,
which correspond to the dead volume of the column
(Fig. 3). As observed by MALDI-TOF MS, sulfate
containing fractions are composed of a very complex
mixture of almost exclusively sulfated oligosaccharides
(Table 4). No neutral oligosaccharide was detected in
sulfate containing fractions, but two minor sialylated
oligosaccharides were observed (Table 4). Despite the low
bed volume of resin, sulfated and non sulfated molecules
were unexpectedly well resolved. Oligosaccharides were
detected up to fraction 12, which is completely devoid of
sulfated oligosaccharides and exclusively composed of
neutral compounds (Table 4).

Analysis of sulfated glycans by MALDI-MS/MS

As mentioned above, monosulfated oligosaccharides crys-
tallized in DHB matrix are observed as [M+2Na–H]+

molecular ions in positive-mode MALDI-TOF MS spectra.
As an example, the spectrum of a sulfated fraction of
human bronchial O-glycans show five molecular ion
signals at m/z 859, 875, 916, 1005 and 1021, corresponding
to [M+2Na–H]+ of sulfated oligosaccharides (Fig. 4b).
Assignment was confirmed by observing their [M–H]−

molecular ions at m/z 813, 829, 870, 959 and 975 in
negative-mode (Fig. 4c). Furthermore, a series of mono-
sodiated ions at m/z 773, 814, 903, 919, 960 and 976 were
clearly observed in positive-mode (Fig. 4b), which corre-
spond to the neutral equivalents of all sulfated oligosac-
charides having loss a sodium sulfite moiety. All these
signals were also observed in the neutral fraction of O-
glycans (Fig. 4a), which suggests that they originate either
from a contamination of the sulfated fraction by neutral
oligosaccharides or from a partial desulfation of oligosac-
charides during MALDI-TOF analysis. Positive-mode
MALDI-TOF analysis of the permethylated derivatives of

A

B

Fig. 6 Collision induced MALDI-Q-TOF fragmentation spectra of
a [M+2Na–H]+ parent ion at m/z 1245 of sulfated oligosaccharide
SO3Fuc1Gal2GlcNAc1GalNAc-ol permethylated derivative and b
[M+Na]+ parent ion at m/z 1143 of on-target desulfated oligosaccha-
ride Fuc1Gal2GlcNAc1GalNAc-ol permethylated derivative isolated

from human bronchial mucin. Fragmentation patterns of both parent
ions demonstrate the presence of two different isobaric structures in
mixture that only differ by the position of sulfation either on the upper
or lower branch
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sulfated fraction showed an identical set of sulfated
oligosaccharides as [M+2Na–H]+ at m/z 1041, 1071,
1112, 1245 and 1286 (Fig. 4d), each accompanied by
signals corresponding to loss of sodium sulphite (m/z 939,
969, 1010, 1143 and 1184), as described above. These are
the neutral equivalents of permethylated sulfated oligosac-
charides in which a –CH3 group has been replaced by a
hydroxyl group, originating from an on-target desulfation
process and not from genuine unsulfated molecules.

The detection of different sets of di- and mono-sodiated
adducts enables an easy distinction of sulfated and non
sulfated components in positive-mode MALDI-TOF MS
spectra. This principle can be extended to MS/MS analyses
of sulfated oligosaccharides that generate both mono- and
disodiated ions in a single MS/MS spectrum, depending on
the presence of sulfate group in the fragment ions. Indeed,
as shown in the MS/MS spectrum of sulfated oligosacchar-
ides (Fig. 5a and 6a), sulfated fragment ions, marked by an
asterisk, are all characterized by being disodiated. As an
example, fragmentation of parent ion at m/z 1021 (Fig. 5a)
established the presence of a sulfo-Lewis x containing core
2 O-glycans SO3Fuc1Gal2GlcNAc1GalNAc-ol. Although
many non-sulfated fragment ions are observed on the
spectra, we believe that they do not originate from a
secondary fragmentation induced desulfation, as demon-
strated by the total absence of ion at m/z 773 potentially
resulting from desulfation of primary fragment ion at m/z
875. This particular ion is however clearly observed in the
MS/MS spectrum of the parent ion at m/z 919 that
originates from the primary on-target desulfation of the
sulfated oligosaccharide. A comparison of the MS/MS
spectra of the permethylated derivatives of SO3Fuc1
Gal2GlcNAc1GalNAc-ol at m/z 1245 with its desulfation
product at m/z 1143 confirmed that all sulfate containing
disodiated fragment ions are replaced by monosodiated
fragment ions with a free hydroxyl group. Fragmentation of
permethylated derivatives also confirmed the absence of
desulfation during collision induced fragmentation.

Conclusion

The present data established the use of strong cation
exchange resin as a reliable method for specifically
purifying sulfated oligosaccharides from a very complex
mixture of neutral, sialylated and sulfated components. The
purification method, which is exclusively based on the
presence of sulfate groups, is selective enough to extract
very minor sulfated oligosaccharides. Although not exem-
plified in the present report, this method also permits to
purify disulfated glycans which are co-eluted with mono-
sulfated glycans (unpublished data). Furthermore, this
method may be adapted for any quantity of purified glycans

from the microgram scale up to at least hundreds of
milligram. Indeed, we demonstrated that it may be used
for large scale purification simply by adapting bed resin
size, collection and detection procedures. It does not require
any chemical modification of oligosaccharides of interest
and thus can be used in the context of analysis of
biologically relevant molecules. Furthermore, contrary to
classical protocols of purification of acidic oligosaccharides
based on anion exchange chromatography, sulfated mole-
cules are eluted under salt free conditions, which permits an
omission of a tricky desalting step.
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