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Schistosoma mansonicercarial glycolipids are dominated by Lewis X and pseudo-Lewis
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The oligosaccharide structures of glycolipids from cercariae
of the human blood fluke, Schistosoma mansoni, were
analyzed in the form of their corresponding, pyridylami-
nated oligosaccharides by methylation analysis, partial
hydrolysis, exoglycosidase treatment, on-target exoglyco-
sidase cleavage and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry. The six, domi-
nant chemical structures present have been determined as:
GalNAc(β1–4)Glc1-ceramide; GlcNAc(β1–3)GalNAc(β1–
4)Glc1-ceramide; Gal(β1–4)GlcNAc(β1–3)GalNAc(β1–
4)Glc1-ceramide; Gal(β1–4)[Fuc(α1–3)]GlcNAc(β1–3)Gal-
NAc(β1–4)Glc1-ceramide (Lewis X pentasaccharide
structure); Gal(β1–4)[Fuc(α1–3)]GlcNAc(β1–3)GlcNAc(β1–
3)GalNAc(β1–4)Glc1-ceramide (Lewis X hexasaccharide
structure); and, Fuc(α1–3)Gal(β1–4)[Fuc(α1–3)]Glc-
NAc(β1–3)GalNAc(β1–4)Glc1-ceramide (pseudo-Lewis Y
hexasaccharide structure). These structures belong to the
characterized schisto-series of protostomial glycosphingolip-
ids. The Lewis X and pseudo-Lewis Y glycolipids are stage-
specifically expressed by the cercarial life-cycle stage, and
not by the adult or egg.

Key words:CD15/oligosaccharide structural analysis/on-target
enzymatic cleavage/Schistosoma mansoniantigenic
glycolipids/stage-specific expression

Introduction

Schistosomes express a variety of different carbohydrate struc-
tures (Cummings and Nyame, 1996), several of which give rise
to a strong humoral response during infection. Some of these
carbohydrate antigens have been found to be restricted to this
parasite (Nyameet al., 1989; Srivatsanet al., 1992b; Bergwerff
et al., 1994; Khooet al., 1995; Mansour, 1996; Negm, 1996;
Khooet al., 1997). In addition, the unique glycosylation patterns
common to schistosomal proteins and glycolipids have been
found to differ structurally and immunologically from all other
glycolipids detected so far in the animal kingdom. Makaaruet

al. (1992) have shownSchistosoma mansoniglycolipids to have
an N-acetylgalactosamine residue in the second position of
carbohydrate chain.S.mansoniglycolipids have been found to
be highly antigenic (Weisset al., 1986) and adultS.mansoni
glycolipids to be potentially useful antigens for the serodia
nosis of schistosomiasis (Denniset al., 1996), due to the high
titers of antibodies reacting with them in chronic infection se
and the absence of significant cross-reactivity with oth
helminth infection sera. The major epitope present on glyc
lipids from adults, cercariae, and eggs was also shown to
present on egg glycoproteins (Weiss and Strand, 1985). St
tural analysis of egg stage antigenic glycolipids has revea
large, branched glycans with oligofucosyl side-chains on anN-
acetylhexosamine backbone built up by the repetitive unit
4[±Fucα2Fucα3]GlcNAcβ- and the chain-termination motif of
±Fucα2Fucα3GalNAcβ- (Khoo et al., 1997). Indication for a
second schistosomal glycolipid epitope was given by t
immunostaining of high-performance thin-layer chromat
graphy (HPTLC)-separated glycolipids with a monoclonal an
body (mAb) that gave a weak recognition signal with cercar
stage glycolipids only (Weisset al., 1986). This mAb was later
found to be specific for Lewis X (Lex) and binds to the tegument
and gut ofS.mansoniadults, to the acetabular gland opening o
cercariae and to schistosomula obtained byin vitro transforma-
tion (Dalton et al., 1987; Köster and Strand, 1994). Lex, also
termed CD15 or SSEA I (stage-specific embryonic antigen I),
shared between the parasite and the mammalian host (Koet al.,
1990; Nyameet al., 1998), and during infection a humora
immune response to this epitope, classified as autoimmune,
been observed (Nyameet al., 1995, 1996, 1997). These result
obtained by immunological techniques paralleled structu
analyses detecting Lex on adult worm glycoproteins (Srivatsan
et al., 1992a) as well as on the circulating cathodic antigen (v
Dam et al., 1994), which is assumed to be secreted from t
adult parasite gut (Deelder and Kornelis, 1980).

The aim of this study was to structurally analyze th
oligosaccharide chains present in the biosynthetic series
neutral glycolipids from cercariae, the stage-specific expr
sion of Lex-containing glycolipids in cercariae and to compar
the pattern of cercarial glycolipid structures identified wit
those present inS.mansonieggs.

Results

Isolation and immunochemical characterization

Glycolipids isolated from theS.mansonilife-cycle stages were
fractionated on a silica gel cartridge. The complex glycolip
fractions of adults, cercariae and eggs were all recognized
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chronic infection sera (Figure 1, lanes 1–3), but the Lex-epitope
was only detected on cercarial glycolipids (Figure 1, lane 5)
and not on adult or egg glycolipids (Figure 1, lanes 4 and 6), as
shown by HPTLC-immunostaining with the mouse mAb anti-
CD15 BRA4F1. Two other anti-Lex mAbs also showed a
stage-specific recognition of several cercarial, but not adult or
egg glycolipids (data not shown). These three anti-Lex mAbs
differed in their recognition patterns of cercarial glycolipids
(Figure 1, lanes 8–10). The smallest species recognized exhib-
ited migration properties of a ceramide pentahexoside (CPH;
Figure 1, lane 11) and reacted strongly with the mAb G8G12,
weakly with the mAb anti-CD15 BRA4F1 and, under the
conditions applied, only very weakly with the mouse-mAb
anti-CD15 4D1. The antibodies differed in their recognition of
this apparent CPH and some other, slightly larger glycolipids,
but showed identical reaction with the large, slow-migrating
cercarial glycolipids on HPTLC-immunostaining. Thus, the
mAb G8G12 seemed to be an anti-Lex mAb, just as the other
two monoclonal antibodies applied, with the differences in
recognition pattern possibly due to variability in epitopic
specificities. Orcinol-staining of cercarial complex glycolipids
(Figure 1, lane 12) revealed a strong signal for the putative
CPH, followed by a band-doublet. A background of orcinol-
positive material below this doublet indicated the presence of
several minor components. While the CPH component was
chemically dominant, the larger glycolipids were obviously
recognized more strongly by the three mAbs used (Figure 1,
lanes 8–10), i.e., immunochemically dominant. The finding
that CPH is only weakly stained immunochemically by the

three anti-Lex mAbs applied agrees with reports that most o
the mAbs recognizing Lex-glycolipids are less reactive with
CPH comprising the Lex-epitope than, for example, ceramid
heptahexoside species (Umedaet al., 1986).

Linkage analysis of the complex glycolipid fraction

Methylation analysis of the cercarial complex glycolipid frac
tion revealed fucose to be either terminal or monosubstitu
(an internal residue; Figure 2A). The monosubstituted fuco
was further analyzed by gas chromatography/mass spectr
etry (GC/MS) in the electron impact mode (Figure 2B
Comparison of the fragmentation pattern to published da
(Hellerqvist, 1990) and to a spectrum deposited in a data b
(Carbbank, Complex Carbohydrate Research Center, Athe
GA) revealed the fucose to be 2-substituted (1,2,5-tri-O-acetyl-
3,4-di-O-methylfucitol).

Structural analysis of intact glycolipids

Purified, cercarial glycolipids were fractionated by Iatrobea
HPLC. Fractions, visualized by HPTLC and orcinol/H2SO4-
staining (data not shown), were pooled to yield cerami
dihexoside (CDH) and CPH. Matrix-assisted laser desorptio
ionization time-of-flight mass spectrometry (MALDI-TOF-
MS) revealed an identical pattern of ceramide heterogene

Fig. 1. HPTLC-immunostaining ofS.mansoniglycolipids. Aliquots of adult,
cercarial and egg complex glycolipid fractions were developed with
chloroform/methanol/0.25% KCl (50:40:10, by volume). The amount of
glycolipid extract applied in lanes 1–6 corresponded to 500, 50 and 5µg of
lyophilized parasite material for adults (Ad), cercariae (Ce) and eggs (Eg),
respectively. A Lex-neoglycolipid (LexD; 400 ng carbohydrate) was used as
positive control (lane 7). In lanes 8–10, amounts of cercarial complex
glycolipid fraction corresponded to 500µg of lyophilized cercariae. 20 ng of
the purified ceramide pentahexoside (CPH) was used in lane 11. Glycolipids
were visualized by immunostaining in lanes 1–3 with a pool of 8S.mansoni
chronic infection sera, diluted 1:500; in lanes 4–8 with mAb BRA4F1, 1:200;
in lane 9 with mAb 4D1, 1:200; in lanes 10 and 11 with mAb G8G12, 1:500.
Cercarial complex glycolipid fraction (lane 12; corresponding to 10 mg of
lyophilized cercariae) and globoside standard (S; lane 13) were visualized with
orcinol/H2SO4.

Fig. 2. Methylation analysis of the cercarial complex glycolipid fraction. The
partially methylated sugar derivatives obtained after permethylation,
hydrolysis, reduction and peracetylation were analyzed by capillary GC/MS
(DB1- and DB210-columns; Macherey & Nagel). (A) Total ion chromatogram
with chemical ionisation (DB1-column, 60 m). 1: 2,3,4-FucOH, (2,3,4-tri-O-
methylfucitol); 2: 3,4-FucOH; 3: 2,3,4,6-GalOH; 4: 2,3,6-GlcOH; 5: 2,4,6-
GalOH; 6: 3,6-GlcN(Me)AcOH (2-deoxy-2-(N-methyl)acetamido-3,6-di-O-
methylglucitol); 7: 4,6-GlcN(Me)AcOH; 8: 3,6-GalN(Me)AcOH; 9: 6-
GlcN(Me)AcOH. (B) Mass spectrum of the 3,4-FucOH component (peak 2 i
A) after electron impact ionization.
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for the two glycolipids (Figure 3). While complex egg glyco-
lipids mainly possessed a ceramide moiety of a t20:0 sphingoid
base and C16:0 fatty acid (Khooet al., 1997), the corres-
ponding cercarial-stage CDH-species atm/z971.6 was only a
minor component (Figure 3B). Cercarial CDH and complex
glycolipids, as exemplified by CPH (Figure 3A), were domi-
nated by ceramides of more that 40 carbon atoms, which have
not been further analyzed in this study. The CPH component
analyzed by composition (Table III) and linkage analyzes

(Table IV) was found to contain the Lex-epitope by HPTLC-
immunostaining and to be identical to the fastest-migratin
chromatographic band of cercarial complex glycolipids reco
nized by the mAb G8G12 (Figure 1, lane 11).

Preparation and separation of PA-oligosaccharides

In order to study individual oligosaccharides, glycans we
released from the ceramide moiety by endoglycoceramid
treatment of an aliquot of the cercarial complex glycolipi
fraction. For the separation of uncleaved glycolipids and ce
mides from the released oligosaccharides, the sample
fractionated on a reverse phase (RP)-cartridge. Relea
oligosaccharides were collected as the combined flow-throu
and wash fractions, while the uncleaved glycolipids we
obtained by elution with organic solvents. Released glyca
and uncleaved glycolipids were quantitated by compositi
analysis (Table I), showing an average efficacy of over 80
glycan release for the different monosaccharides. The relea
oligosaccharides were pooled and labeled with the fluoresc
tag, 2-aminopyridine (PA). PA-oligosaccharides were fra
tionated by amino-phase high-performance liquid chromato
raphy (HPLC; Figure 4). Collected fractions (1 to 17;
thereafter, fractions denoted by number only) were screened
MALDI-TOF-MS and assessed for monosaccharide content
composition analysis (Tables II and III). Fractions1 to 5 were
found not to contain carbohydrate and the major compon
turned out to be the PA-pentasaccharide12. In order to reduce
peak heterogeneity and obtain as far as possible p
compounds, several of the amino-phase fractions w
subfractionated by RP-HPLC. Subfractions (designated,
example, 6-1 for subfraction 1 of fraction 6) were again
screened by MALDI-TOF-MS and composition analys
(Tables II and III). From the measured pseudomolecular io
the compositions of the PA-oligosaccharides could be dedu
(Table II). The PA-disaccharide6-1, the PA-trisaccharide8-5,
and the PA-hexasaccharides13-2and14-3 thus obtained were
the major components of the fractions 6, 8, 13, and 1
respectively. Together with the PA-pentasaccharide12, these
were the major components determined and the data provi
here allowed a detailed, structural characterization of the
components.

Fig. 3.Analysis of ceramide pentahexoside (CPH;A) and ceramide dihexoside
(CDH; B) by MALDI-TOF-MS illustrating the identical pattern in ceramide
heterogeneity.

Table I. Efficacy of endoglycoceramidase cleavage of the cercarial complex glycolipid fraction shown by
composition analysis

Cercarial complex glycolipids were cleaved with endoglycoceramidase and fractionated on a RP-cartridge. The
aqueous fractions of two experiments were combined (water fraction) as well as the organic solvent-eluted
fractions (organic solvent fraction) and compared by composition analysis to the starting cercarial complex
glycolipid fraction. The amounts of monosaccharides are given in micrograms and their relative ratios are
given with GalN = 1.0 in parentheses. GalN, galactosamine; GlcN, glucosamine.

Monosaccharide Cercarial
glycolipid
fraction

Released monosaccharide (µg) Released
monosaccharide
(%)Water fraction Organic solvent fraction

GalN (1.0) 147 (1.0) 21 (1.0) 88

GlcN (1.3) 127 (0.9) 33 (1.6) 79

Gal (1.0) 165 (1.1) 42 (2.0) 79

Man (0.1) 16 (0.8) —

Glc (0.5) 176 (1.2) 68 (3.2) 72

Fuc (2.6) 294 (2.0) 46 (2.2) 87
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Enzymatic and chemical hydrolysis of PA-oligosaccharides

Several of the purified PA-oligosaccharides were cleav
enzymatically and/or by partial acid hydrolysis. Enzymat
incubations were performed in ammonium acetate buff
which allowed measurement of an aliquot of the incubat
sample by MALDI-TOF-MS without further purification.
Thus, the efficacy of enzymatic cleavage could easily be mo
tored by MALDI-TOF-MS. When cleavage was successfu
the products were purified by HPLC on an amino-phase
reverse-phase column. Under the conditions of part
hydrolysis employed (0.1–0.2 M trifluoroacetic acid (TFA)
80°C, 40 to 80 min), only 10–60% of the fucose residues fro
PA-pentasaccharide12 and PA-hexasaccharide14-3 were
removed. Because of this limited partial hydrolysis, fuco
residues were alternatively removed byα-fucosidase treat-
ment. One of the two terminal fucoses in the PA-hexasacc
ride 13-2 could be removed to 80% by overnight incubatio
with α-fucosidase, while the second fucose present remain
attached (data not shown). Similarly, PA-octasaccharide13-3
could only be partially defucosylated by enzymatic treatme
in that, a 20 d-incubation withα-fucosidase produced a PA-

Table II. Analysis of PA-oligosaccharides by MALDI-TOF-MS

Masses have been rounded up to the first decimal place. The type of pseudomolecular ion is given in square brackets and
the calculated, monoisotopic masses in parentheses. Hex, Hexose; dHex, deoxyhexose; HexNAc,N-acetylhexosamine.

Fraction Measured mass [Adduct] (Theoretical mass) Composition

6-1 468.3 [M+Li]+ (468.2); 462.2 [M+H]+ (462.2) Hex HexNAc PA

8-5 671.3 [M+Li]+ (671.3); 665.3 [M+H]+ (665.3) Hex HexNAc2 PA

9-5 1020.4 [M+Li]+ (1020.4); 1036.3 [M+Na]+ (1036.4) Hex HexNAc3 dHex PA

10-2 833.4 [M+Li]+ (833.3); 849.4 [M+Na]+ (849.3) Hex2 HexNAc2 PA

10-2-Gal 687.4 [M+Na]+ (687.3); 703.3 [M+K]+ (703.3) Hex HexNAc2 PA

12 979.4 [M+Li]+ (979.4); 1011.2 [M+K]+ (1011.4) Hex2 HexNAc2 dHex PA

12-Fuc 833.7 [M+Li]+ (833.3); 827.3 [M+H]+] (827.3) Hex2 HexNAc2 PA

12-Fuc-Gal 671.8 [M+Li]+ (671.3); 687.7 [M+Na]+ (687.3) Hex HexNAc2 PA

13-1 1166.5 [M+Li]+ (1166.5); 1182.4 [M+Na]+ (1182.5) Hex HexNAc3 dHex2 PA

13-2 1125.6 [M+Li]+ (1125.5); 1141.3 [M+Na]+ (1141.5) Hex2 HexNAc2 dHex2 PA

13-2-Fuc 979.2 [M+Li]+ (979.4); 995.4 [M+Na]+ (995.4) Hex2 HexNAc2 dHex PA

13-3 1458.4 [M+Li+] (1458.6) Hex HexNAc3 dHex4 PA

13-3-Fuc 1182.4 [M+Na]+ (1182.5); 1198.4 [M+K]+ (1198.5) Hex HexNAc3 dHex2 PA

14-3 1182.5 [M+Li]+ (1182.5); 1198.4 [M+Na]+ (1198.5) Hex2 HexNAc3 dHex PA

14-3-Fuc 1052.2 [M+Na]+ (1052.4); 1136.4 [M+Li]+ (1136.5) Hex2 HexNAc3 PA

14-3-Fuc-Gal 890.0 [M+Na]+ (890.3); 906.1 [M+K]+ (906.3) Hex HexNAc3 PA

15 979.8 [M+Li+] (979.4) Hex2 HexNAc2 dHex PA

1182.5 [M+Li+] (1182.4) Hex2 HexNAc3 dHex PA

1329.5 [M+Li]+ (1328.5); 1344.8 [M+Na]+ (1344.5) Hex2 HexNAc3 dHex2 PA

1370.5 [M+Li]+ (1369.6); 1402.5 [M+K]+ (1401.6) Hex HexNAc4 dHex2 PA

1516.1 [M+Li]+ (1515.6); 1547.7 [M+K]+ (1547.6) Hex HexNAc4 dHex3 PA

1662.1 [M+Li]+ (1661.7); 1693.7 [M+K]+ (1693.7) Hex HexNAc4 dHex4 PA

16 1491.1 [M+Li]+ (1490.6) Hex3 HexNAc3 dHex2 PA

1532.6 [M+Li]+ (1531.6); 1548.3 [M+Na]+ (1547.6) Hex2 HexNAc4 dHex2 PA

1718.8 [M+Li]+ (1718.7); 1735.6 [M+Na]+ (1734.7) Hex HexNAc5 dHex3 PA

Table III. Composition analysis of cercarial PA-oligosaccharides and
glycolipids

Molar ratios based on GalN = 1.0 (8-5, 10-2, 12, and14-3) or Gal = 1.0 (13-2
and CPH) were determined after TFA-hydrolysis and reverse-phase
chromatography of the anthranilic acid–derivatized components. The
components were quantified by application of a standard mixture for
determination of the individual detection response factors. GlcN, 2-amino-2-
deoxy-D-glucose (glucosamine); GalN, 2-amino-2-deoxy-D-galactose
(galactosamine; both monosaccharides are de-N-acetylated under the
hydrolysis conditions applied). PA-Glc conjugates were not registered. (+),
trace (<0.2).

Fraction Molar ratios

GlcN GalN Gal Glc Fuc

8-5 1.0 1.0 + + +

10-2 1.9 1.0 1.0 + +

12 1.1 1.0 1.0 + 1.1

13-2 1.3 0.7 1.0 - 2.0

14-3 2.0 1.0 0.6 + 1.0

CPH 1.0 0.7 1.0 0.8 1.0
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hexasaccharide product with two fucose residues cleaved and
two residues remaining attached (data not shown).

Quantitative defucosylation of PA-hexasaccharide14-3
required a 6 d-enzymatic treatment withα-fucosidase, while a
3 d-treatment of PA-oligosaccharide12 removed only 20% of
the fucose residues. The chemically and enzymatically defuco-
sylated products were pooled and designated12-Fuc and14-3-
Fuc, respectively. The resultant PA-oligosaccharides were
purified by HPLC and analyzed by MALDI-TOF-MS (Figure
5). Aliquots of12-Fuc and14-3-Fuc, as well as the PA-tetra-
saccharide10-2, were treated withβ-galactosidase to achieve
almost complete cleavage by overnight incubation; these
samples were also HPLC-purified and designated12-Fuc-Gal,
14-3-Fuc-Gal, and 10-2-Gal, respectively. The products
following fucose and/or galactose removal were analyzed by
MALDI-TOF-MS (Figure 5, Table II), and also for linkage
(Table IV).

Linkage analysis

Glycolipids, PA-oligosaccharides, and purified cleavage prod-
ucts obtained after fucose and/or galactose removal were
permethylated and characterized by linkage analysis (Table
IV). GC/MS analysis of partially methylated alditol acetates
revealed the intact cercarial CDH to contain terminal GalNAc
and 4-substituted Glc (Table IV). For the corresponding PA-
disaccharide (6–1), terminal GalNAc appeared, but the 4-
substituted Glc-residue could not be determined due to its
modification by reductive amination with 2-aminopyridine
(Tables IV, V). All other linkage data can be interpreted on the
basis of assuming a common biosynthetic series. Therefore,
only changes from one oligosaccharide to the next will be
named.

The PA-trisaccharide8-5 has a terminal GlcNAc linked to
the 3-position of subterminal GalNAc (Tables IV and V). The
PA-tetrasaccharide10-2 has a terminal Gal and the subter-
minal GlcNAc is 4-substituted. After removal of the galactose,
the 4-substituted GlcNAc is converted to a terminal GlcNAc
and the resulting trisaccharide10-2-Gal corresponds to the
structure8-5 (Tables IV and V). The PA-pentasaccharide12

has two terminal sugars, Fuc and Gal, while the GlcNAc
3,4-disubstituted. The corresponding glycolipid CPH has a
been isolated and, as for CDH, methylation analysis differ
only in the presence of a 4-substituted Glc from the PA
oligosaccharide, which was again due to the modification
the Glc-residue in the latter compound by reductive aminati
with 2-aminopyridine and resultant nondetection. Methylatio
of 12-Fuc shows that the 3,4-disubstituted GlcNAc has shift
to a 4-substituted GlcNAc, which indicates Fuc to be linked
the 3-position of GlcNAc. Enzymatic cleavage to the PA
trisaccharide12-Fuc-Gal converted the GlcNAc in linkage
analysis to a terminal GlcNAc, thus revealing the galactose
be bound to the 4-position of GlcNAc. The PA-trisaccharid
12-Fuc-Gal appears identical to the PA-trisaccharides8-5 and
10-2-Gal (Tables IV, V). By these analyzes, the structur
element Galβ4[Fucα3]GlcNAc (Lex-trisaccharide) was shown
to be present in the PA-pentasaccharide12. This coincided
with the recognition of CPH by the anti-CD15 mAb G8G12
When compared with the Lex-PA-pentasaccharide12, the
PA-hexasaccharide13-2 contained an additional fucose an
the galactose was no longer terminal, but 3-substitute
Enzymatic removal of one Fuc-residue yielded13-2-Fuc,
which contained a terminal galactose and thus indicated
fucose to be 3-linked to the galactose.13-2-Fuc was identical
to the Lex-PA-pentasaccharide12 (Tables IV, V). This
revealed the PA-hexasaccharide13-2, with its structural
element Fucα3Galβ4[Fucα3]GlcNAc-, as a structural isomer
of the Lewis Y (Ley) epitope Fucα2Galβ4[Fucα3]GlcNAc-,
with the second Fuc-residue of the former bound to galacto
in the 3-position instead of the 2-position. The PA-hexasacc
ride 13-2 was, therefore, termed pseudo-Ley. A second PA-
hexasaccharide (14-3) differed from the PA-pentasaccharide
12 in the additional presence of a 3-substituted GlcNAc (Tab
IV). Removal of terminal Fuc led to the conversion of the 3,4
disubstituted GlcNAc to a 4-substituted GlcNAc (14-3-Fuc)
which showed the Fuc-residue to be 3-linked to the disubs
tuted GlcNAc. If we also assume14-3 to be based on the
schisto-core structure, as confirmed by the PA-derivatized d
tri-, tetra- and pentasaccharides analyzed in this study, t
these data would not differentiate between the alternat
structures Gal4[Fuc3]GlcNAc3GlcNAc3GalNAc4Glc-PA an
Gal3GlcNAc4[Fuc3]GlcNAc3GalNAc4Glc-PA. Removal o
the terminal Gal, however, led to the conversion of the
substituted GlcNAc to a terminal residue, leaving the 3-subs
tuted GlcNAc unchanged (Table IV), and yielding the PA
tetrasaccharide14-3-Fuc-Gal. Hence, these data support th
linear sequence Galβ4GlcNAcβ3GlcNAcβ3GalNAcβ4Glc-
PA for 14-3-Fuc. The PA-tetrasaccharide14-3-Fuc-Gal differs
from the PA-trisaccharides8-5, 10-2-Gal, and12-Fuc-Gal only
in the 3-substituted GlcNAc increment. As with PA
pentasaccharide12, cleavage byα-fucosidase andβ-galacto-
sidase associated with linkage analysis has shown the Lx-
structure to be present in14-3 (Tables IV and V) and, there-
fore, allowed the structure of14-3 to be defined as
Galβ4[Fucα3]GlcNAc3GlcNAc3GalNAc4Glc-PA (Lex-hexa-
saccharide). For the PA-octasaccharide13-3, two terminal and
two subterminal Fuc-residues were found (Table IV). A 20
incubation withα-fucosidase removed two of these fucose
(13-3-Fuc). The PA-octasaccharide13-3 diverged from the
biosynthetic series connecting the other analyzed PA-oligos
charides in having two 3-linked GalNAc residues. Howeve

Fig. 4. HPLC separation of cercarial, glycolipid-derived PA-oligosaccharides
on an amino-phase column. Elution positions of the PA-labeled dextran
hydrolysate standards of different chain-length are indicated by arrows.
Fractions devoid of carbohydrate-positive material are marked by asterisks (*).
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t
c-
c-
the obtained data were insufficient to define its complete struc-
ture. For fraction16, the composition of the components
deduced from the MALDI-TOF-MS masses (Table II) and
from methylation linkage analysis (data not shown) indicated

structures with a longerN-acetylhexosamine backbone, bu
due to the complexity and heterogeneity of these latter fra
tions and the small amounts of material available, the stru
tures could not be defined in detail.

Fig. 5.MALDI-TOF-MS analysis of the PA-pentasaccharide12and the PA-hexasaccharide14-3before and after cleavage and HPLC purification. Spectra (A–F)
are of the native PA-oligosaccharides and the inserts of their correspondingly permethylated PA-oligosaccharides. (A) PA-pentasaccharide12; (B) PA-
hexasaccharide14-3; (C) 12 following combinedα-fucosidase and partial acid hydrolysis defucosylation; (D) 14-3following α-fucosidase treatment; (E) 12-Fuc-
Gal (12 following defucosylation andβ-galactosidase treatment); (F) 14-3-Fuc-Gal (14-3 following α-fucosidase andβ-galactosidase treatments). All cleavage
products were purified by HPLC. Pseudomolecular ions are given in accurate, monoisotopic mass values rounded up to the first decimal place.
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On-target enzymatic cleavage

In order to determine the anomeric configuration of theN-
acetylhexosamine backbone linkages, PA-oligosaccharides
were cleaved on-target withβ-N-acetylhexosaminidases. The
PA-disaccharide6-1 could be cleaved by bovine kidneyβ-N-
acetylhexosaminidase. The cleavage product was a PA-
monosaccharide, which was observed by MALDI-TOF-MS in
its protonated form (259.2 Da; Figure 6D). The pseudomo-
lecular ion atm/z 259 did not occur in the PA-disaccharide
sample (Figure 6A, insert) or in the enzyme control lacking
substrate PA-oligosaccharide (Figure 6G, insert). Though the
product PA-monosaccharide signal is located in the matrix ion
region of the spectrum, the major ion atm/z 259.2 in Figure
6D, together with the control measurements in Figure 6A and
G, clearly documented that the PA-disaccharide was cleaved
by the β-N-acetylhexosaminidase applied. The PA-trisaccha-

ride8-5([M+Li] + 671.3 Da) was analyzed in the same way an
resulted in product ions of the same mass ([M+H]+ 259.3 Da).
This indicated that both the terminal GlcNAc and the subte
minal, 3-substituted GalNAc (Table IV) wereβ-linked, with
the resulting structure for8-5 of GlcNAcβ3GalNAcβ4Glc-PA
(Table V). For10-2-Gal, which is a PA-trisaccharide with the
same mass (Table II) and linkages (Table IV) as8-5, on-target
cleavage with bovine kidneyβ-N-acetylhexosaminidase
resulted again in a pseudomolecular ion atm/z259, so that its
structure was identical to the PA-trisaccharide8-5 (data not
shown). The PA-trisaccharide12-Fuc-Gal was converted
following on-target cleavage from the PA-trisaccharid
lithium-adduct (671.8 Da; Figure 6B) to the protonated PA
monosaccharide (259.2 Da; Figure 6E, insert). Together w
the linkage data (Table IV),12-Fuc-Gal could be assigned the
structure GlcNAcβ3GalNAcβ4Glc-PA, which is identical to
8-5 and 10-2-Gal. Also, in the PA-tetrasaccharide14-3-Fuc-
Gal, all linkages could be cleaved byβ-N-acetylhexosamini-
dase, as was shown by the observed protonated PA-mono
charide product (Figure 6F and inset). Together with t
linkage data (Table IV), the proposed structure w
GlcNAcβ3GlcNAcβ3GalNAcβ4Glc-PA. All these on-target
enzymatic cleavage experiments were also performed with
β-N-acetylhexosaminidases ofDiplococcus pneumoniaeand
jack bean. Like the bovine kidney enzyme, both these enzym
were able to cleave the PA-oligosaccharides6-1, 8-5, 10-2-
Gal, 12-Fuc-Gal, and14-3-Fuc-Gal in a 150 min on-target
cleavage experiment (data not shown). While the jack be
enzyme was approximately as efficient as the bovine kidn
β-N-acetylhexosaminidase, cleavage with theD.pneumoniae
enzyme was less complete, due to the reduced amoun
enzyme applied (seeMaterials and methods: On-target

Table IV. Methylation analysis of cercarial glycolipids and glycolipid-derived PA-oligosaccharides

Partially methylated alditol acetates were analyzed by GC/MS. Results are expressed as relative peak ratios of the alditol acetates found; terminalGal or Gal(1- as
linkage correspond to 2,3,4,6-GalOH, 2,3,4,6-tetra-O-methylgalactitol as alditol acetate, etc.; 3-substituted GlcNAc or –3)GlcNAc(1- as linkage correspond
4,6-GlcN(Me)AcOH, 2-deoxy-2-(N-methyl)acetamido-4,6-di-O-methylglucitol as alditol acetate, etc. Substoichometric amounts of hexosamine species are
cated by (+) and glucose contaminations are marked by an asterisk (*). The partially methylated alditol acetates given in parentheses are due to the presence of the
Lex-PA-pentasaccharide12 as a minor contaminant in8-5 and10-2.

Partially methylated PA-Oligosaccharide fraction Glycolipid Linkage

alditol acetate 6-1 8-5 10-2 10-2-
Gal

12 12-
Fuc

12-
Fuc
-Gal

13-2 13-2-
Fuc

13-3 14-3 14-3-
Fuc

14-3-
Fuc
-Gal

CDH CPH LexD

2,3,4-FucOH (0.4) (0.1) 1.0 1.5 0.6 2.0 1.3 1.0 0.7 Fuc(1-

3,4-FucOH 1.6 -2)Fuc(1-

2,3,4,6-GalOH (0.3) 1.2 1.1 0.6 1.0 1.0 0.7 0.9 1.0 Gal(1-

2,4,6GalOH 1.0 1.4 -3(Gal(1-

2,3,4GalOH 0.1 -6(Gal(1-

2,3,6-GlcOH * * * * * * * 1.0 1.1 -4)Glc(1-

3,4,6-GlcN(Me)AcOH 1.0 1.0 1.0 1.0 GlcNAc(1-

3,4,6-GalN(Me)AcOH 1.0 + GalNAc(1-

4,6-GlcN(Me)AcOH 0.9 0.8 1.1 -3)GlcNAc(1-

3,6-GlcN(Me)AcOH 0.8 1.0 1.2 -4)GlcNAc(1-

4,6-GalN(Me)AcOH 0.9 1.0 1.25 1.0 1.0 0.4 + 0.4 1.1 0.8 1.0 0.9 + -3)GalNAc(1-

6-GlcN(Me)AcOH (0.2) (0.3) 0.8 + 0.35 0.5 0.7 + + -3,4)GlcNAc(1-

Table V. Defined structures ofS.mansonicercarial glycolipid-derived PA-
oligosaccharides and their corresponding HPLC-derived fractions

PA-Oligosaccharide structure Fraction

GalNAc(β1–4)Glc-PA 6-1

GlcNAc(β1–3)GalNAc(β1–4)Glc-PA 8-5

Gal(β1–4)GlcNAc(β1–3)GalNAc(β1–4)Glc-PA 10-2

Gal(β1–4)[Fuc(α1–3)]GlcNAc(β1–3)GalNAc(β1–4)Glc-PA 12

Fuc(α1–3)Gal(β1–4)[Fuc(α1–3)]GlcNAc(β1–3)
GalNAc(β1–4)Glc-PA

13-2

Gal(β1–4)[Fuc(α1–3)]GlcNAc(β1–3)GlcNAc(β1–3)
GalNAc(β1–4)Glc-PA

14-3
95



M.Wuhrer et al.

egg

n
ac-

ith

as
y
s

o-,
re

s,

the
as
ix,
e

ith
t

enzymatic cleavage). The latter treatment yielded pseudo-
molecular ions of the parent compound and the final cleavage
product Glc-PA (m/z 259). Only 8-5 generated significant
pseudomolecular ions of the intermediate cleavage product
GalNAcβ4Glc-PA, in addition to, Glc-PA as the dominant
product.

The structures of the PA-oligosaccharides determined in this
study are listed in Table V. Besides the novel Lex and pseudo-
Ley structures found inS.mansonicercariae, glycolipids
similar to those found in eggs (Khooet al., 1997) were also
represented in the cercarial life-cycle stage, as indicated by 2-
substituted fucose in methylation analysis (Figure 2) and the
data obtained for the PA-octasaccharide13-3(Table IV).

Discussion

In this study, the structures of complex, antigenic glycolipids
from S.mansonihave been analyzed. It represents the first
investigation on cercarial stage complex glycolipids, as the two

previous reports have been on the structural analysis of
stage glycolipids (Leveryet al., 1992; Khooet al., 1997). Our
work has shown S.mansoni complex glycolipids from
cercariae to differ significantly from egg stage glycolipids i
containing large amounts of terminal and 3-substituted gal
tose. Since galactose was not found in egg glycolipids (Khooet
al., 1997), our study reveals stage-dependent differences w
regard to the presence of Lex-structures in cercarial and
absence from egg glycolipids. The carbohydrate moiety w
cleaved from the ceramide enzymatically with a high efficac
by Rhodococcus sp.endoglycoceramidase II. This enzyme ha
been shown to be active on glycosphingolipids of the gangli
globo- and lacto-series, all of which have the core structu
-Galβ4Glcβ1Cer, but not on gala-series glycosphingolipid
cerebrosides or sulfatides (Ito and Yamagata, 1989).

For enzymatic digestion of PA-oligosaccharides, besides
conventional incubation in solution, on-target cleavage w
performed in the presence of a 6-aza-2-thiothymine matr
which allowed the anomeric configuration determination of th

Fig. 6. On-target enzymatic cleavage and MALDI-TOF-MS analysis of the PA-disaccharide6-1, PA-trisaccharide12-Fuc-Gal and PA-tetrasaccharide14-3-Fuc-
Gal. The native PA-oligosaccharides6-1 (A), 12-Fuc-Gal (B) and14-3-Fuc-Gal (C) were measured by MALDI-TOF-MS. The sample spots were incubated w
β-N-acetylhexosaminidase from bovine kidney for 150 min and remeasured (D, 6-1; E, 12-Fuc-Gal;F, 14-3-Fuc-Gal). When the enzyme was incubated withou
substrate (G), the resulting mass spectrum did not show signals interfering with the 259 Da cleavage products observed (D–G). Pseudomolecular ions are given in
accurate, monoisotopic mass values rounded up to the first decimal place.
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N-acetylhexosamine backbone with minimal sample consump-
tion (Geyeret al., 1999).

While the surface ofS.mansonicercariae reacts with an anti-
Lex-mAb only at the acetabular gland opening, the Lex epitope
is expressed in patches over the whole surface of the parasite
after transformation (Köster and Strand, 1994). We have iden-
tified glycolipid-bound Lex in the cercarial stage (Table V). It
is not yet clear, however, whether lipid- and/or protein-bound
glycoconjugates are responsible for the surface-located expres-
sion of this epitope after transformation. Its presence at the
surface of the schistosome blood fluke conforms with the
concept of molecular mimicry, as Lex is expressed in a wide
range of mouse and human tissues (Foxet al., 1983) and is thus
an autoantigen. Human granulocytes have Lex-, often in
parallel with sialyl-Lex-integrated glycoproteins (Fukudaet al.,
1984; Spoonceret al., 1984) and glycolipids (Fukudaet al.,
1985; Symingtonet al., 1985). The epitope has been shown to
interact homophilically in cellular adhesion (Eggenset al.,
1989) and has been structurally identified on theN-glycans of
leukocyte cell adhesion molecules (Asadaet al., 1991). As this
epitope is shared by the parasite and its definitive host, an anti-
Lex immune response occurred during schistosome infection
(Nyame et al., 1995, 1996, 1997) and putatively caused
complement-dependent lysis of host neutrophils; high anti-Lex

antibody titers were correlated with the severity of the resultant
neutropenia (Borojevicet al., 1983).

Besides the Lex and pseudo-Ley structures found in
S.mansonicercariae for the first time (Table V), glycolipids
similar to those found in eggs (Khooet al., 1997) were also
present in the cercarial life-cycle stage in amounts that did not
allow detailed structural analysis. The high amount of 2-substi-
tuted Fuc revealed by methylation analysis of the cercarial
complex glycolipid fraction could not be substantiated by the
PA-oligosaccharides analyzed, except for13-3 (Table IV).
Some 2-substituted fucose could be present in the fractions15
to 17, but they have not been analyzed further due to their
heterogeneity and lack of material. Glycosphingolipid biosyn-
thesis in cercariae appears to differ significantly from that in
eggs (Khooet al., 1997), as deduced from the structures
detected. There are different structures present in theN-acetyl-
hexosamine backbone. In the egg stage, the chain is built up
with repeating units of –4GlcNAcβ- linked to the schisto-core
structure, –3GalNAcβ4Glc1Cer, and GalNAcβ- serves as a
termination signal for theN-acetylhexosamine backbone
(Khoo et al., 1997). The cercarial Lex ceramide hexahexoside
(corresponding to the14-3 PA-hexasaccharide; Table V) was
found to have a GlcNAcβ3GlcNAc linkage, not previously
described in schistosomes, in contrast to egg stage glyco-
sphingolipids with their dominant GlcNAcβ4GlcNAc linkages
(Khoo et al., 1997). This was paralleled by the presence of the
3-substitutedN-acetylglucosamine in the cercarial complex
glycolipid fraction and PA-oligosaccharide fraction16 (cf.
Figure 2 and Table IV) and its absence from egg complex
glycolipids (Khoo et al., 1997). Schistosomeβ4- or β3-N-
acetylglucosaminyltransferases have not yet been described,
but for the snail hostLymnea stagnalisof the bird schistosome
Trichobilharzia ocellataone of these enzymes has been cloned
and characterized (Bakkeret al., 1994), which was shown to
transfer GlcNAc to GlcNAcβ- to yield the chitobiose structure
GlcNAcβ4GlcNAcβ-. Besides the differentN-acetylhexo-
samine backbones, egg and cercarial glycolipids demonstrate

differences in the degree of galactosylation: while eg
glycosphingolipids lack galactose, our structural data wou
indicate aβ4-galactosyltransferase to act on the terminalN-
acetylglucosamine of the glycosphingolipidN-acetylhexo-
samine backbone. Aβ4-galactosyltransferase activity has bee
measured in extracts from adult worms and found to be able
synthesize N-acetyllactosamine structures (Rivera-Marrer
and Cummings, 1990). This enzyme activity could be involve
in the galactosylation of circulating cathodic antigen in th
adult worm and, also, hypothetically in the biosynthet
pathway of the cercarial glycolipids. Galactosylation may b
accompanied by fucosylation to yield the Lex structures. An
α3-fucosyltransferase activity has been detected in extracts
adultS.mansoniworms (DeBose-Boydet al., 1996) and shown
to act on N-acetyllactosamine to yield Lex. In addition, a
S.mansonifucosyltransferase highly homologous to mouse a
human fucosyltransferase VII has been cloned and charac
ized, but a physiological substrate of this enzyme has not
been identified (Marqueset al., 1998). In cercarial homo-
genates of the bird schistosomeT. ocellata, an α3-fucosyl-
transferase was detected (Hokkeet al., 1998) and was found to
be active on the GlcNAc ofN-acetyllactosamine and
GalNAcβ4GlcNAcβ- (LacdiNAc). An α2-fucosyltransferase
activity has also been described (Hokkeet al., 1998), which is
thought to be responsible for the synthesis of oligofucos
side-chains (Khooet al., 1995, 1997; Hokkeet al., 1998). A
schistosomal fucosyltransferase acting on the GalNAc
LacdiNAc structures has not yet been identified. This yet to
identified enzyme is a candidate for the synthesis of t
pseudo-Ley structure found in our study. We would assum
this enzyme to have a side-activity which would allow it t
transfer fucose to the 3-position of both GalNAc and Gal.

Materials and methods

Parasite material

A Puerto Rican isolate ofS.mansoniwas maintained by
passage through random-bred mice andBiomphalaria
glabrata snails. The large-scale production of cercariae fro
patent snails was performed as described previously (Doenh
et al., 1981). Infection of 8- to 12-week-old mice was
performed percutaneously (Smithers and Terry, 1965). Ad
worms were obtained by perfusion∼6 weeks after infection
(Doenhoff et al., 1978) and rinsed with perfusion fluid to
remove red blood cells. The last resuspension was in deioni
water. Parasite eggs were isolated from homogenized, tryp
digested livers of infected, hydrocortisone acetate (2.5 m
mouse) treated mice (Doenhoffet al., 1981). Parasite material
was freeze-dried and stored at –20°C.

Isolation and purification of complex, neutral glycolipids

Glycolipids were isolated by consecutive extractions usi
approximately 100 ml of organic solvent per gram dry weig
of parasite material: extraction was performed twice wi
chloroform:methanol:water (10:10:1, by volume) with sonic
tion of the suspension (Branson sonifier B15; Branso
Danbury, CT) for 30 min and incubation at 50°C for 30 min;
once with chloroform:methanol:0.8 M aqueous sodium acet
(30:60:8, by volume) with a 30 min sonication step and ove
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night incubation at 4°C; and twice with 2-propanol:n-
hexane:water (55:20:25, by volume), followed by a 30 min
sonication step and 30 min incubation at 50°C. After each
extraction step, the sample was centrifuged at 10,000× g for 10
min and the resultant supernatant rotary evaporated to dryness.
Raw extracts were mildly saponified using methanolic 0.1 M
sodium hydroxide for 2 h at 37°C. Salt and hydrophilic
contaminants were removed by reverse-phase chromatography
(Chromabond C18ec, Macherey and Nagel, Düren, Germany)
as described elsewhere (Denniset al., 1996). The preparation
was then dissolved in chloroform:methanol:water (30:60:8, by
volume) and applied to a QAE-Sephadex column (10× 80 mm,
acetate form; Pharmacia, Freiburg, Germany), as described
elsewhere (Itonoriet al., 1991). Briefly, the neutral glycolipid
fraction was collected as the flow-through with 50 ml of
chloroform:methanol:water (30:60:8, by volume), and the
acidic lipid fraction was eluted with 50 ml 0.45 M ammonium
acetate in methanol. The neutral fraction glycolipids were puri-
fied by Florisil chromatography (Denniset al., 1998), resolved
on a silica-gel cartridge (Waters, Eschborn, Germany; Dennis
et al., 1995) and analyzed by HPTLC and orcinol/H2SO4-
staining, as well as HPTLC-immunostaining. CMH/CDH and
complex, neutral glycolipids were separated into two pools.

HPTLC

For HPTLC, the complex, neutral glycolipids were separated
on silica-gel 60 plates (Merck, Darmstadt, Germany) with
chloroform:methanol: 0.25% KCl (50:40:10, by volume) as the
developing solvent in an automatic HPTLC-developing tank
(DC-MAT; Baron, Reichenau, Germany). Glycosphingolipids
were visualized chemically by orcinol/H2SO4-staining (Dennis
et al., 1998) or, alternatively, by immunostaining (Baumeister
et al., 1994). The globoside standard was purchased from ICT
(Bad Homburg, Germany). A Lex-neoglycolipid (LexD) was
used as a positive control in immunostaining and was prepared
according to the literature (Feiziet al., 1994) by reductive
amination of lacto-N-fucopentaose III (Dextra Laboratories,
Reading, England) with dihexadecanoyl-L-α-phosphatidyl-
ethanolamine (Sigma, Deisenhofen, Germany). For immuno-
staining, the developed HPTLC plates were coated with
polyisobutylmethacrylate (Plexigum P28; Aldrich, Steinheim,
Germany), blocked with bovine serum albumin–containing
phosphate-buffered saline and incubated with the primary anti-
body for at least 2 h at room temperature. The primary anti-
bodies used were: sera from 8 mice with chronicS.mansoni
infection (CIS1-8); mouse-mAb anti-CD15 BRA4F1
(Biogenex, San Ramon, CA; IgM, recognizing the Lex-
epitope); mouse-mAb anti-CD15 4D1 (IgM; kindly provided
by Dr. B.Kniep); mouse-mAb G8G12 (kindly provided by Dr.
Q.Bickle; generated in a CBA mouse against irradiated
cercariae followed by a booster against non-irradiated
cercariae prior to fusion of the spleen cells; Bickleet al., 1986).
Horseradish peroxidase-coupled, rabbit anti-mouse Ig (Dako
Diagnostics, Hamburg, Germany) was used as secondary anti-
body. As a modification to the described method (Baumeister
et al., 1994), following secondary antibody incubation the
plate was washed twice with phosphate-buffered saline and
equilibrated once (5 min) with sodium citrate buffer (100 mM,
pH 6.0). For staining, 240µl of a substrate stock solution
(97.5 mg of chloronaphthol (Sigma) and 60 mg diethylphe-
nylenediamine (Sigma) in a mixture of 9 ml acetonitrile and

1 ml methanol, and stored at –20°C) and 8µl of 30% H2O2
(Merck) were added to 10 ml of sodium citrate buffer. Th
plate was overlaid with this substrate solution and bou
secondary antibody was visualized by a blue precipita
(Conyers and Kidwell, 1991). Alternatively, alkaline
phosphatase–coupled, goat anti-mouse Ig (Sigma) was app
as secondary antibody (Bethkeet al., 1986; Müthing, 1998)
and binding visualized by use of 10 mg of 5-bromo-4-chlor
3-indolyl phosphate (Biomol, Hamburg, Germany) and 5 m
nitro-blue tetrazolium chloride (Sigma) as substrates in 10
glycine buffer, 100 mM, pH 10.4, containing 1 mM ZnCl2 and
1 mM MgCl2.

Preparation of CDH and CPH

For the isolation of individual glycosphingolipids, HPLC frac
tionation on a porous silica gel column (Iatrobeads 6RS-80
10 µm, 4.6× 500 mm; Macherey and Nagel) at a flow rate o
1 ml/min was performed. The column was equilibrated wi
2% methanol in chloroform (by volume) and the sample w
dissolved in chloroform:methanol (9:1, v/v). After injection
the column was run isocratically for 15 min, then within
further 60 min period the methanol content of the elutin
solvent was increased to 38% (by volume). The column w
washed with methanol.

Preparation of PA-oligosaccharides

Aliquots of the cercarial, complex, neutral glycolipid fractio
were dissolved in 200µl 50 mM sodium acetate buffer (pH
5.0; 0.1% sodium taurodeoxycholate), sonicated for 5 min
50°C. Recombinant endoglycoceramidase II (20µl (40 mU);
from Escherichia coliencoding the gene ofRhodococcus sp.
endoglycoceramidase II; Takara Shuzu Co., Ltd., Otsu, Shi
Japan) was added, the sample incubated at 37°C for 72 h and
20 mU of fresh enzyme added each day. Samples were app
to a RP-cartridge (500 mg; Chromabond C18ec, Macherey and
Nagel), washed with 10 ml of water to obtain the releas
oligosaccharides, and uncleaved glycolipids and free ce
mides were eluted with 10 ml methanol and 20 ml chlor
form:methanol (2:1, v/v). Washes and eluates were lyophiliz
or rotary evaporated to dryness, and released oligosacchar
as well as uncleaved glycolipids were quantitated by carb
hydrate composition analysis. Coupling reagent (20µl; 200 mg
sublimation-purified 2-aminopyridine in 53µl glacial acetic
acid) was added to the dry, released oligosaccharides (Nats
and Hase, 1998). After incubation at 90°C for 60 min, 70µl of
the reduction reagent were added (200 mg dimethylamin
borane complex in 50µl water and 80µl acetic acid) and incu-
bated at 80°C for 35 min. Samples were adjusted to pH 10 b
addition of NH3 (25% in water) and the volume was adjusted
400 µl by addition of water. The reaction mixture wa
extracted six times with 600µl chloroform to reduce the 2-
aminopyridine excess and the 2-aminopyridine-label
oligosaccharides (PA-oligosaccharides) were lyophilized.

Amino-phase-HPLC

PA-oligosaccharides were fractionated on an amino-pha
HPLC column (4.6 × 250 mm, Nucleosil-Carbohydrate
Macherey and Nagel) at a flow rate of 1 ml/min at room
temperature (RT) and detected by fluorescence (310/380 n
The column was equilibrated with 200 mM aqueous triethy
amine-acetic acid, pH 7.3: acetonitrile (25%:75%). A gradie
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of 25–60% aqueous triethylamine-acetic acid buffer was
applied within a 60 min period and the column was run
isocratically for a further 10 min. Fractions of 2 ml were
collected and lyophilized.

RP-HPLC

PA-oligosaccharides were fractionated on a RP-HPLC column
(C18, 4.6 × 250 mm; Hypersil, Astmoor, Runcorn, Cheshire,
UK) at a flow rate of 0.8 ml/min at RT and detected by fluores-
cence (320/400 nm). The column was equilibrated with
aqueous 0.01% trifluoroacetic acid. A gradient from 0 to 3%
acetonitrile in a period of 150 min was applied. Fractions of
1.6 ml were collected and lyophilized.

MALDI-TOF-MS

For MALDI-TOF-MS-experiments, the 6-aza-2-thiothymine
matrix (Sigma) was spotted at 0.5µl (5 mg/ml in water) onto
the stainless-steel target. Approximately 1µl of the PA-
oligosaccharides dissolved in water was added to the matrix
droplet and dried in a gentle stream of cold air. Glycolipids
were dissolved in chloroform:methanol:water (10:10:1, by
volume), and 1µl was added to a dry matrix spot under a
stream of warm air. MALDI-TOF-MS was performed on a
Vision 2000 time-of-flight mass spectrometer (Finningan/
MAT, Bremen, Germany) equipped with a UV-nitrogen laser
(337 nm). The instrument was operated in the positive-ion
reflectron mode throughout. All spectra represent accumulated
spectra obtained by 3–20 laser shots and given molecular
masses represent the monoisotopic masses rounded up to the
first decimal place. The instrument was calibrated with the
monoisotopic peak of angiotensin I (Sigma) and a matrix peak
(285.0 Da).

On-target enzymatic cleavage

PA-oligosaccharide samples applied to the MALDI-TOF-MS-
target were first used to determine the molecular mass of the
intact molecule. Then the same sample spot was analyzed by
on-target exoglycosidase treatment and subsequent MALDI-
TOF-MS measurement of the cleavage product (Geyeret al.,
1999). For this, the sample was redissolved in 2µl of dialyzed
enzyme solution. The target was placed in a screw-capped jar
containing ammonium acetate buffer at the bottom and incu-
bated at 37°C for 150 min. Subsequently, spots were dried in a
cold stream of air and the mass profile of the digestion prod-
ucts was recorded. The enzymes used wereβ-N-acetylhexo-
saminidase from jack bean (133 mU/µl; Sigma), from bovine
kidney (50 mU/µl; Boehringer Mannheim, Mannheim,
Germany), and fromD.pneumoniae(1 mU/µl; Boehringer
Mannheim). All enzymes were dialyzed for 4 h against 25 mM
ammonium acetate buffer adjusted to the optimal pH for each
enzyme (pH 4.5 for the bovine kidney enzyme and pH 5.0 for
the D.pneumoniaeand jack bean enzymes). The dialyzed
enzymes were used undiluted for on-target cleavage.

Exoglycosidase treatment

PA-oligosaccharides were treated with eitherα-fucosidase
from bovine kidney (4 mU/µl; Boehringer Mannheim) or with
β-galactosidase fromE.coli (500 mU/µl; Sigma). Enzymes
were dialyzed for 4 h against 25 mM ammonium acetate solu-
tion adjusted to the optimal pH for each enzyme (pH 5.0 forα-
fucosidase and pH 7.3 forβ-galactosidase). The dialyzed

enzymes (50µl) were added undiluted to the dried PA
oligosaccharides and the sample was incubated at 37°C. When
incubation was continued for more than 24 h, 20µl of dialyzed
enzyme was added to the sample each day. The PA-oligos
charide13-3was incubated with dialyzedα-fucosidase for 20
days in the presence of 0.02% sodium azide in order to inh
microbial growth, and fresh enzyme was added each we
Following enzymatic cleavage, the PA-oligosaccharides we
analyzed for their characteristic pseudomolecular ions
MALDI-TOF-MS.

Partial acid hydrolysis

For partial hydrolysis (Khooet al., 1995), complex, neutral
glycolipids were incubated in 100µl of TFA-solution (0.1–
0.2 M) at 80°C for 40–80 min, and the resultant samples we
dried down in a Speed-Vac.

Monosaccharide composition analysis

For composition analysis, samples were hydrolyzed in 100µl
4 N aqueous TFA (Merck) at 100°C for 4 h, and dried down in
a Speed-Vac. For derivatization with anthranilic ac
(Anumula, 1994), the samples were dissolved in 10µl 0.6%
sodium acetate solution with sonication. The reagent solut
was obtained by dissolving 6 mg anthranilic acid (Sigma) a
20 mg sodium cyanoborohydride (Sigma) in 1 ml methan
containing 2.4% sodium acetate and 2% boric acid, 50µl of
which was added to the sample. After a 45 min incubation
80°C, the derivatized monosaccharides were resolved
HPLC and detected by fluorescence (360/425 nm) after sepa
tion on a Superspher RP 18ec column (4µm, 4 × 250 mm;
Merck) at a flow rate of 1 ml/min. The column was equili
brated in aqueous 0.2% 1-butylamine, 0.5% phosphoric a
and 1% tetrahydrofuran (by volume) containing 2.5%
acetonitrile. After injection, the column was run isocraticall
for 5 min, then within 17 min the acetonitrile content wa
raised to 9% and followed by a final 15 min wash step at 50
acetonitrile.

Methylation-linkage analysis

PA-oligosaccharides and glycolipids were permethylated (P
Parenteet al., 1985) and hydrolyzed (4 N aqueous TFA
100°C, 4 h). Partially methylated alditol acetates obtained af
sodium borohydride reduction and peracetylation we
analyzed by capillary GC/MS, using the instrumentation a
microtechniques described elsewhere (Geyer and Ge
1994). Lacto-N-tetraose was used as a standard for the ident
cation of 4,6-GlcN(Me)AcOH.
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